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Abstract
Allyl isothiocyanate (AITC) is a natural product commonly used in food preservation and 
pharmaceutical applications. Toxoplasmosis, caused by the protozoan pathogen Toxo-
plasma gondii, is prevalent globally while the impact of AITC on toxoplasmosis is un-
clear. We explored the effect of AITC on acute toxoplasmosis. We infected C57BL/6 
mice with T. gondii type I RH strain following AITC administration. On the 4th day after 
infection, which corresponds to the initial stage of infection, we collected serum for the 
determination of inflammatory cytokine levels. The mice serum of the AITC-administered 
group contained significantly lower levels of granulocyte colony-stimulating factor, inter-
feron-gamma, interleukin (IL)-23 subunit p19, IL-4, IL-6, and monocyte chemoattractant 
protein-1. The lifespan of the mice in the AITC-administered group was significantly re-
duced. In vitro experiments showed that AITC promoted the proliferation of intracellular 
T. gondii accompanied by the inhibition of IL-4, IL-1β, and IL-6 production in RAW264.7 
macrophages. Our results showed that AITC facilitated T. gondii infection in the early 
stage by inhibiting the production of several inflammatory cytokines.

Keywords: Toxoplasma gondii, acute toxoplasmosis, pathogen, inflammatory cytokine, 
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Due to its antimicrobial properties, allyl isothiocyanate (AITC), a natural substance abun-
dantly present in horseradish, has gained attention for its application in food preservation 
and pharmaceuticals [1]. Furthermore, AITC is effective in treating various cancer types 
[2], and also acts as an antioxidant and anti-inflammatory agent to treat many other dis-
eases. Interestingly, AITC has been used to kill protozoan parasites, such as Plasmodium 
berghei [3] and Trypanosoma brucei [4].

Approximately one-third of the global population is infected with Toxoplasma gondii, a 
protozoan parasite that invades and replicates in almost all nucleated cells [5,6]. Primary 
toxoplasmosis caused by T. gondii infection typically manifests as a subclinical disease. 
However, people with weakened immune systems have a significantly higher risk of devel-
oping severe infection complications [7]. During long-term chronic infections, the down-
regulation of inflammatory cytokines may lead to the transition from chronic to acute in-
fection [8]. Thus, maintaining the host’s immune balance is crucial for resisting T. gondii 
infection.

Despite advancements in the understanding of T. gondii infection, the complexities of 
AITC’s interactions with this parasite and its implications for the host’s immune responses 
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against T. gondii infection remain largely unexplored. Here, we aimed to address this criti-
cal knowledge gap by investigating the effect of AITC against T. gondii and its potential im-
pact on the development of acute toxoplasmosis.

We purchased 8-week-old C57BL/6 female mice from the Guangdong Medical Labora-
tory Animal Center. All mice were housed in a specific pathogen-free environment at the 
Experimental Animal Center of the First Affiliated Hospital of Guangdong Pharmaceutical 
University. RH is a virulent strain of T. gondii. We used human foreskin fibroblasts (HFFs) 
to passage an RH strain that had been genetically modified to emit green fluorescence 
(RH-GFP). In all in vitro cell experiments, AITC was first diluted in DMSO and then fur-
ther diluted to the specified concentration using the cell culture medium, ensuring that the 
final DMSO concentration was < 0.1%.

We investigated the effect of AITC on T. gondii infection using a mouse infection model. 
All animal experiments were approved by the Animal Ethics Committee of the First Affili-
ated Hospital of Guangdong Pharmaceutical University (approval no: 00351890). Briefly, 
C57BL/6 mice were randomly allocated into 2 groups: the AITC group and the Vehicle 
group (n=8 per group). The AITC group received daily intraperitoneal injections of AITC 
(200 µl; Sigma-Aldrich, St. Louis, MO, USA) at a dose of 5 mg/kg body weight. The Vehicle 
group received daily intraperitoneal injections of PBS (200 µl). On the third day after the 
first injection, all mice were infected with 5,000 fresh egressed RH-GFP tachyzoites that 
had been cultured in HFF cells. On the 4th day after infection, we collected blood samples 
from the tail vein of the mice to determine the serum levels of inflammatory cytokines and 
ascitic fluid for cell smears. The levels of serum inflammatory cytokines were measured us-
ing a RayPlex Mouse Inflammation Bead Array 1 kit (catalog no: FAM-INF-1-48, RayBio-
tech, Atlanta, GA, USA). Cell smears of the ascitic fluid samples were stained using a 
Wright–Giemsa stain kit (Baso, Guangdong, China). The mice were observed every 12 h 
until death.

For the in vitro experiments, RAW264.7 cells were seeded into 24-well cell culture plates 
containing coverslips. When they reached 70.0% confluency, they were inoculated with 
RH-GFP tachyzoites. After 4 h, T. gondii that had failed to infect the cells were washed 
away with PBS. Then we added fresh medium containing 5 μM AITC (AITC group) or no 
AITC (Vehicle group) to the cells. At 24 h after infection, we randomly chose 5 fields and 
photographed them using fluorescence microscopy. The relative size of the area of fluores-
cence was analyzed using ImageJ software and was proportional to the presence of T. gon-
dii within the intracellular parasitophorous vacuoles (PV). Thus, the larger the fluorescence 
area, the higher the number of T. gondii in the PVs. Finally, the cells underwent Wright–
Giemsa staining.

We also seeded RAW264.7 cells into 6-well plates. After 24 h, the cells were infected with 
RH tachyzoites. At 4 h after infection, the culture medium was replaced with a medium 
containing AITC. The cells were harvested 8 h after infection for RNA extraction using a 
Steady Pure Rapid RNA Extraction Kit (catalog no: AG21023, Accurate Biology, Hunan, 
China) followed by cDNA synthesis using a reverse transcription kit (catalog no: AG11728, 
Accurate Biology). The levels of gene expression were then analyzed using a qPCR assay kit 
(Beyotime, Shanghai, China) and specific primers for interleukin (IL)-4 (NCBI gene ID: 
16189, primers: 5´-ATGGATGTGCCAAACGTCCT-3  ́and 5´-AAGCCCGAAAGAGTCT-
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CTGC-3 )́, IL-1β (NCBI gene ID: 16176, primers: 5 -́TTCAAGGGGACATTAGGCAG-3  ́
and 5´-TGTGCTGGTGCTTCATTCAT-3´), and IL-6 (NCBI gene ID: 16193, primers: 
5´-CAACGATGATGCACTTGCAGA-3  ́and 5´-GTGACTCCAGCTTATCTCTTGGT-3´). 
β-actin (NCBI gene ID: 11461, primers: 5´-CTGGCTCCTAGCACCATGAA-3´and 5´-AG- 
GGTGTAAAACGCAGCTCA-3´) was used as the reference gene.

Data were analyzed using SPSS 27.0 statistical software (IBM, Armonk, NY, USA) and 
expressed as the mean±SEM unless otherwise indicated. Comparisons of the cytokine lev-
els between the AITC and Vehicle groups were performed using independent sample t-test 
for normally distributed data and chi-square test and Mann–Whitney test for categorical 
data. The Kaplan–Meier method was used to generate survival curves using GraphPad 
Prism 10 software, and the Mantel–Cox log-rank test was used for survival analysis. P-val-
ues <0.05 were considered statistically significant.

T. gondii type I RH strain infection in mice induces a strong immune response accompa-
nied by the production of large amounts of inflammatory cytokines [9], which help the 
host to resist T. gondii infection. In this study, we treated C57BL/6 mice with AITC and in-
fected them with T. gondii strain RH. On the 4th day after infection, which corresponds to 
the initial stage of infection, we measured the levels of serum inflammatory cytokines (Fig. 
1A) and determined the number of T. gondii within phagocytic cells in ascitic fluid (Fig. 
1B,C). The mean values of inflammatory cytokine levels in the Vehicle group were as fol-
lows: granulocyte colony-stimulating factor (G-CSF), 236.72 pg/ml; interferon-gamma 
(IFN-γ), 3,933.67 pg/ml; IL-10, 43.61 pg/ml; IL-12 subunit p70 (IL-12p70), 3.13 pg/ml; IL-
17, 9.81 pg/ml; IL-1β, 15.86 pg/ml; IL-2, 3.61 pg/ml; IL-23 subunit p19 (IL-23p19), 355.82 
pg/ml; IL-4, 262.00 pg/ml; IL-6, 160.37 pg/ml; and monocyte chemoattractant protein-1 
(MCP-1), 1,311.91 pg/ml. The mean values of inflammatory cytokine levels in the AITC 
group were as follows: G-CSF, 56.06 pg/ml; IFN-γ, 2001.48 pg/ml; IL-10, 54.84335 pg/ml; 
IL-12p70, 3.96 pg/ml; IL-17, 24.82 pg/ml; IL-1β, 18.02 pg/ml; IL-2, 2.87 pg/ml; IL-23p19, 
121.88 pg/ml; IL-4, 62.37 pg/ml; IL-6, 51.25 pg/ml; and MCP-1, 314.14 pg/ml. G-CSF, 
IFN-γ, IL-23p19, IL-4, IL-6, and MCP-1 levels were significantly lower in the AITC group 
than in the Vehicle group (Fig. 1A). These results suggested that AITC inhibited the pro-
duction of several inflammatory cytokines induced by T. gondii infection. Interestingly, the 
number of T. gondii within phagocytes in the ascitic fluid samples was significantly in-
creased in the AITC-treated group (Fig. 1B, C). Survival analysis showed that mice in the 
AITC group succumbed to acute T. gondii infection after 7.81 days compared with 8.38 
days for mice in the Vehicle group (Fig. 1D). The above results suggest that AITC down-
regulates the production of inflammatory cytokines and promotes acute toxoplasmosis.

The infection of RAW264.7 cells (mouse macrophages) with T. gondii leads to the release 
of multiple inflammatory cytokines [10]. AITC has been reported to inhibit cytokine se-
cretion in host cells, including macrophages, thereby altering the host’s immune profile 
[11,12]. The downregulation of inflammatory cytokines facilitates T. gondii infection, con-
verting chronic infections into acute infections [8]. Thus, we designed a cell infection ex-
periment involving T. gondii-infected macrophages and treatment with 5 μM AITC [12]. 
AITC notably stimulated T. gondii proliferation in RAW264.7 cells (Fig. 2). At 24 h after 
infection, the relative average fluorescent area of each PV in the AITC group was larger 
compared with that of the Vehicle group (Fig. 2A, B). Wright–Giemsa staining further 
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confirmed that the number of T. gondii parasites within PVs in the AITC group was signif-
icantly higher than in the Vehicle group (Fig. 2C, D). We also infected RAW264.7 cells with 
RH-GFP tachyzoites and treated them with AITC, revealing that AITC downregulated IL-
4, IL-1β, and IL-6 production (Fig. 3A-C). In summary, our findings indicate that AITC 
promotes intracellular T. gondii proliferation in RAW264.7 cells, probably by inhibiting in-
flammatory cytokine production.

Although AITC has been widely studied in the field of medical research [1], its potential 
impact on toxoplasmosis was unclear. Our results revealed that AITC promoted the 
growth of intracellular T. gondii in immune cells, and mice treated with AITC exhibited a 
shorter lifespan during acute toxoplasmosis infection.

AITC and its derivatives have numerous health benefits. The direct effect of AITC on 
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Fig. 1. Effect of AITC on acute Toxoplasmosis gondii infection in 
mice. (A) Representative cytokine levels in the serum of mice at 4 
days after infection. (B) Cell smears of peritoneal fluid at 4 days 
after infection stained with the Wright–Giemsa stain. Represen-
tative images of infected phagocytes as confirmed by a hema-
tology technician. RH-GFP tachyzoite in the PV of phagocytes 
(black arrow). The precipitated dye residue (red arrow). (C) Aver-
age number of tachyzoites per PV between the Vehicle and the 
AITC groups. (D) Representative survival curves of mice in the 
Vehicle and AITC groups (n=8 per group). **P<0.01, ***P<0.001.
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pathogenic microorganisms has been investigated in many studies. In a study focusing on 
the control of Meloidogyne hapla in plants, the lowest AITC concentration was 100 mΜ 
[13]. However, in studies involving mammals or mammalian cell lines, AITC concentra-
tions are usually very low [2,11,14]. Similarly, in experiments investigating the inhibition of 
malaria and trypanosome infections, the drug concentrations were also very low [3,4]. 
Therefore, to rule out the side effects caused by high doses of AITC, we used a low AITC 
concentration in our in vivo and in vitro experiments investigating the effect of AITC on T. 
gondii infection. Interestingly, we found that AITC promoted acute T. gondii infection. This 
differs from the previously reported inhibitory effects of AITC against other protozoan 
pathogens and may be attributed to the unique parasitic nature of T. gondii, which invades 
the host cells and then forms PVs for protection against elimination.

During the initial stage of T. gondii infection, the host responds by activating many im-

Fig. 2. AITC promotes intracellular T. gondii proliferation in RAW264.7 cells. RAW264.7 cells were infected with RH-GFP tachyzoites. Af-
ter 4 h of infection, the culture medium was replaced with fresh medium containing AITC. Further 24 h incubation, the cells were pho-
tographed using fluorescence microscopy and underwent Wright–Giemsa staining. (A) Representative fluorescence images. (B) Quan-
tification of the relative fluorescence area within each PV in the cells using ImageJ software (n=3). (C) Cells were stained with Wright–
Giemsa solution. Black arrow indicated T. gondii within the intracellular PV. (D) Number of T. gondii within the PV was counted and sta-
tistically analyzed (n=3). **P<0.01.
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mune cells accompanied by the production of inflammatory cytokines to eliminate the 
parasite. Anti-inflammatory cytokines (e.g., IL-4 and IL-10) shield tissues from damage 
caused by inflammatory cytokines during infection, while proinflammatory cytokines pro-
mote T. gondii clearance from the host. Neutrophils are highly mobile, rapidly migrating to 
sites of infection or inflammation. G-CSF helps to activate neutrophils, increasing their 
ability to phagocytose (engulf) and destroy invading pathogens [15]. IFN-γ secreted by 
neutrophils assists the host in resisting T. gondii infection. IL-23 is produced by certain im-
mune cells, including dendritic cells and macrophages, in response to infection or inflam-
mation [16]. IL-23 and IL-12 play distinct roles in the immune system, and their interac-
tions and coordinated actions are essential for mounting an effective immune response 
against pathogens [9]. Additionally, IL-12 is involved in the response of natural killer cells 
and dendritic cells against T. gondii infection [17]. MCP-1 is produced by diverse cell types, 
such as macrophages and endothelial cells, in response to inflammatory signals. As a che-
moattractant, it effectively attracts monocytes and other immune cells to the infection or 
inflammation site [18]. IL-1β directly activates T-lymphocytes and macrophages, thereby 
enhancing IFN-γ production [19]. IL-6 activates eosinophil cytotoxicity against T. gondii, 
and IL-6 production during acute infection induces the secretion of specific proteins that 
inhibit parasite proliferation within the host [19,20]. However, AITC inhibits the secretion 
of IL-1β in lipopolysaccharide-induced RAW264.7 cells [12]. AITC administration was re-
ported to reduce the production of host proinflammatory cytokines, including IL-1β and 
IL-6 [11,14]. Our study revealed that AITC inhibited the production of IL-1β, IL-6, and 
IL-4 in T. gondii-infected RAW264.7 cells, accompanied by accelerated intracellular T. gon-
dii proliferation. Furthermore, AITC downregulated G-CSF, IFN-γ, IL-23p19, IL-4, IL-6, 
and MCP-1 production in T. gondii-infected mice. Thus, the hindrance of inflammatory 
cytokine production by AITC may be one of the immune mechanisms by which AITC 
promotes acute T. gondii infection.

Our study has some limitations. Since we focused solely on AITC among isothiocya-
nates, the potential role of other derivatives against T. gondii infection was not investigated. 

Fig. 3. AITC inhibits inflammatory cytokine production in RAW264.7 cells. RAW264.7 cells were infected with RH-GFP tachyzoites. After 
4 h of infection, the culture medium was replaced with fresh medium containing AITC. After 8 h of infection, the cells were collected for 
RNA extraction and cDNA synthesis. The relative mRNA expression levels of IL-4 (A), IL-1β (B), and IL-6 (C) in the 2 groups were deter-
mined by qPCR (n=3). *P<0.05, **P<0.01.
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Second, only 1 strain of T. gondii was examined in this study. Finally, a chronic Toxoplasma 
infection model has not been implemented. Further research is warranted to address these 
limitations and delve deeper into the underlying mechanisms.

In conclusion, AITC promotes acute toxoplasmosis, which may be attributed to AITC 
interfering with the production of inflammatory cytokines by the host’s immune response. 
Our study sheds light on the impact of AITC on the development of acute toxoplasmosis, 
emphasizing the need for cautious consideration of its potential immunosuppressive effects 
when employed in the food and pharmaceutical domains. Immunocompromised patients 
with T. gondii infection should consider combining anti-Toxoplasma drugs, such as pyri-
methamine, when consuming food or medications containing AITC. This approach would 
allow the benefit of AITC’s positive effects while mitigating its potential to promote Toxo-
plasma infection. Our findings highlight the potential negative impact of AITC on the im-
mune response during T. gondii infection. 
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