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Introduction: Given the limitations and adverse effects of current rheumatoid arthritis (RA) treatments, there is an urgent need for 
safer and more effective therapeutic options. Levamisole (LVM) is a non-specific immunomodulator with potential for treating skin 
diseases, tumors, and autoimmune disorders. Recognizing LVM’s potential despite its controversial reputation, this study aimed to 
investigate its safety profile and therapeutic efficacy towards RA.
Methods: To evaluate the potential toxicity of LVM, a 28-day oral administration was conducted in SD rats, assessing general toxicity 
and neurotoxicity using serum biochemical indicators, the Morris water maze test, transmission electron microscopy, and H&E 
staining. Subsequently, the therapeutic effects of LVM on RA were evaluated.
Results: The results showed that 30 mg/kg LVM has promising therapeutic effects in the treatment of RA with negligible toxicity 
from 45 mg/kg to 180 mg/kg.
Discussions: This study provides valuable preclinical data on the safety and efficacy of LVM, laying the groundwork for future 
clinical applications and potentially offering a safer and more effective treatment option for RA patients.
Keywords: levamisole, general toxicity, neurotoxicity, rheumatoid arthritis

Introduction
Rheumatoid arthritis (RA) is a chronic autoimmune disease characterized by persistent synovial inflammation, ultimately 
leading to erosive damage to cartilage and bone, resulting in joint stiffness and deformity.1 It is estimated that approximately 
0.46% of the global population suffers from RA.2 Current treatment options for RA include non-steroidal anti-inflammatory 
drugs (NSAIDs), glucocorticoids, and methotrexate.3 However, NSAIDs can lead to serious adverse effects, such as 
gastrointestinal bleeding, renal failure, and heart failure.4 Glucocorticoids are suitable only for short-term use, as prolonged 
administration can induce muscle weakness, diabetes, and osteoporosis.5 While methotrexate is a first-line clinical treatment 
for RA, its use is also associated with severe adverse reactions.6 Therefore, it is crucial to develop an effective and safe 
pharmaceutical agent for the treatment of RA.

Levamisole (LVM), a synthetic thiazole derivative, was initially employed as an efficacious broad-spectrum anti
helminthic agent.7,8 Further research has revealed that LVM possesses notable anti-inflammatory and immunomodulatory 
properties.9,10 It can induce a type I immune response and stimulate cellular immune responses. Based on its immuno
modulatory properties, LVM has been employed in the treatment of a range of conditions, including autoimmune 
disorders, nephrotic syndrome, infectious diseases, and cancer.11,12 Additionally, clinical case reports have documented 
the effective treatment of arthritis with LVM.13 In a four-month double-blind trial, 40 patients with rheumatoid arthritis 
received LVM treatment. Of these patients, 50% demonstrated favorable or excellent clinical outcomes.14 To further 
elucidate the therapeutic potential of LVM in the management of RA, a comprehensive assessment of its effects in 
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a relevant animal model is warranted. At the same time, it also provides a reference dose for exploring the mechanism of 
LVM therapy for RA in the future.

In the clinical setting, the incidence of adverse events associated with LVM at therapeutic doses is relatively low, with 
occasional mild side effects such as dizziness, nausea, vomiting, abdominal pain, anorexia, fever, somnolence, and fatigue. 
Some studies have reported that LVM can cause demyelinating brain lesions, but these usually resolve after discontinuation 
of the drug.15 Despite these clinical observations, the limited comprehensive safety data hinders an accurate assessment of 
the clinical safety of LVM. To ensure that LVM are safe for clinical use, it is necessary to reassess the safety of oral LVMs in 
relevant animal models. In this study, we first investigated the general toxicity of LVM and then evaluated its neurotoxicity. 
Finally, we chose a safe dose to evaluate the therapeutic potential of oral LVM for RA treatment.

Materials and Methods
Drugs and Chemicals
LVM (purity ≥ 98%, LV161106) was procured from the Nanjing Baijingyu Pharmaceutical Company (Nanjing, Jiangsu, 
China). MTX (purity ≥ 99%, CAS: 59-05-2) was provided by Macklin (Shanghai, China). M. Tuberculosis Des. H37 Ra 
(SKU: 231141) was provided by Becton, Dickinson and Company (New Jersey, USA). LVM, dissolved in saline, was 
administered to animals by intragastric administration. Complete Freund’s Adjuvant (CFA) was prepared by sonicating and 
vortexing mineral oil and M. Tuberculosis, which formed the suspension solution with a concentration of 15 mg/mL.

Animals
The study utilized SD rats (SPF adult male, weighing 150 ± 20 g) obtained from the Shanghai Slac Laboratory 
Animal Company (License no. SCXK 2022–0004, Shanghai, China). This study has obtained approval from the 
Animal Ethics Committee of Fujian Medical University (APVL No: FJMU IACUC 2023–0156). We follow the 
welfare guidelines outlined in GB/T 42011–2022, General Principles of Animal Welfare, in our animal experi
ments. The animals were kept in the indexed vertex cages, with standard rat pellets and water under controlled 
temperature (26 ± 2°C), humidity (65–75%), and a 12-h light/12-h dark cycle. The rats were anesthetized using 
pentobarbital sodium and euthanized via carbon dioxide. Every effort was made to minimize animal suffering and 
reduce the number of animals used. The toxicological experiments were conducted in accordance with the 
Organization for Economic Cooperation and Development (OECD) guidelines for the testing of chemicals and 
the United States Environmental Protection Agency (USEPA) Testing Guidelines for Toxicology.

General Toxicological Study Regimen
According to the standard operating procedures of Fujian Medical University, 40 SD rats were randomly divided into 
four groups. The groups were designated as follows: Control group (n = 10), LVM low-dose group (n = 10, 45 mg/kg), 
LVM median-dose group (n = 10, 90 mg/kg), and LVM high-dose group (n = 10, 180 mg/kg). In this study, the control 
group received a daily oral dose of saline, while each dose group was administered a daily oral dose of LVM dissolved in 
saline for a duration of 28 days.

Body Weight and Macroscopic Changes Observations
A series of observations were conducted on the animals at regular intervals following the administration of the gavage. 
These observations were conducted on a range of anatomical sites, including the eyes, ears, nose, oral cavity, fur, 
abdomen, vulva, perianal area, limbs, claws, toes, gait, behavior, excretion, feeding, and drinking. Additionally, each rat 
underwent a weight assessment before the commencement of the study, on a weekly basis throughout the 28-day period, 
and on the day of necropsy.

Gross Necropsy and Organ Weights
The rats were euthanasia under profound isoflurane anesthesia one day after the repeated oral dosing was terminated. 
Following the collection of blood samples, the rats were euthanasia by exsanguination. The external surfaces, orifices, 
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and all organs and their contents in the cranial, thoracic, and abdominal cavities were then inspected. Tissues were 
collected from all rats and preserved for microscopic examination. Furthermore, the absolute and relative (organ-to-body 
weight ratio) weights of the liver, kidneys, spleen, brain, lung, and heart were determined.

Hematology and Serum Biochemistry Analysis
Whole blood and serum were collected from rats after 28 days of continuous administration. Prior to blood collection, all rats 
were fasted for approximately 12 hours. Blood samples were taken from the aorta under sodium pentobarbital anesthesia. 
A total of 2 mL of blood was collected in a complete blood count bottle (EDTA 2 K; 3 mL, Vacutainer, BD, USA) and analysed 
using a XT2000i automatic blood cell analyser (SYSMEX, Hyogo, Japan). The indicators for hematological analysis include 
white blood cells (WBC), red blood cells (RBC), hemoglobin (HGB), hematocrit (HCT), blood platelets (PLT), mean platelet 
volume (MPV), median corpuscular hemoglobin concentration (MCHC), and red cell distribution width (RDW-SD). 
Furthermore, prothrombin time and activated partial thromboplastin time were determined in the remaining blood samples 
treated with sodium citrate (9NC Sodium Citrate; BD Vacutainer) using a coagulometer (ACL ELITE PRO; Instrumentation 
Laboratory, Bedford, MA, USA). A total of 2 mL of blood was collected during necropsy and placed in a 5-mL blood 
collection tube (Insepack; Sekisui, Tokyo, Japan) containing a clot activator. The blood was allowed to coagulate at room 
temperature for 15–20 minutes, after which it was centrifuged for 10 minutes. The following serum biochemistry variables 
were analyzed using the AU480 Automatic Biochemical Analyzer (Beckman, California, United States) and the Medica 
EasyLyte PLUS Electrolyte Analyzer (Medica, Massachusetts, United States). The indicators for serum biochemical analysis 
include albumin (ALB), total bilirubin (TBIL), aspartate aminotransferase (AST), alanine transaminase (ALT), total protein 
(TP), alkaline phosphatase (ALP),16 triglyceride (TG), creatinine (CREA), blood urea nitrogen (BUN), cholesterol (CHOL), 
glucose (GLU), and creatine kinase (CK).

Histopathological Analysis
All organs and tissues from the control and all dosage groups underwent histopathological assessment. The liver, kidneys, 
heart, lungs, and spleen were extracted from each rat and preserved in a 10% neutral-buffered formalin solution. The 
preserved tissues were then processed, embedded in paraffin, and stained with hematoxylin and eosin for subsequent 
microscopic examinations.

Neurotoxicity Study Regimen
The rats were randomly divided into four groups: a control group (n = 8), a low-dose group (n = 8, 45 mg/kg), a medium- 
dose group (n = 8, 90 mg/kg), and a high-dose group (n = 8, 180 mg/kg). A six-day Morris water maze experiment was 
conducted on the 23rd day after gavage to investigate whether LVM affects the learning and memory function of rats.

Morris Water Maze Test
To assess potential alterations in spatial learning, we conducted Morris water maze (MWM) experiments on animals. The 
MWM apparatus is a circular, dark-colored water tank filled with black-dyed water (70 cm deep, 25±1°C), divided into four 
imaginary quadrants, with fixed visual cues on the walls of the room. The animals underwent one day of acclimatization 
training on day 23 of administration, followed by four days of formal training, and were tested on day 28. During the 
training, a platform was placed in one of the four virtual quadrants, with its top hidden below the water surface. Each 
training session consisted of four trials with a 60-second interval. In each trial, the animal was placed in a different quadrant 
and given 60 seconds to find the hidden platform. The time taken to reach the hidden platform (escape latency) was used to 
evaluate the animal’s learning progress. On the day of the experiment, the platform was removed, and the animals were 
tracked for 60 seconds to assess spatial memory by measuring the time spent in each quadrant.

Evans Blue Staining
After 28 days of oral gavage, the rats were subjected to Evans blue (EB) staining. The procedure begins with the injection of 
EB dye into the rats’ tails, which is done slowly to ensure the dye is absorbed into the rats’ bodies. After two hours, the rats’ 
brains are collected and ground using a grinder. The resulting powder is then placed in a centrifuge at 4000 r/min for 
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15 minutes. The supernatant is then extracted and its absorbance value is measured. Finally, the Evans blue content is 
calculated using a standard curve to represent blood-brain barrier permeability.

Hippocampus and Myelin Sheath Sections
After 28 days of drug administration, the experimental rats were euthanasia and their brain tissues were collected for 
histological analysis. Hematoxylin and eosin (H&E) staining and myelin staining using the Luxol Fast Blue (LFB) method 
were performed. To obtain the pathological specimens, pentobarbital sodium was injected into the abdominal cavity, followed 
by saline perfusion through the heart. The brain was meticulously isolated and fixed in 4% paraformaldehyde, followed by 
10% formalin fixation for 24 hours. After embedding the samples in paraffin, 4μm thick sections were cut using a microtome 
and placed on glass slides for dewaxing. The sections were stained with H&E and LFB to assess inflammation and 
demyelination. The infiltration of cells and the extent of demyelination were observed under a light microscope.

Transmission Electron Microscopy
The brain tissue obtained by perfusion was fixed in 2% paraformaldehyde solution at 4°C for 2 hours. Then, the tissue was 
washed with 0.1 mol/L potassium sodium tartrate buffer every 2 hours, for a total of 3 times. The next day, the tissue was 
soaked in 1% osmic acid solution at 4°C for 2 hours, and then washed with 0.1 mol/L potassium sodium tartrate buffer twice, 
for 15 minutes each time. After dehydration with gradient ethanol and permeation with epoxy propane for 15 minutes twice, 
the tissue was permeated with 1:1 permeation solution (incomplete embedding liquid:epoxy propane = 1:1) for 1 hour, 
followed by permeation with 2:1 permeation solution (incomplete embedding liquid:epoxy propane = 2:1) for 1 hour. The 
tissue was then immersed in incomplete embedding liquid overnight. After being completely immersed in embedding liquid at 
35°C for 6 hours, the tissue was transferred to an embedding plate and incubated at 42°C overnight, followed by drying at 
60°C for 48 hours. After the tissue was embedded, it was sectioned and positioned. Random fields were selected in the 
adjacent area of the corpus callosum of each rat group for photographing and observing the ultrastructure of myelin sheath.

Anti-Rheumatoid Arthritis Study Regimen
The Adjuvant-Induced Arthritis (AIA) rat model was established via a subcutaneous injection of 100 μL of CFA (15 mg/ 
mL) at the base of the tail, while the control group was given 100 μL saline at the same part. A total of 20 rats were 
randomly divided into four groups, as follows: Control group (n = 5): received no intervention. AIA model group (n = 5): 
received a subcutaneous injection of CFA on day 1, followed by daily oral gavage of an equivalent volume of saline for 
25 consecutive days. MTX group (n = 5): received a subcutaneous injection of CFA on day 1, followed by oral 
administration of MTX suspension solution (1 mg/kg/day) for 25 days. LVM group (n = 5): received a subcutaneous 
injection of CFA on day 1, followed by oral administration of LVM solution (30 mg/kg/day) for 25 days. The control 
group and the AIA model group were administered the same volume of saline by gavage.

Therapeutical Effect Towards AIA
The body weight, foot thickness of rats, and arthritis index were measured at the outset of the study (day 0) and at five- 
day intervals thereafter.17 The foot swelling thickness was recorded at days 5, 10, 15, 20, and 25 post-modeling. The 
arthritis index is used to evaluate the degree of swelling and erythema of the rats’ per limbs, with a maximum score of 
16 per rat. The scoring criteria are as follows: The scoring criteria for the arthritis index are as follows: 0 points, normal; 
1 point, erythema and mild swelling confined to the ankle and toes; 2 points, erythema and mild swelling extending from 
ankle to midfoot; 3 points, erythema and severe swelling extending from the ankle joint to the metatarsal joint; 4 points, 
ankylosing deformity with joint swelling.11

The spleen, an important immune organ in RA disease, was removed and weighed to determine the spleen index after 
sacrifice. The spleen index was calculated as the ratio of the mean organ weight to the mean body weight. Meanwhile, as it is 
well known that the synovial membrane is prone to inflammation during RA pathology, the synovial membrane was stained 
for analysis. The staining method previously described was employed to stain the joint synovium and spleen of the rat with 
hematoxylin and eosin. The stained tissue was then observed under a microscope to assess the severity of RA.
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Following euthanasia, the hind limb of each rat was fixed in 4% formaldehyde. The ankle joint and paw were then 
analyzed by 3D microcomputed tomography (micro-CT, Bruker SkyScan 1272, America). The parameters employed 
were as follows: a voltage of 60 kV, an electric current of 166 μA, and an exposure time of 1399 ms.

Statistical Analysis
The statistical analysis was conducted using SPSS 26.0 (IBM) software. The data were plotted using GraphPad Prism 
Software (version 8.0.1). The data are presented as the Mean ± SEM, with statistical significance set at p < 0.05.

Results
28-Day General Toxicological Study of LVM in SD Rat
The experimental procedure is depicted in Figure 1A. Observations of macroscopic changes indicate that during the 28- 
day repeated oral administration of LVM, no significant abnormal changes were observed in any of the dosage groups 
compared to the blank control group, except for a decrease in spontaneous activity in the high-dose group after 7 days of 
repeated administration. There was no significant difference in body weight between the control and LVM-treatment 
groups over the 28-day repeated oral administration, as shown in Figure 1B. This indicated that oral LVM administration 
did not affect the rats’ appetite or weight. The liver coefficients of rats in the orally administered LVM groups at various 
doses were significantly increased compared to the control group (p <0.01). However, there were no significant 
differences in the coefficients of the heart, spleen, lungs, kidneys, and brain between the orally administered LVM 
group and the control group (p > 0.05), as illustrated in Figure 1C. H&E staining and microscopic pathological 

Figure 1 28-day general toxicological study (A) Experimental workflow for the general toxicity assessment of gavage LVM administration in SD Rats. (B) Changes in the 
body weight of rats following continuous gavage administration of LVM for 28 days. (C) Organ weight/body weight (O/B) coefficient of rats following continuous gavage 
administration of LVM for 28 days. (D) Images of H&E staining of organs at 200 x magnification (Scale bar=100 μm). All data are shown as mean ± SEM. ** p < 0.01 compared 
with the control group. n = 10 in each group.
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observations were conducted on vital organs such as the heart, liver, spleen, lungs, and kidneys of rats in each group. No 
significant damage was observed in any of the organs compared to the control group (Figure 1D). The findings of this 
study indicate that oral administration of LVM for 28 days did not cause organic damage to the organs of rats, and all 
organs in each group were healthy and normal.

As demonstrated in Table 1, there were no significant alterations in the hepatobiliary function indices of ALB, TBIL, 
AST, ALT, TP, ALP, and the blood lipid index of TG in the serum of rats across all LVM-treatment groups administered 
orally. These findings indicate that the oral administration of LVM yielded no discernible impact on hepatic function. In 
terms of renal indicators, creatinine (CREA) was significantly reduced in the low-dose group compared with the control 
group (p < 0.05), while blood urea nitrogen (BUN) was significantly increased in the high-dose group (p < 0.05). 
Furthermore, the cholesterol (CHOL) and creatine kinase (CK) indices were significantly increased in the high-dose 
group (p < 0.05) in comparison to the control group. Changes in renal function markers may be a normal physiological 
response or influenced by environmental factors. Furthermore, the fluctuation trend of these markers is inconsistent with 
the fluctuating changes of markers for kidney injury.

The above data indicate that oral administration of LVM does not significantly affect the physiological function of the 
liver and kidneys.

In addition, a hematological examination was conducted to evaluate the potential impact of LVM on the body’s blood 
system and coagulation function (Table 2). The results demonstrated a non-significant decrease in WBC, RBC, HGB, 
HCT, PLT, and MPV between the control and each dose group after four weeks. In comparison to the control group, the 
median-dose group exhibited a significantly decreased median corpuscular hemoglobin concentration (MCHC), 

Table 1 Parameters of Blood Biochemical Examination (n=10, Mean ± SD)

Parameters Organ Control 45 mg/kg 90 mg/kg 180 mg/kg

ALB (g/L) Liver 35.78±1.71 32.04±1.56 34.42±2.03 36.00±4.52

TBIL (μmol/L) Liver 1.36±0.90 1.20±1.15 1.42±1.02 2.20±1.13
AST (U/L) Liver 204.74±58.74 173.38±30.33 164.96±39.53 151.92±14.95

ALT (U/L) Liver 2.76±5.95 52.12±16.86 44.14±13.82 50.35±8.60

TP (g/L) Liver 67.86±4.1 58.00±4.13* 68.76±4.85 72.57±11.60
ALP (U/L) Liver 254.36±16.02 269.2±61.52 269.48±33.9 263.90±71.06

TG (mmol/L) Liver/Kidney 0.44±0.05 0.53±0.07 0.47±0.10 0.46±0.14

CREA (μmol/L) Kidney 58.24±8.31 48.9±2.11* 52.3±4.32 54.72±6.55
BUN (mmol/L) Kidney 5.74±1.172 6.04±1.642 5.7±1.472 8.45±1.77*

CHOL (mmol/L) Liver/Kidney 30±0.24 44±0.28 67±0.52 3.04±0.85*

CK (U/L) Heart 545.25±160.64 581.22±218.12 878.22±231.62 1212.06±455.91*
GLU (mmol/L) Pancreas 9.14±1.77 7.74±1.77 9.12±1.77 8.35±1.94

Notes: *p < 0.05 compared with the control group.

Table 2 Parameters of Hematological Examination (n=10, Mean ± SD)

Blood Routine Control 45 mg/kg 90 mg/kg 180 mg/kg

WBC 4.48±1.36 2.98±1.67 4.14±1.93 4.07±0.89

RBC 8.17±0.37 8.20±0.43 7.92±0.15 8.02±0.11
HGB 157.00±7.38 157.00±6.92 150.75±3.50 151.75±2.87

HCT 41.9±2.28 42.12±1.68 41.5±1.63 40.85±1.04

PLT 956.60±96.62 894.40±67.88 1066.25±81.24 1178.00±140.46
MPV 7.84±0.34 7.78±0.48 8.05±0.12 7.90±0.28

MCHC 374.60±7.40 372.60±3.50 363.50±7.72* 371.50±5.91

RDW-SD 25.36±0.59 25.40±0.94 27.10±1.73* 26.87±1.38
RDW-CV 15.88±0.58 15.80±1.09 16.27±0.30 17.05±0.59*

Notes: *p < 0.05 compared with the control group.
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a significantly increased red cell distribution width (RDW-SD), and a significantly increased RDW-CV in the high-dose 
group (p < 0.05). While certain indicators demonstrated significant deviations, their slight deviation beyond the normal 
range fell within 10% of clinically acceptable limits. It can be assumed that oral administration of LVM had no 
significant effect on the hematological system and coagulation function of rats.

The experimental results demonstrated that long-term administration of LVM exhibited no evident toxicity towards 
the hematologic system.

28-Day Neurotoxicity Study of LVM in SD Rat
The experimental design of the MWM test is depicted in Figure 2A. The time taken by rats to locate the hidden platform 
reflected their learning and memory function, with shorter latencies indicating stronger abilities. During the training phase 
from day 24 to day 27, there were no significant differences in the ability to find the target platform between the control group 
and the LVM groups (Figure 2B). Furthermore, there were no significant differences in the average swimming speed 
(Figure 2C) and total path length (Figure 2D) between the LVM groups and the control group. In the probe trial on day 28, 
the number of times the LVM groups crossed the missing platform within 60 seconds did not differ significantly from that of 
the control group (Figure 2E and F). Although the LVM groups exhibited a tendency to spend less time in the quadrant where 
the target platform was located, this difference was not statistically significant (Figure 2G).

These results indicate that oral administration of LVM did not significantly impair the spatial learning and memory 
abilities of rats in the MWM test when compared to the control group.

Following the histological examination of the hippocampus and corpus callosum in the four groups, the hippocampal 
slices of the control group and the LVM-treated group exhibited normal morphological structures (Figure 3A). There was 
no evidence of infiltration of inflammatory cells or neuronal loss. Similarly, the corpus callosum slices of the control 
group and the LVM group also demonstrated normal morphological structures (Figure 3B). Compared to the control 
group, the corpus callosum exhibited greater density and no overall structural loss. Transmission electron microscopy 
observations of the ultrastructure of the myelin sheath revealed that in the three dosage groups, the myelin sheath 
lamellar structure was relatively dense and intact, with no apparent pathological changes such as focal dissolution and 
edema. There was no significant difference compared to the control group, as shown in Figure 3C and D. The brain tissue 
of rats was dissected to observe the depth of dye color on the brain surface. The findings revealed no significant 
difference between the control group and the various dosage groups (Figure 3E).

These results indicate that oral administration of LVM did not significantly affect learning and memory in rats. There 
were no significant pathological changes in the hippocampus and corpus callosum, and the structure of the nerve myelin 
sheath and the blood-brain barrier remained intact without damage.

Therapeutical Effect Towards AIA
The experimental procedure is depicted in Figure 4A. The body weight of all rats gradually increased throughout the 
experimental period, as illustrated in Figure 4B. Following LVM treatment, several clinical phenotypes exhibited 
improvements, including the arthritis index, paw swelling, and paw thickness (Figure 4C–E). The reduction in paw 
swelling and redness after administration of LVM is more clearly depicted in Figure 4F. Micro-CT imaging analysis 
revealed that the ankle joints of rats in the control group exhibited a clear and smooth structure, whereas the model group 
demonstrated bone destruction with high open porosity. Notably, the bone structure was distinctly improved after the 
treatment of LVM (Figure 4G). The histological examination of synovial tissues revealed a number of pathological 
changes in AIA rats, including the infiltration of inflammatory and lymphocytes cells, connective tissue fibrosis, 
destruction of the cavity structure, and vascular hyperplasia. These pathological changes were effectively alleviated in 
the LVM group and positive control groups (Figure 4H). From the results of H&E staining of the spleen, healthy rats 
exhibited a structure comprising the white and red pulp, with the principal artery traversing the white pulp and encircled 
by a marginal zone. In contrast, the white pulp in the AIA model group exhibited structural deformation and prolifera
tion, while these changes could be alleviated after LVM treatment (Figure 4I).

All results in this part demonstrated a positive therapeutic effect on AIA in rats.
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Figure 2 Evaluation of cognitive function using the Morris Water Maze Test following gavage Administration of LVM in Rats. (A) The experimental design of the MWM test 
is displayed (B) Time for rats to find the hidden platform. (C) Average swimming speed of rats. (D) Total distance covered by rats to find the target platform. (E) Number of 
times rats crossed the platform. (F) Representative swimming routes of rats from the first quadrant to the target platform on the fifth and sixth days. (G) Time spent by rats 
in the target quadrant. n = 10 in each group.
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Discussion
There is a lack of toxicity evaluation data for LVM. Recent research has shown that subchronic intraperitoneal injection 
of LVM can lead to behavioral, cognitive, biochemical, and hematological changes.18 However, orally administered LVM 
did not cause significant changes in rats in this experiment. This suggests that oral administration may be safer than 
intraperitoneal injection and provides insights for the clinical use of LVM.

Since most adverse reactions reported for LVM are related to long-term administration, evaluating the general toxicity 
of orally administered LVM has clinical significance. The clinical dose of LVM is 2.5 mg/kg, equivalent to 15 mg/kg in 

Figure 3 (A) H&E pathological sections of rat hippocampus (Scale bar=100μm). (B) LFB staining of rat corpus callosum (Scale bar=200 μm). (C) Transmission electron 
microscopy of the corpus callosum (Scale bar=100 μm). (D) Analysis of differences in myelin sheath thickness. (E) Concentration of Evans Blue dye in the rat’s brain.
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rats. In a preliminary 2-week repeated oral dose toxicity study in rats, the lowest dose that did not result in any treatment- 
related adverse reactions was 180 mg/kg, which is approximately 12 times the clinical dosage. Therefore, we selected 
doses of 45 mg/kg, 90 mg/kg, and 180 mg/kg in rats, corresponding to 3, 6, and 12 times the clinical dose.

From the serum biochemistry results, compared with the control group, the renal function indicator BUN was 
significantly increased in the high-dose group (p<0.05). CREA indicators were significantly reduced in the low-dose 
group compared with the blank group (p<0.05). However, if the kidney is damaged, CREA will be relatively increased, 
and clinically BUN and CREA are often used to evaluate the indicators of the patient’s renal function status.19 The 
reduced CREA in the low-dose group may be caused by individual differences. Considering the pathological results, as 
well as the AST, ALT, CREA, and BUN indicators, it can be seen that high-dose exposure to LVM did not cause drug 
accumulation in the kidneys and liver. Compared with the control group, the CK and CHOL index were significantly 
increased in the high-dose group (p<0.05). The normal range of CK in rat serum is 55–650 U/L. However, in the medium 
and high dose groups, CK levels were found to be significantly higher than normal values. Elevated serum CK levels may 
be associated with heart disease, but no damage to cardiac muscle cells was observed in the pathological results.20 It 
could also be caused by exposure to certain drugs or toxins, so it cannot provide a specific diagnosis but rather indicate 
the need for further evaluation. Although CHOL is outside the normal range, it does not exceed 10% of its own value, so 
it has no toxicological significance.21

The hematological results indicated that high-dose exposure to LVM did not result in any significant changes. The 
mean corpuscular hemoglobin concentration (MCHC), red cell distribution width (RDW-SD), and RDW-CV parameters 
exhibited some differences when compared to the control group. However, the magnitude of these differences was within 
10% of the mean value of the control group and within the normal range of this laboratory. Consequently, these 
differences have no toxicological significance. It has been reported that a single intraperitoneal injection of LVM can 
cause a significant increase in lymphocyte count and neutrophil count after inducing pleurisy.22 It has also been reported 
that oral administration of LVM at a dose of 25 mg/kg for three consecutive days caused toxicity in beagles, 
characterized by a significant decrease in total red blood cell (RBC) count and an increase in alanine aminotransferase 
(ALT) activity.23 However, no changes in these indicators were observed in this experiment.

Figure 4 Therapeutic Efficacy of LVM in the AIA Rat Model. (A) The process of research on therapeutical effect in the AIA rat model. Rats were divided into four groups, 
including the Control, AIA, MTX, and LVM groups. (B) Body weight changes of rats in each group after drug administration. (C) Arthritis scores of rats. (D) Changes in paw 
volume of rats within 25 days of gavage administration. (E) Changes in paw thickness of rats within 25 days of gavage administration (F) The macroscopic observations and 
(G) micro 3D analysis images of inflammation and swelling in the foot of rats. (H) The results of H&E staining of synovial membrane and (I) spleen from rats in each group 
(Scale bar=100 μm) were shown. All data are presented as mean ± SEM. #p < 0.05, ##p < 0.01 compared with the control group; *p < 0.05, **p < 0.01 compared with the 
model group.
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LVM has been associated with neurological demyelinating diseases as an adverse reaction, which has been widely reported 
in clinical settings.24 However, many reports of adverse reactions are related to drug combinations.25 Furthermore, there have 
been few experiments that specifically examine the reaction after LVM administration alone. To investigate the most prevalent 
form of nerve myelin damage associated with LVM, we employed the Morris water maze test, a validated tool for evaluating 
spatial learning and memory in rats.26,27 Our findings revealed that there were no discernible differences in the data analysis 
compared to the control group at doses exceeding 3, 6, and 12 times the clinical dose. Additionally, we employed LFB staining 
and H&E staining to examine the microscopic pathology of the corpus callosum and hippocampus in rats.28 The blood-brain 
barrier (BBB) plays a pivotal role in preventing the entry of harmful substances into brain tissue and maintaining internal 
stability. Its destruction may result in inflammation and neurodegenerative diseases.29–31 To assess the impact of drug 
administration on BBB permeability, we employed Evans blue staining. Transmission electron microscopy was employed 
to facilitate further observation of myelin damage. The integrated analysis of these experiments demonstrated that LVM 
exhibited no discernible toxic effect on brain myelin sheath at the selected dose. LVM has been reported to induce adverse 
reactions such as vasculitis, granulocytopenia, and immunosuppression.32,33 The immunosuppression and symptoms of 
vasculitis associated with LVM are generally mild and may resolve spontaneously.34 Furthermore, the majority of vasculitis 
cases are linked to the use of cocaine adulterated with LVM, and existing data do not rule out the possibility that cocaine may 
contribute to the occurrence of these adverse reactions.33 The overall incidence of granulocytopenia is relatively low; in our 
study, there were no significant changes in white blood cell counts, indicating that neither granulocytopenia nor immunosup
pression occurred in SD rats. However, further experimental studies are necessary to systematically evaluate the patterns and 
mechanisms underlying these adverse reactions.

As previously stated, the 15 mg/kg dose of LVM in rats is equivalent to the clinical dosage. Given the interspecies 
differences between humans and rats and the aforementioned toxicological research findings, our group scaled up the 
treatment dose to twice the amount of the clinical dosage. Therefore, we chose a dose of 30 mg/kg to investigate the 
therapeutic effects of LVM on RA through oral administration. The study demonstrated that LVM effectively reduced joint 
redness, swelling, arthritis index scores, paw pad thickness, and swelling. As joint erosion and damage are the primary causes 
of disability in RA, the study examined whether LVM could protect bone joints using micro-CT.35,36 The results demonstrated 
a distinct reduction in joint erosion by LVM. Synovitis is a defining feature of RA,37 and the results of H&E staining of 
synovial tissue demonstrated that LVM could significantly alleviate the pathological state of the synovium. Additionally, the 
spleen serves as a peripheral immune organ, containing a rich population of lymphocytes and functioning as the site of 
adaptive immunity to antigens.38,39 The weight of the spleen is directly correlated with the quantity of immune cells it 
contains, and this index reflects the extent of lymphocyte proliferation. However, excessive inflammation may result in 
impairment of these organs’ function.40 In comparison to the model group, LVM treatment demonstrated positive effects on 
spleen tissue, including the mitigation of abnormal spleen tissue proliferation and the alleviation of pathological symptoms. 
The results of the aforementioned studies indicate that LVM can be safely and effectively used to treat RA in animal models. 
This provides a reference for the clinical application of LVM in treating RA. Currently, the most commonly used medications 
in clinical practice are methotrexate and TNF-α inhibitors, with numerous reports documenting the adverse effects associated 
with methotrexate.6 Although TNF-α inhibitors can significantly improve signs and symptoms, their long-term and frequent 
use is linked to an increased risk of infections, notably higher than that observed in the non-biologic treatment group. 
Furthermore, this treatment approach is costly, and prolonged use can impose a significant financial burden on patients and 
their families.41 In contrast, the widespread clinical application of LVM for the treatment of RA could significantly alleviate 
the economic burden of disease management for patients. Nevertheless, the experimental design has inherent limitations, and 
future experiments will explore additional dosage levels to assess the therapeutic effects.

Conclusion
This study has demonstrated that LVM has the potential to be a promising therapeutic agent for the treatment of RA, with 
minimal general toxicity and neurotoxicity from 45 mg/kg to 180 mg/kg. From the perspectives of drug safety, efficacy, 
and economics, LVM offers unique advantages compared to commonly used clinical medications. This article provides 
information on the safe clinical use of LVM within the toxicological range and its therapeutic effects on RA. However, 
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further research is necessary to assess the overall toxicity mechanism of LVM in RA of LVM and its potential for causing 
neurological demyelinating adverse reactions.
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