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Abstract: The most common medications for the treatment of zoonotic toxoplasmosis are pyrimethamine and sulfadiazine, 
which may cause serious undesirable side effects. Thus, there is an urgent need to develop novel therapeutics. Baicalein (BAI, 
C15H10O5) has been shown to perform well against protozoan parasites including Leishmania and Cryptosporidium. In this study, 
the inhibition efficacy of BAI on Toxoplasma gondii was evaluated using plaque, invasion, and intracellular proliferation assays. 
BAI effectively inhibited T. gondii (half-maximum inhibitory concentration (IC50)=6.457×10−5 mol/L), with a reduced invasion 
rate (33.56%) and intracellular proliferation, and exhibited low cytotoxicity (half-maximum toxicity concentration (TC50)=
5.929×10−4 mol/L). Further investigation using a mouse model shed light on the inhibitory efficacy of BAI against T. gondii, as 
well as the potential mechanisms underlying its anti-parasitic effects. The survival time of T. gondii-infected ICR mice treated 
with BAI was remarkably extended, and their parasite burdens in the liver and spleen were greatly reduced compared with those 
of the negative control group. Histopathological examination of live sections revealed effective therapeutic outcomes in the 
treatment groups, with no notable pathological alterations observed. Furthermore, alterations in cytokine levels indicated that 
BAI not only effectively suppressed the growth of T. gondii but also prevented excessive inflammation in mice. Collectively, 
these findings underscore the significant inhibitory efficacy of BAI against T. gondii, positioning it as a promising alternative 
therapeutic agent for toxoplasmosis.
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1 Introduction 

Toxoplasma gondii is an obligate intracellular 
protozoan parasite that can infect a wide range of 
warm-blooded animals, including humans. The para‐
site has a complex life cycle that involves both sexual 
and asexual reproductive stages, and can form brady‐
zoites, which can persist in the host for long periods. 

The main routes of transmission include ingestion of 
contaminated food or water, consumption of raw or 
undercooked meat from infected animals, and vertical 
transmission from an infected mother to her fetus. In 
humans, T. gondii can cause a wide spectrum of clin‐
ical manifestations, ranging from asymptomatic or 
mild symptoms to severe and life-threatening diseases, 
particularly in immunosuppressed individuals or con‐
genitally infected infants (Porter and Sande, 1992; 
Munoz et al., 2011; Daher et al., 2021).

Currently, the most common medications for the 
treatment of toxoplasmosis are pyrimethamine and 
sulfadiazine. However, both medications can cause 
some significant undesirable side effects, including 
bone marrow suppression, hematologic toxicity, and 
rash (Haverkos 1987; Porter and Sande 1992; Munoz 
et al., 2011). Moreover, prolonged use of these drugs 
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can also lead to drug resistance or treatment failure. 
The therapeutic effects of alternative therapies, includ‐
ing pyrimethamine in combination with clindamycin, 
atovaquone, clarithromycin, or azithromycin, and mono‑
therapy with trimethoprim sulfamethoxazole (TMP-
SMX) or atovaquone are not superior to pyrimeth‐
amine or sulfadiazine (Kovacs, 1992; Porter and 
Sande, 1992; Fichera et al., 1995; Djurković-Djaković 
et al., 2002; Soheilian et al., 2011). Therefore, there 
is increasing interest in developing new drugs with 
better efficacy and safety profiles. At the same time, 
natural plant ingredients, especially those used in 
traditional Chinese medicine, have exhibited outstand‐
ing performance against T. gondii (Montazeri et al., 
2017; Cheraghipour et al., 2021). These herb ex‐
tracts, including flavonoids from Phlomis nissolii and 
Hypericum perforatum, are often found to be anti-
inflammatory, antioxidant, and resistant to other para‐
sites (Cheraghipour et al., 2021). Both baicalein 
(BAI) and baicalin (BC) are active ingredients from 
Scutellaria baicalensis. BAI is a flavonoid with 
strong antioxidant and anti-inflammatory effects and 
has been reported to have a variety of biological activ‐
ities, including antibacterial, antiviral, antitumor, anti-
cardiovascular, and neuroprotective effects (de Oliveira 
et al., 2015; Dinda et al., 2017; Luo et al., 2017; 
Sowndhararajan et al., 2017; Jin et al., 2019). BAI is 
also believed to have antidepressant and anxiolytic ef‐
fects and may play a potential role in the treatment of 
certain skin diseases (Yun et al., 2010; Zhao et al., 
2021). The main pharmacological effects of BC, a 
glycoside compound, are anti-inflammatory and anti‐
oxidant effects. Clinical studies have shown that BC 
can improve the condition of a variety of inflammatory 
diseases, including hepatitis, cholecystitis, dermatitis, 
allergic diseases, and tumors (Liu et al., 2014; Dinda 
et al., 2017; Liang et al., 2017; Hu et al., 2021; Wang 
et al., 2022). BC also has an antioxidant effect, reduc‐
ing cell damage caused by free radicals, and BC has a 
protective effect against chronic diseases such as car‐
diovascular disease (Xin et al., 2020). BAI and BC 
have been widely used in traditional Chinese medicine 
preparations, nutraceuticals, and medical applications. 
Therefore, it is worth evaluating the antiparasitic 
effects of BAI and BC, particularly against protozoa, 
including T. gondii.

In this study, the anti-T. gondii effects of BAI and 
BC were evaluated both in vitro and in vivo. The find‐
ings indicate that BAI exerts a pronounced inhibitory 

effect on both the invasion and intracellular prolifera‐
tion of T. gondii, leading to diminished in vivo dam‐
age, showing its great potential for application as an 
anti-T. gondii drug.

2 Materials and methods 

2.1 Animals, cells, and T. gondii strain resource

Six- to eight-week-old female ICR mice were 
obtained from the Zhejiang Experimental Animal Cen‐
tre and were housed under standard specific pathogen-
free conditions. Human foreskin fibroblast (HFF) 
cells were obtained from the American Type Cul‐
ture Collection (ATCC, Manassas, USA) and cultured 
in Dulbecco’s modified Eagle’s medium (DMEM; 
Gibco, USA) supplemented with 10% (volume frac‐
tion) fetal bovine serum (FBS; Gibco) and 1% (volume 
fraction) penicillin-streptomycin solution (Cienry, 
China). The cells were maintained at 37 ℃ in a hu‐
midified atmosphere containing 5% CO2. The Rocke‐
feller hospital (RH) strain of T. gondii, which was 
kept in our laboratory, was propagated and passaged 
in HFF cells under the same conditions.

2.2 Cytotoxicity assays

HFF cells were cultured in 96-well plates at a 
density of 2×104 cells per well in DMEM supple‐
mented with 10% FBS at 37 ℃ and 5% CO2 for 24 h 
to form a monolayer. The monolayers were then in‐
cubated with different concentrations (4×10−4, 2×10−4, 
1×10−4, 5×10−5, and 2.5×10−5 mol/L) of BAI (C15H10O5, 
Sigma-Aldrich, St. Louis, USA) or BC (Shanghai 
Yuanye Bio-Technology, China) for 48 h. HFF cells 
cultured in DMEM without any treatment served as the 
negative control (NC). All wells were washed twice 
with 200 μL of 10 mmol/L phosphate-buffered saline 
(PBS) solution, followed by the addition of 200 μL of 
fresh DMEM and 10 μL of cell counting kit-8 (CCK-8) 
reagents (Solarbio, China), and the cells were incu‐
bated for 1 h at 37 ℃. After incubation, the absor‐
bance of each well was measured at 450 nm using a 
microplate reader (Thermo Fisher Scientific, USA). 
The experiment was performed in triplicate and re‐
peated three times to obtain reliable results. The half-
maximum toxicity concentration (TC50) values of BAI 
and BC for the host cells were calculated as previously 
described by Zhang et al. (2019).
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2.3 In vitro assessment of anti-T. gondii efficacy

As described above, HFF cells were cultured in 
96-well plates for 24 h to obtain a monolayer of cells. 
Subsequently, cells were incubated with fresh tachyzo‐
ites of T. gondii RH strain at a multiplicity of infec‐
tion (MOI) of 5:2 per well for 3 h at 37 ℃ and 5% 
CO2. BAI and BC were half-diluted from 400 to 
3.125 μmol/L and 100 to 12.5 μmol/L, respectively. 
After washing twice with 200 μL of PBS, the cultured 
medium of each well was replaced with fresh DMEM 
containing the above diluted BAI or BC. The cells 
were incubated for 48 h. After washing twice with 
200 μL of PBS, the mixture containing 200 μL of 
fresh DMEM and 10 μL of CCK-8 reagent was added 
and incubated with the cells at 37 ℃ for 1 h. After in‐
cubation, the absorbance of each well was measured 
at 450 nm using a microplate reader. HFF cells cul‐
tured in fresh DMEM were used as the blank con‐
trols. The experiment was performed with five repli‐
cates and repeated twice. The half-maximum inhibitory 
concentration (IC50) values of BAI and BC were calcu‐
lated as described by Jiang et al. (2022).

2.4 Plaque assay

The plaque assay was performed as previously 
described (Fox and Bzik, 2002). A monolayer of HFF 
cells was cultured with 2 mL of DMEM containing ei‐
ther 65 μmol/L of BAI (the BAI group) or 400 μmol/L 
of sulfadiazine (SDZ) (the positive group), while HFF 
monolayers infected with 500 tachyzoites were re‐
garded as the negative control (NC), and HFF cells 
without any treatment were regarded as the blank con‐
trol. A total of 500 fresh extracellular RH tachyzoites 
were used to infect HFF cells in a 6-well cell culture 
plate for 7 d. After being washed three times with ice-
cold PBS solution to remove extracellular RH tachyzo‐
ites, the HFF cells were fixed with methanol for 
15 min and stained with 1.5% (volume fraction) crys‐
talline violet for 30 min. The plaque area in each 
well was measured using ImageJ (National Institutes 
of Health, USA), and the proliferation of T. gondii 
was analyzed.

2.5 Invasion assay

The invasion assay was performed as described 
previously (Li et al., 2022). HFF cell monolayers 
were treated with DMEM containing an optimum con‐
centration of BAI (resulting from a value of Section 

2.4) for 8 h. HFF cells treated with 400 μmol/L of 
SDZ or without any drug were included as the posi‐
tive control or NC, respectively. Then, HFF cells 
were infected with 1×107 RH tachyzoites for 30 min. 
The culture was gently removed, and the cells were 
washed three times with ice-cold PBS solution and 
fixed with 4% (0.04 g/mL) paraformaldehyde (PFA) 
for 30 min at room temperature. Cells were blocked 
with 1% (0.01 g/mL) bovine serum albumin (BSA) in 
PBS solution (1% BSA/PBS, volume fraction) over‐
night at 4 ℃. After washing three times with PBS so‐
lution, the cells were treated with a 1:50 (volume ratio) 
dilution of mouse anti-EPA45 antibody and incubated 
for 3 h at room temperature. After washing three times, 
goat anti-mouse Alexa Fluor 647 antibody (1:1000, 
volume ratio, the same below) was added, followed 
by incubation for 1 h in the dark. The cells were then 
permeabilized with 0.15% (volume fraction) Triton-
X100 in PBS for 30 min. After three washes, the cells 
were again blocked with 1% BSA/PBS for 1 h at 
37 ℃. Subsequently, the cells were incubated with 
rabbit anti-T. gondii granule antigen 7 (GRA7, 1:100) 
for 3 h. The goat anti-rabbit Alexa Fluor 488 anti‐
body (1:1000) was then used as secondary antibody 
and incubated for 1 h in the dark. HFF cells and 
RH tachyzoites were then stained with 4',6-diamidino-
2-phenylindole (DAPI; Beyotime Biotechnology, 
China) at room temperature for 30 min and observed 
using a fluorescence microscope (Olympus IX71, 
Tokyo, Japan). The color of intracellular parasites 
under the fluorescence microscope was green, and the 
color of extracellular parasites was yellow. The pro‐
portion of intracellular RH tachyzoites to the total 
number of RH tachyzoites was regarded as the inva‐
sion rate. Ten randomly selected fields of view were 
counted under the fluorescence microscope, and the 
experiment was repeated three times.

2.6 Intracellular proliferation assay

To assess the replication rate of T. gondii in HFF 
cells, the HFF cells in 28-mm glass-bottomed dishes 
were infected with 1×106 RH tachyzoites for 30 min, 
followed by washing with PBS and incubation for 
48 h. After washing, the cells were fixed with 4% 
PFA at room temperature for 30 min. Additionally, 
cells were permeabilized with 0.15% Triton-X100 in 
PBS solution for 30 min, and then blocked with 1% 
BSA/PBS at 4 ℃ overnight. Subsequently, cells were 
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incubated with rabbit anti-T. gondii GRA7 antibody 
(1:100) for 3 h, followed by goat anti-rabbit Alexa 
Fluor 488 antibody (1:1000) for 1 h in the dark and 
then stained with DAPI for 5 min. The replication of 
RH tachyzoites within cells was analyzed by observ‐
ing at least 100 vacuoles through fluorescence micros‐
copy and categorizing the vacuoles as 1, 2, 4, 8, 16, 
or >16, with three independent replicates for each 
count.

2.7 Evaluation of BAI’s anti-T. gondii activity in vivo

A total of 50 female ICR mice were divided 
equally into five groups, and 40 mice were injected in‐
traperitoneally (i.p.) with 1×103 tachyzoites of T. gondii 
RH strain for drug treatment. Mice administered intra‐
gastrically (i.g.) with 100 or 75 mg/kg of BAI were 
assigned to the high-dose BAI treatment group (BH) 
or medium-dose BAI treatment group (BM), respec‐
tively. Mice treated with 100 mg/kg of SDZ were in‐
cluded as the SDZ-positive group, and those treated 
with PBS solution as the NC. The mice without any 
treatment served as the blank control group. After in‐
fection for 3 h, treatments were administered accord‐
ingly once a day for 14 d. Survival analysis was per‐
formed up to 30 d. The peritoneal fluids of mice were 
collected for parasite burden analysis to determine the 
proliferation level of T. gondii.

2.8 Parasite burden in mouse tissues and ascites

As previously described (Liu et al., 2020), the 
liver and spleen tissues of the mice were separately 
isolated and mixed in lysis buffer at 4 d post-infection 
(dpi) and 8 dpi, respectively. The total genomic DNA 
from 25 mg of tissues in 100 µL of lysis buffer was 
extracted using the Animal Tissues/Cells Genomic 
DNA Extraction Kit (Solarbio, China). To draw the 
standard curve, genomic DNA samples of T. gondii 
were 10-fold-diluted ranging from 100 to 1×10−7 ng, 
and were then subjected to a real-time polymerase 
chain reaction (PCR) assay using specific primers on 
the CFX ManagerTM Real-time System (Bio-Rad, 
USA). The threshold cycle (CT) values were then cal‐
culated for these standard curves. Each sample was am‐
plified in final volumes of 25 µL containing 12.5 µL 
of KOD SYBR® qPCR Mix (Toyobo, Japan), 2 µL of 
template DNA, 8.5 µL of distilled water, and 1 µL of 
the forward primer (5'-CGC TGC AGG GAG GAA 
GAC GAA AGT TG-3') and reverse primer (5'-CGC 

TGC AGA CAC AGT GCA TCT GGA TT-3'). Ampli‐
fication was accomplished under the following condi‐
tions: 95 ℃ for 15 min (initial step), 40 cycles at 
95 ℃ for 15 s (denaturation step), 60 ℃ for 15 s (an‐
nealing step), and 72 ℃ for 15 s (amplification step). 
Tachyzoites collected in ascites were counted micro‐
scopically using a hemocytometer.

2.9 Pathological analysis of liver tissues

Liver specimens from all the groups were sepa‐
rated and fixed in 10% (volume fraction) neutral buff‐
ered formalin for 72 h. After being embedded in paraf‐
fin, 5-μm thick tissue sections were obtained and pro‐
cessed for hematoxylin and eosin (H&E) staining as 
previously reported (Chan, 2014). The tissue sections 
were examined under light microscopy, with three 
samples selected from each group.

2.10 Flow cytometry analysis of T cell subsets

Flow cytometry was used to analyze the subsets 
of T cells separated from the spleens as described pre‐
viously (Liu et al., 2014). Briefly, a total of 1×106 
spleen cells were separated and collected from each 
mouse and incubated with anti-mouse fluorescein iso‐
thiocyanate (FITC)-cluster of differentiation 3 (CD3), 
allophycocyanin (APC)-cyanine dye (Cy7)-CD4, and 
phycoerythrin (PE)-CD8 antibodies (BD Biosciences, 
USA) for 15 min in the dark. After centrifugation for 
2 min at 5000g, the supernatant was discarded, and 
the precipitate was resuspended with 500 μL of PBS 
solution. The harvested mouse spleen cells were de‐
tected on an FACSCelestaTM multicolor Flow Cytome‐
ter (BD Biosciences). The results were analyzed by 
FlowJo 7.6.1 software (FlowJo LLC, Ashland, OR, 
USA).

2.11 Cytokine detection

Briefly, a total of 50 μL serum was co-incubated 
with beads and with fluorescent antibodies (BD Biosci‐
ences), separately, for 2 h. Peripheral blood cytokines 
(interleukin-2 (IL-2), IL-4, IL-10, IL-12, and interferon-
γ (IFN-γ)) were detected using BDTM Cytometric Bead 
Array (CBA) Kit (BD Biosciences). The results were 
analyzed by FlowJo 7.6.1 software (FlowJo LLC).

2.12 Statistical analysis

Statistical analyses and graphs were performed 
using SPSS version 26 (IBM Corporation, USA) and 

1089



|    Journal of Zhejiang University-SCIENCE B   2025 26(11):1086-1102

GraphPad Prism 8.0 software (GraphPad Software, 
Inc., USA). One-way analysis of variance (ANOVA) 
was used to analyze statistical differences between the 
test and control groups with a 95% confidence inter‐
val (CI), and the Bonferroni/Tukey test was used as a 
post hoc test for multiple comparisons. The TC50 and 
IC50 values were derived from non-linear regression 
analysis (curve fitting). The Kaplan-Meier method 
was used to compare survival analysis among groups, 
and differences with a P-value of <0.05 were consid‐
ered statistically significant.

3 Results 

3.1 In vitro assessment of BAI and BC cytotoxicity

The cytotoxicity of BAI and BC in HFF cells was 
evaluated by observing cell proliferation in vitro. The 

results of cell proliferation measured by the CCK-8 
reagent indicated that both BAI and BC had no signifi‐
cant toxic effect on cell growth when the concen‐
tration of BAI was ≤400 μmol/L and that of BC was
≤200 μmol/L (Fig. 1b). Additionally, both BAI and BC 
inhibited HFF cell growth in a dose-dependent manner, 
and their TC50 values were 592.9 and 203.7 μmol/L, 
respectively (Fig. 1c). Furthermore, to evaluate the 
anti-T. gondii effects of BC and BAI, HFF cell mono‐
layers infected with T. gondii were treated with 
gradient concentrations of BC and BAI within the 
safe dose range. The results showed that BAI could 
inhibit intracellular proliferation of RH tachyzoites 
in a concentration-dependent manner with an IC50 
of 64.57 μmol/L (95% CI, 48.95 to 86.15 μmol/L) 
(Fig. 2a), while BC did not show significant inhibi‐
tion of intracellular proliferation of RH tachyzoites 
within the safe dose range (Fig. 2b).

Fig. 1  Determination of the cytotoxicity of baicalein (BAI) and baicalin (BC) on human foreskin fibroblast (HFF) cells 
using a cell counting kit-8 (CCK-8) kit. (a) Molecular structures and molecular weights (MWs) of BAI and BC. (b) Dose–
response curves and the half-maximum toxicity concentration (TC50) values for BAI and BC. (c) HFF cells were treated 
with gradient concentrations of BAI (25, 50, 100, 200, 400, and 1000 μmol/L) or BC (25, 50, 100, 200, and 400 μmol/L) to 
evaluate the cytotoxicity of BAI or BC. Results are shown as the percentage of live cells relative to the blank control. The 
mean±standard deviation (SD) from one experiment representative of three independent experiments is shown. **** P<0.0001.
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3.2 In vitro anti-T. gondii efficacy of BAI

A plaque assay was performed to further validate 
the efficiency of BAI against T. gondii tachyzoites. 
Host HFF cells were incubated with RH tachyzoites 
for 7 d and then stained with crystal violet. The re‐
sults showed that the plaque areas in the BAI and 
SDZ groups were approximately 3.71% and 5.65% of 
the total area, respectively, which were significantly 
reduced when compared with the NC group (21.50%) 
(Fig. 3).

To investigate the impact of BAI on the replica‐
tion cycles of T. gondii, an indirect immunofluores‐
cence assay (IFA) was performed to analyze the inva‐
sion efficiency and intracellular proliferation rate in 
HFF cells. The invasion rates of T. gondii treated with 
BAI or SDZ were 33.56% and 69.51%, respectively, 
and that of the NC was 66.81% (Fig. 4). The results 
of the invasion assay revealed that BAI treatment sig‐
nificantly reduced the invasion of T. gondii, compared 
with the SDZ-positive control and NC (P<0.0001).

Subsequently, the intracellular proliferation rate 
was calculated by counting the number of tachyzoites 
in at least 100 parasitophorous vacuoles (PVs). The 
tachyzoite numbers of the BAI and SDZ groups, with 
most PVs containing 1 or 2 tachyzoites, were notably 
lower than that of the NC group (Figs. 5a–5c). Mean‐
while, the intracellular proliferation of the BAI group 
also showed a significantly reduced rate compared 
with the NC group (P<0.0001) (Fig. 5d), indicating 
an effective anti-T. gondii intracellular proliferation 
effect of BAI.

3.3 In vivo anti-T. gondii efficacy of BAI

To further investigate the therapeutic effect of 
BAI, mice infected with T. gondii were administered 
drugs i.g. The results of survival tests showed that mice 
in the NC group could survive for only 7–8 dpi, while 
mice in the BH, BM, and SDZ-positive groups survived 
for at least 24 dpi (Fig. 6a). The numbers of tachyzo‐
ites in the ascite fluid were counted microscopically 

Fig. 2  Effects of baicalein (BAI) and baicalin (BC) on Toxoplasma gondii proliferation evaluated in human foreskin 
fibroblast (HFF) cells. HFF cells cultured in 96-well plates were invaded with 5×104 Rockefeller hospital (RH) tachyzoites 
per well. Infected cells were treated with 400 μmol/L sulfadiazine (SDZ). (a) Parasite proliferation in HFF cells treated 
with BAI of 1.56, 3.125, 6.25, 12.5, 25, 50, 100, 200, and 400 μmol/L, and the half-maximum inhibitory concentration 
(IC50) value for BAI. (b) Parasite proliferation in HFF cells treated with BC of 12.5, 25, 50, and 100 μmol/L, and the IC50 
value for BC. The mean±standard deviation (SD) from one experiment representative of five independent experiments is 
shown. ** P<0.01, **** P<0.0001.
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Fig. 3  Plaque assay evaluation of Rockefeller hospital (RH) tachyzoite proliferation. (a) Human foreskin fibroblast 
(HFF) monolayers were infected with 500 tachyzoites in a 6-well plate containing baicalein (BAI, 65 μmol/L) or 
sulfadiazine (SDZ, 400 μmol/L) for 7 d and stained with 1.5% crystalline violet. HFF monolayers infected with only 500 
tachyzoites were regarded as the negative control (NC), and HFF cells without any treatment were regarded as the blank 
control. (b) The area of each well was about 9.6 cm2, and the percentage of empty spot area was calculated. The mean±
standard deviation (SD) from one experiment representative of five independent experiments is shown. **** P<0.0001; ns: 
not significant.

Fig. 4  Effect of baicalein (BAI) on Toxoplasma gondii evaluated by invasion assay. Human foreskin fibroblast (HFF) cells 
treated with 65 μmol/L of BAI and 400 μmol/L of sulfadiazine (SDZ) were infected with 1×107 Rockefeller hospital (RH) 
tachyzoites, and an indirect immunofluorescence assay (IFA) was performed to observe the invasion of RH tachyzoites. HFF 
monolayers infected with only 500 tachyzoites were used as the negative control (NC). The cells were incubated with a 
mouse anti-EPA45 antibody and a rabbit anti-T. gondii granule antigen 7 (GRA7) antibody (1:100). Goat anti-mouse 
Alexa Fluor 647 antibody (1:1000) and goat anti-rabbit Alexa Fluor 488 antibody (1:1000) were used as the secondary 
antibodies for incubation. Arrows indicate tachyzoites inside (green) or outside (yellow) host cells. (a) IFA image of the NC 
group. (b) IFA image of the BAI group. (c) IFA image of the SDZ group. (d) The invasion rates of T. gondii tachyzoites 
treated with BAI and SDZ were 33.56% and 69.51%, respectively, and the infected control was 66.81%. The mean±
standard deviation (SD) from one experiment representative of three independent experiments is shown. **** P<0.0001.
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Fig. 5  Effect of baicalein (BAI) on Toxoplasma gondii evaluated by intracellular proliferation assay. Human foreskin 
fibroblast (HFF) cells treated with 65 μmol/L of BAI or 400 μmol/L of sulfadiazine (SDZ) were infected with 1×106 
Rockefeller hospital (RH) tachyzoites, and an indirect immunofluorescence assay (IFA) was performed to mark the 
tachyzoites. HFF monolayers infected with only 500 tachyzoites were regarded as the negative control (NC). Cells were 
incubated with rabbit anti-T. gondii granule antigen 7 (GRA7) antibody (1:100), followed by goat anti-rabbit Alexa Fluor 
488 antibody (1:1000). Green staining indicates T. gondii tachyzoites. (a) IFA image of the NC group. (b) IFA image of the 
BAI group. (c) IFA image of the SDZ group. (d) Replication of tachyzoites within cells was observed by counting at least 
100 vacuoles using fluorescence microscopy and categorizing them as 1, 2, 4, 8, 16, or >16. Data (mean±SD) were analyzed 
using the two-way analysis of variance (ANOVA) method with three independent replicates for each count. **** P<0.0001.

Fig. 6  Therapeutic effect of baicalein (BAI) on Toxoplasma gondii-infected mice. (a) ICR mice were injected with 1×103 
Rockefeller hospital (RH) strain tachyzoites and treated with BAI (BH, 100 mg/(kg·d); BM, 100 mg/(kg·d)) and sulfadiazine 
(SDZ, 100 mg/(kg·d)) for 14 d, and they were observed 30 d after infection. ICR mice infected only with RH strain tachyzoites 
were regarded as the negative control (NC). Statistical analysis was performed using survival curves of GraphPad Prism 
using the log-rank (Mantel-Cox) test. (b) Tachyzoites were collected from the peritoneal cavity of the mice to determine the 
proliferation level of tachyzoites at 4 and 8 days post-infection (dpi), with three independent replicates for each count. 
(c) Quantitative polymerase chain reaction (qPCR) detection of T. gondii in the liver and spleen of mice. Data (mean±SD) 
were analyzed by GraphPad Prism 8 (GraphPad Software Inc., CA, USA) with three independent replicates for each count. 
* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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at 4 and 8 dpi. The numbers of tachyzoites were 1.2×
105, 7.3×104, and 8.6×104 mL−1 in the BM, BH, and 
SDZ groups, respectively, which were much lower 
than that in the NC group (2.4×105 mL−1) at 4 dpi 
(Fig. 6b). Furthermore, tachyzoite counts in the BM, 
BH, SDZ, and NC groups were approximately 5.7×
106, 1.3×106, 1.0×106 and 1.5×107 mL−1, respectively. 
All groups showed increased parasite loads at 8 dpi 
compared with those at 4 dpi, except for the BH 
group (Fig. 6b).

A similar tendency was observed for the number 
of tachyzoites in the liver and spleen at 8 dpi. In the 
liver, parasite burdens for the BM, BH, SDZ, and 
NC groups were 1.5×107, 1.8×104, 2.0×105, and 9.5×
107 ng/g. In the spleen, the corresponding burdens were 
4.3×107, 1.2×105, 8.2×104, and 1.1×108 ng/g (Fig. 6c). 
These results indicated significant reductions of para‐
site burden in the BH, BM, and SDZ-positive groups 

compared to the NC group (P<0.0001, P<0.01, P<
0.0001, respectively).

3.4 Protective effects of BAI on liver and spleen 
tissues in mice

As described above, BAI was proven to sig‐
nificantly prolong the survival time of mice against 
T. gondii infection. A further pathological study was 
carried out to evaluate the protection of the liver, 
which is the main organ in which the parasite persists. 
Liver sections of mice from all groups were analyzed 
by performing H&E staining to determine the pres‐
ence of inflammatory foci or damage. No significant 
inflammatory foci were observed in the BH group or 
the SDZ-positive control, while only mild inflamma‐
tion was observed in the BM group compared with se‐
vere inflammation in the NC group (Fig. 7), indicat‐
ing protection of the liver by BAI. In addition, there 

Fig. 7  Pathology of liver sections analyzed by hematoxylin and eosin (H&E) staining. Liver specimens from all the 
groups were separated and fixed in 10% neutral buffered formalin for 72 h. After embedding in paraffin, 5-μm thick tissue 
sections were obtained and processed for H&E. BM: medium-dose baicalein; BH: high-dose baicalein; SDZ: sulfadiazine; 
NC: phosphate-buffered saline (PBS) solution treatment; Blank: without any treatment; dpi: days post-infection.
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was a significant increase in both the NC and BM 
groups at 8 dpi.

3.5 Effects of BAI on immune responses of T. gondii-
infected mice

To further analyze the changes in the immune re‐
sponses of BAI to T. gondii infection in mice, changes 
in T cells (CD4+/CD8+) were examined by flow cy‐
tometry. Mouse T cells were labeled with fluorescent 
antibodies for CD3, CD4, and CD8 to carry out the 
subset analyses. The results indicated that the total 
number of T cells increased at 4 dpi and decreased at 
8 dpi in all groups. The CD4+/CD8+ ratios of the BH 
and NC groups increased at 4 dpi and decreased sig‐
nificantly at 8 dpi, but the SDZ-positive group showed 
no difference at the two time points. Moreover, the 
CD4+ cell ratios changed more obviously whereas 
CD8+ remained relatively stable (Fig. S1).

Cytokines in peripheral blood from mice infected 
with T. gondii were also detected by flow cytometry. 
The results showed no significant differences in IL-2 
levels among groups except for the BM group, al‐
though fluctuations were observed. Notably, in the 
BH group, the level of IL-4 increased to 20.51 pg/mL 
at 4 dpi and then returned to a normal level at 8 dpi 

(Figs. 8a and 8b). IL-10 levels in each group were also 
within the normal range, but increased to 53.84 pg/mL 
at 8 dpi in the NC (Fig. 8b). The IL-12 levels in‐
creased substantially in all groups except for the 
SDZ-positive control at 4 dpi (Fig. 8a), but recov‐
ered to the low range at 8 dpi (Fig. 8b). Flow cytome‐
try analysis of serum cytokines showed that the IFN-γ 
concentration of the NC increased dramatically from 
4 dpi (1986.7 pg/mL) to 8 dpi (14 747.1 pg/mL) but 
remained at a lower level in all the drug-treated groups 
(Fig. 8).

4 Discussion 

Toxoplasmosis, a globally prevalent zoonotic dis‐
ease, poses a significant threat to immunocompro‐
mised individuals, leading to severe clinical mani‐
festations (Du et al., 2022). Therapeutic agents for 
T. gondii infection typically involve combinations of 
pyrimethamine and sulphadiazine, which are always 
associated with adverse effects (Ben-Harari et al., 2017). 
In recent years, BAI and BC, flavones originally iso‐
lated from the roots of S. baicalensis, have exhibited 
potent anti-parasitic properties (Li-Weber, 2009; Johari 

Fig. 8  Flow cytometry analyses for serum cytokines (interleukin-2 (IL-2), IL-4, IL-10, IL-12, and interferon-γ (IFN-γ)). 
Peripheral blood cytokines (IL-2, IL-4, IL-10, IL-12, and IFN-γ) were detected by the BDTM Cytometric Bead Array 
(CBA) Kit at 4 dpi (a) and 8 dpi (b). Data (mean±SD) were analyzed by GraphPad Prism 8 (GraphPad Software Inc, CA, 
USA) with three independent replicates for each count. ** P<0.01, *** P<0.001, **** P<0.0001. BM: medium-dose baicalein; 
BH: high-dose baicalein; SDZ: sulfadiazine; NC: phosphate-buffered saline (PBS) solution treatment; Blank: without any 
treatment; dpi: days post-infection.
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et al., 2012; Wang et al., 2015; Luo et al., 2020). Nota‐
bly, BAI has shown significant potential as a therapeu‐
tic agent against toxoplasmosis (Saito et al., 2020), 
leishmania (Das et al., 2006), and cryptosporidium 
(Jin et al., 2019; Lu et al., 2022). However, most re‐
search on the effects of BAI and BC against T. gondii 
has been confined to in vitro analyses (Yang et al., 
2012; Saito et al., 2020). Therefore, we investigated 
the anti-T. gondii activity of BAI and BC by conduct‐
ing a preliminary exploration of their possible use and 
mechanisms of action against T. gondii, both in vivo 
and in vitro.

Efficacy and cellular toxicity are the main param‐
eters assessed in evaluating the performance of BAI. 
Therefore, we prioritized the assessment of its effi‐
cacy and cellular toxicity and determined the TC50 
values for BAI and BC in HFF cells to be 592.9 and 
203.7 μmol/L, respectively. Additionally, the cellular 
toxicity of these drugs exhibited a dose-dependent 
manner, indicating limited toxic effects. The corre‐
sponding therapeutic index of BAI against T. gondii, 
calculated as the ratio of TC50 to IC50 (TI=TC50/IC50), 
was 9.18, indicating a favorable index and a broad 
therapeutic window. However, the performance of 
BAI in our study showed both similarities and differ‐
ences in terms of IC50 and TC50 compared to the study 
by Saito et al. (2020), which reported an IC50 of BAI 
against T. gondii of 5 μmol/L and a TC50 for HFF cells 
greater than 50 μmol/L.

We hypothesized that the different methodologies 
used for detection were mainly responsible for these 
differences. Saito et al. (2020) studied the direct prolif‐
eration of T. gondii by using a β-galactosidase reporter 
parasite approach, whereas our analysis relied on kits 
for assessing cell proliferation through a general indi‐
rect metabolic blockage method. This indirect method 
requires the reagents to cross host cells and parasitic 
vesicles before reaching the parasite, and may suffer 
from low sensitivity. BC did not demonstrate a signifi‐
cant inhibitory effect on T. gondii proliferation within 
the safe dosage range. Similar results have been ob‐
served in the later stages of the Zika virus replication 
cycle, indicating that BAI exhibits more significant 
antiviral activity than BC (Reslan et al., 2021). Previ‐
ous research has also demonstrated that BAI has higher 
absorption and utilization rates in organisms than BC, 
as well as superior biological metabolic activity (de 
Oliveira et al., 2015). Therefore, subsequent experiments 

were conducted to investigate the anti-T. gondii prop‐
erties of only BAI.

The cell viability of HFF cells was enhanced 
after treatment with low concentrations (from 25 to 
200 μmol/L) of BAI. This phenomenon might be re‐
lated to BAI-dependent protection of the cellular mem‐
brane via the redox pathway. BAI treatment can re‐
duce the high level of reactive oxygen species (ROS) 
caused by hydrogen peroxide (H2O2) treatment and re‐
duce the B-cell lymphoma 2 (Bcl-2) family proteins 
through inhibition of mitogen-activated protein kinase 
kinase-4 (MKK4, also known as SEK1) and c-Jun N-
terminal kinase (JNK) cascades (He et al., 2009; Lee 
et al., 2011).

BAI significantly reduced both the invasion rate 
and proliferation rate of RH tachyzoites, as deter‐
mined by the plaque, invasion, and intracellular prolif‐
eration assays. These assays represent the direct thera‐
peutic effects against T. gondii. The results further 
clarified BAI’s excellent intracellular inhibition of 
T. gondii reproduction and invasion. The SDZ treat‐
ment exhibited excellent intracellular inhibition of 
T. gondii reproduction, but did not show the same 
level of invasion as BAI. The different performance 
of BAI and SDZ in the invasion assay suggested that 
their pharmacological mechanisms might be different. 
SDZ primarily blocked tetrahydrofolate synthesis 
through competitive inhibition of dihydropteroate syn‐
thase (DHPS), which ultimately affects thymidylate 
synthesis in T. gondii (Hopper et al., 2019). In con‐
trast, BAI was previously reported as a DNA topoi‐
somerase inhibitor (Das et al., 2006) and could inhibit 
nuclear factor-κB (NF-κB) and anti-ROS activation 
(Qi et al., 2013; He et al., 2015; Patwardhan et al., 
2016; Luo et al., 2020; Dai et al., 2021).

Based on the findings from in vitro experiments, 
we investigated whether BAI could effectively com‐
bat T. gondii infection in vivo. Mice treated with BAI 
or SDZ survived for 15 d, and some survived to the 
end of the experiment (30 dpi). Mice in the NC group 
survived for only 7–8 d (Fig. 6a). Infected mice treated 
with the combination of sulfadiazine and pyrimeth‐
amine have been shown to survive for 14–20 d (Piketty 
et al., 1990; Romand et al., 1993; de Oliveira et al., 
2009). There are reports indicating that mice infected 
with T. gondii and treated with sulfadiazine can sur‐
vive even longer than 30 d (Trinchieri, 1997). The 
number of tachyzoites in the ascite fluids of infected 
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mice in the BH group was lower than that in the SDZ 
group at 4 dpi and showed a significant reduction 
compared to the NC group (Fig. 6b). This result indi‐
cated that BAI could be a therapeutic agent with low 
toxicity and few adverse effects for T. gondii infec‐
tion. Parasite burden in the liver and spleen of infected 
mice treated with BH and BM also exhibited the 
same reduction compared to the NC (Fig. 6c). Signifi‐
cant reduction in the number of tachyzoites could also 
directly slow down the progression of the infection 
(Lagal et al., 2015). Similarly, histological examina‐
tion of the liver revealed that the BAI treatment effec‐
tively protected the hepatic tissue from damage in‐
duced by T. gondii infection. These results suggested 
that BAI directly kills T. gondii and effectively limits 
the excessive inflammatory response in the liver and 
spleen of T. gondii-infected mice. T. gondii without 
treatment reproduced rapidly and unrestrictedly, usually 
causing excessive inflammatory response and liver 
damage which can lead to death in mice in the early 
stages of infection (Melchor and Ewald, 2019). Liver 
damage, inflammation, and T lymphocytes are inter‐
connected in a complex manner within the hepatic 
environment. T lymphocytes, particularly CD4+ and 
CD8+ T cells, play a crucial role in the immune re‐
sponse to liver injury. These T cells can differentiate 
into subsets that either promote (T helper 1 (Th1) and 
Th17) or suppress (regulatory T (Treg)) inflammation 
(Muscate et al., 2021). Innate-like T cells, such as natu‐
ral killer T (NKT) and mucosal-associated invariant T 
(MAIT) cells, are abundant in the liver and have both 
innate and adaptive immune properties. They can rap‐
idly produce cytokines in response to liver damage 
or infection, contributing to the inflammatory process 
and influencing liver homeostasis and disease pro‐
gression (Papanastasatou and Verykokakis, 2023).

We evaluated the levels of CD4+ and CD8+ T cells 
and cytokines in serum. In general, mice treated with 
BAI maintained a relatively regular level of immune 
response compared to those in the NC group. The re‐
sults showed that high and time-dependent expression 
of IFN-γ occurred in the serum of mice in the NC. At 
the same time, the IL-12 concentration in the serum 
of the NC peaked at 4 dpi and then returned to normal 
at 8 dpi (Fig. 8). It is reported that an increase in 
IFN-γ can limit T. gondii growth (Platanias, 2005; 
Gay et al., 2016; Olias et al., 2016). During the initial 
infection of mice, innate immune cells trigger IL-12 

production (Trinchieri, 1997; Tomura et al., 1999). 
Previous studies have shown that CD8α+ dendritic 
cells release IL-12 mediated by the myeloid differenti‐
ation primary response protein 88 (MyD88), which 
recruits and activates NK cells to secrete IFN-γ dur‐
ing early immunity after infection in mice (Yarovinsky, 
2008; Egan et al., 2009; Biswas et al., 2017). This 
was consistent with our observations. Furthermore, an 
increase in IL-10 was observed in the NC at 8 dpi. As 
IL-10 is also as known as an anti-inflammation cyto‐
kine, its elevation might be associated with an exces‐
sive, uncontrolled inflammatory response in the mice 
of the NC. This outcome was corroborated by the sur‐
vival curve of the NC, which exhibited survival up to 
only 8 d. This truncated survival period might be at‐
tributable to an excessive inflammatory response. Sev‐
eral studies have shown that mice deficient in IL-10 
or treated with anti-IL-10 neutralizing antibodies are 
susceptible to excessive inflammation (Neyer et al., 
1997; Swierczynski et al., 2000; Hall et al., 2012).

IFN-γ is known as a crucial cytokine in the sup‐
pression of T. gondii tachyzoites, with its serum con‐
centration typically rising in response to T. gondii in‐
fection. However, our results indicated the expression 
levels of IFN-γ in the SDZ and BAI groups were 
much lower than that observed in the NC. While there 
was a modest increase in IL-12 in the BH group but 
not in the SDZ-positive control, the levels of IL-2, IL-4, 
and IFN-γ did not exhibit any significant change in 
the SDZ group compared to those in normal mice. Fur‐
thermore, a remarkable reduction in tachyzoite prolifer‐
ation was noted in the BAI and SDZ groups (Figs. 6b 
and 6c). These observations implied that BAI and SDZ 
might have the potential to directly inhibit the inva‐
sion and proliferation of tachyzoites, as supported by 
the results of the invasion and proliferation assays.

As mentioned above, in contrast to the SDZ 
group, which showed no changes in any cytokines, 
the BAI group exhibited slight increases of IL-4 and 
IL-10 compared with the blank group. As a Th2-
secreted cytokine with multiple actions, IL-4 has been 
shown to inhibit IFN-γ production and induce prolif‐
eration of thymic T cells (CD4+/CD8+) (le Gros et al., 
1990; Hou et al., 1994). Consistent with this, a marked 
increase in IL-4 serum levels was detected in the BH 
group at 4 dpi (Fig. 8). These observations might 
imply that BAI induced a mild Th1 inflammatory re‐
sponse while rapidly triggering a Th2 response, which 
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is typically associated with anti-inflammatory effects. 
Moreover, BAI might be capable of modulating the 
immune system. BAI exhibits anti-inflammatory ac‐
tivity in non-infectious diseases, such as autoimmune 
encephalomyelitis. For instance, Zeng et al. (2007) re‐
ported that BAI increased IL-4 and decreased IFN-γ 
in experimental autoimmune encephalomyelitis, com‐
pared with the control group. Besides, some research 
on infectious diseases has also shown that BAI can in‐
crease anti-inflammatory cytokines. Park et al. (2024) 
indicated that BAI significantly alleviated the progres‐
sion of endometriosis in mouse models and increased 
the expression of anti-inflammatory factors, such as 
IL-4 receptor (IL-4R) in endometriotic lesions. IL-4 
can stimulate the production of the anti-inflammatory 
cytokine IL-10 through the IL-4R signaling pathway 
(Mitchell et al., 2017), a phenomenon that we also ob‐
served in our results. Therefore, the upregulated ex‐
pression of IL-4 and IL-10 in the mouse model of 
T. gondii infection appeared to be due to the role of 
BAI in modulating the immune system. With BAI’s 
modulation, the expression of all cytokines returned 
to normal levels in the BH group at 8 dpi. As reported 
by Dimier-Poisson et al. (2003), an appropriate immuno‐
suppressive response plays an important role in fight‐
ing infection with T. gondii. The parasite burdens were 
well controlled in the BH group at 8 dpi (Fig. 6b). 
Meanwhile, the numbers of tachyzoites in the ascites 
of mice within the BH group decreased from 4 to 
8 dpi (Fig. 6c). Similarly, the numbers of CD3+CD4+ 
and CD3+CD8+ cells from mouse splenocytes showed 
an upward trend at 4 dpi and then a downward trend 
at 8 dpi, in acute infection with T. gondii. Notably, the 
T cell ratio of the BM group did not show significant 
variation at any time. The CD4+/CD8+ ratio changed 
with a similar trend caused by upregulation of CD4+ . 
The reason might be associated with the changes in cy‐
tokines described previously. As reported (Nedergaard 
et al., 2007; Daniel et al., 2008; Rathore et al., 2014; 
Luo et al., 2017), the CD4+/CD8+ ratio is often used as 
a monitoring indicator for tumor therapy and trans‐
plantation immunity. When the CD4+/CD8+ ratio is 
greater than 2, it often indicates an overwhelming im‐
mune response. However, the specific cell types of 
CD4+ cells were still not identified (such as Th1, Th2, 
or Treg). This needs to be explored in further in‐
vestigations of the mechanism of BAI activity against 
T. gondii.

Thus, our proposed hypothesis for BAI’s anti-
T. gondii activity is as follows: BAI might initially tar‐
get topoisomerases, thereby disrupting the DNA repli‐
cation and repair processes of T. gondii. This disruption 
could subsequently initiate an inflammatory cascade, 
characterized by the activation of NF-κB and the gen‐
eration of ROS in vivo. The ability of BAI to modu‐
late these downstream inflammatory events may be in‐
strumental in its overall antiparasitic efficacy. Prior 
research has evaluated the efficacy of established topoi‐
somerase inhibitors, such as camptothecin and 10-
hydroxycamptothecin (Cristaldi et al., 2023), against 
T. gondii, providing a valuable insight into the thera‐
peutic potential of topoisomerase inhibition as a strat‐
egy for combating this parasite.

In this study, BAI demonstrated low cytotoxicity 
and significant inhibitory effects against T. gondii, 
along with a broad therapeutic concentration range. 
Our findings suggest that its primary mechanism of 
action is likely associated with the attenuation of ex‐
cessive inflammatory reactions and the regulation of 
innate immune responses. This research not only in‐
troduces a novel concept but also provides valuable 
insights and a foundation for further exploration in 
the development of traditional Chinese medicinal herbs 
for combating T. gondii infections.
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