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A B S T R A C T

Toxoplasma gondii, an obligate intracellular protozoan, is the causative agent of toxoplasmosis, which can cause
serious public health problems. The current drugs used to treat toxoplasmosis have many limitations. This study
evaluated the anti-T. gondii activity and potential mechanism of Licochalcone A (Lico A) in vitro and in vivo. The
safe concentration of Lico A in HFF cells was determined by MTT cell viability assays. The presence of T. gondii
was assessed by qPCR and Giemsa staining. Azithromycin and sulfadiazine, commonly used effective treatments,
served as drug controls. T. gondii ultrastructural alterations were observed by electron microscopy. The anti-T.
gondii activity of Lico A was evaluated using an in vivo mouse infection model. In vitro, Lico A had no negative
effect on host cell viability at concentrations below 9 μg/mL; however, it did inhibit T. gondii proliferation in a
dose-dependent manner, with a 50% inhibitory concentration (IC50) of 0.848 μg/mL. Electron microscopy
analyses indicated substantial structural and ultrastructural changes in tachyzoites after Lico A treatment. Nile
Red staining assays demonstrated that Lico A caused lipid accumulation. Lico A treatment significantly increased
the survival rate of BALB/c mice infected with T. gondii. Lico A achieved the same therapeutic effect as a
commonly used clinical drugs (combination of sulfadiazine, pyrimethamine and folinic acid). In conclusion, Lico
A has strong anti-T. gondii activity in vitro and in vivo and might be developed into a new anti-T. gondii drug.
Moreover, Lico A may exert these effects by interfering with lipid metabolism in the parasite.

1. Introduction

Toxoplasmosis is a zoonotic disease caused by Toxoplasma gondii
(Dubey and Jones, 2008). T. gondii is an obligate intracellular and
apicomplexan protozoan parasite with a complex life cycle; it can infect
a wide range of warm-blooded animals, including humans, and occa-
sionally causes serious diseases (Chemoh et al., 2013; Dupont et al.,
2012). It has been estimated that the disease may affect one-third of the
world's population (Montoya and Liesenfeld, 2004). Although most
infections in healthy humans are asymptomatic and self-limiting, severe
complications may occur in immunocompromised patients after con-
genital T. gondii infection (Ajzenberg et al., 2016; Dupont et al., 2012).

Although T. gondii infections are prevalent in humans and animals,
clinical treatments are limited. In 1942, sulfonamides were reported to
be effective against murine toxoplasmosis (Sabin and Warren, 1942).
The combination of sulfonamides and pyrimethamine was confirmed to
effectively treat toxoplasmosis in 1953 (Eyles and Coleman, 1953), and

it has since been a standard treatment for toxoplasmosis in humans and
animals. Subsequently, spiramycin was shown to have anti-T. gondii
activity in mice in 1958 (Garin and Eyles, 1958) and became a re-
commended treatment for pregnant women to reduce transmission of
the parasite from mother to foetus (Desmonts and Couvreur, 1974). For
patients allergic to sulfonamides, clindamycin can replace sulfonamides
in conjunction with other drugs in the treatment of T. gondii (Mcmaster
et al., 1973; Araujo and Remington, 1974). However, combination of
sulfadiazine and pyrimethamine or clindamycin and pyrimethamine
often results in side effects such as skin rash, fever and bone marrow
suppression (Dannemann et al., 1992; Georgiev, 1994; Luft and
Remington, 1992). Atovaquone, azithromycin, and clarithromycin are
anti-Toxoplasma-targeted drugs; however, only atovaquone exhibits
therapeutic activity against cysts. It is also useful for patients who
cannot tolerate sulfadiazine or clindamycin (Farthing et al., 1992;
Godofsky, 1994; Kovacs, 1992; Raffi et al., 1995; Wynn et al., 1993).
Nevertheless, the cure rate and side effects, such as myasthenia, of
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atovaquone cannot be ignored (Pijpers and Schrey, 1996). Thus, new
drugs with fewer or no side effects are necessary for the treatment of
toxoplasmosis in the clinic.

Despite efforts to date to investigate many natural products to find
effective treatments for toxoplasmosis over the last several decades
(Sepulveda-Arias et al., 2014; Si et al., 2016; Zhang et al., 2016), there
are limited options to cure toxoplasmosis. Liquorice, the root and rhi-
zome of several Glycyrrhiza species (Fabaceae), is an important natural
drug and is widely used as an herbal medicine in China. Licochalcone A
(Lico A) is a novel flavonoid isolated from liquorice root that has ac-
tivity against malaria and Leishmania (Chen et al., 1993, 1994). In
addition, studies have shown that Lico A has antioxidant, antibacterial,
anti-angiogenesis and antitumour effects (Kim et al., 2010; Liu et al.,
2008; Xiao et al., 2011). Here, we report that Lico A inhibits the growth
of the T. gondii RH strain in vitro and in vivo.

2. Materials and methods

2.1. Parasites

The tachyzoites used in this study were from the virulent RH strain
of T. gondii, which was kindly provided by Dr. Xingquan Zhu (Lanzhou
Veterinary Research Institute, Chinese Academy of Agricultural
Sciences). The tachyzoites were maintained in human foreskin fibro-
blast (HFF) cells in Dulbecco's Modified Eagle's Medium (DMEM) con-
taining 1% heat-inactivated foetal bovine serum (FBS), 1% GlutaMAX
and 1% MEM Non-Essential Amino Acids (MEM NEAA). Cultures were
kept in humidified incubators at 37 °C with 5% CO2. When the host cell
monolayer was destroyed, the tachyzoites were collected and cen-
trifuged at 1500× g for 20min. The tachyzoites in the pellet were re-
leased by forceful passage through a 27-gauge needle and filtered
through a 5 μm polycarbonate membrane filter to remove any host
cells. The tachyzoites were then centrifuged at 1500× g for 20min and
the supernatant was discarded. The pellet was resuspended in infection
medium, and a haemocytometer was used to calculate the number of
tachyzoites.

2.2. Animals

BALB/c mice raised in specific pathogen-free (SPF) conditions and
weighing 18–20 g were purchased from the animal breeding facility of
Lanzhou Veterinary Research Institute, CAAS (Lanzhou, China). The
animals were housed in stainless steel cages in a ventilated room. A
light/dark cycle of 12 h/12 h was maintained, and the living tempera-
ture was (22 ± 2) °C with a relative humidity of (55 ± 10) %.
Standard compressed mouse feed from Beijing Keao Xieli Co., Ltd.
(Beijing, China) and drinking water were supplied ad libitum. The study
was performed in compliance with the US National Institutes of Health
Guidelines for the Care and Use of Laboratory Animals and approved by
Institutional Animal Care and Use Committee of Lanzhou Institute of
Husbandry and Pharmaceutical Science of CAAS. The animals were
allowed a 1-week quarantine and acclimation period prior to start of
the study.

2.3. HFF cells

Primary HFF cells were cultured in DMEM supplemented with 10%
FBS, 1% GlutaMAX and 1% MEM NEAA and were maintained at 37 °C
and 5% CO2. The cells were kindly provided by the Stem Cell Bank,
Chinese Academy of Sciences, Shanghai, China. Parasite infections were
performed in subconfluent cultures in 6-well cell culture plates.

2.4. Licochalcone A

Lico A was obtained as a powder from PUSH BIO-TECHNOLOGY Co.
Ltd. The purity of Lico A was more than 99%, which was ensured by

ultra-performance liquid chromatography (UPLC).

2.5. Cell viability assay

The possible toxic effects of Lico A on the host cells were estimated
based on the reduction of MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyltetrazolium bromide]. For these assays, 1× 104 cells per well
were seeded in 96-well plates and cultured in DMEM supplemented
with 10% FBS. After 24 h, the cells were washed and directly subjected
to Lico A treatment at concentrations derived from serial dilutions in
DMEM supplemented with 1% FBS; the dilutions included concentra-
tions from 10 to 1 μg/mL. As a negative control, the cells were cultured
in DMEM supplemented with 1% FBS without the addition of the
compound.

After 48 h of treatment, the culture supernatant was removed, and
15 μL of MTT solution (5mg/mL) in DMEM was added to each well for
4 h. The formazan crystals were subsequently solubilized by the addi-
tion of 100 μL of pure DMSO. The plate was centrifuged at 400× g for
7min, and 100 μL of the supernatant was collected, transferred to a new
96-well plate, and read at 570 nm in a Multiskan GO instrument
(Thermo Fisher Scientific, MA, USA).

2.6. Antiproliferative assays

Approximately 1× 105 HFF cells per well were seeded in 6-well cell
culture plates 1 day before the assay. On the day of infection, the cells
were infected with parasites in DMEM (5× 103 parasites per well) for
6 h; the cell monolayer was then washed twice with phosphate-buffered
saline (PBS) to remove non-adhered parasites. Subsequently, Lico A was
added at different concentrations (8, 7, 6, 5, 4, 3, 0.8 and 0.6 μg/mL).
The positive control group was incubated in medium lacking Lico A. As
positive drug controls, azithromycin (8.6 μg/mL) and sulfadiazine
(0.4 μg/mL) were added separately under the same conditions (Neville
et al., 2015). In the negative control group, uninfected cells were cul-
tured in drug-free medium. After 24 h of treatment, the cells were fixed
with fresh 4% paraformaldehyde in PBS, stained with Giemsa stain, and
observed by light microscopy. For measurements of parasite burden,
the cells were infected with tachyzoites (1× 105 per well) for 6 h,
treated with different concentrations of Lico A (6, 5, 4, 3, 2.5, 2, 1.5, 1,
0.8, 0.6, 0.4 and 0 μg/mL), azithromycin (8.6 μg/mL) or sulfadiazine
(0.4 μg/mL) for 24 h, and washed twice with PBS. Subsequently,
3.6× 106 Pze21-MCS-1 plasmids were added to each sample as a re-
ference gene for normalization, and total genomic DNA was isolated
from the samples using DNAiso Reagent (Takara). The 529-bp repeat
element (RE) of T. gondii was measured by quantitative PCR (qPCR)
with the following primers: Tox-F (5′- AGG AGA GAT ATC AGG ACT
GTA G-3′), Tox-R (5′-GCG TCG TCT CGT CTA GAT CG-3′) and the
Taqman probe Tox-TP (6-Fam CCG GCT TGG CTG CTT TTC CT BHQ1)
(Homan et al., 2000). The reference gene was evaluated using the fol-
lowing primers: pZE-F (5′- GCAGCCACTGGTAACAGGATT-3′), pZE-R (
5′-CCGTAGTTAGGCCACCACTT-3′) and pZE-TP (6-Fam CAGAGCGAG
GTATGTAGG BHQ1). The amplification reactions were performed
under the following conditions: 50 °C for 2min, 95 °C for 10min, 40
cycles of 95 °C for 15 s, 58 °C for 1min, 60 °C for 1min. The fluorescent-
labelled reaction products were analysed with a QuantStudio 6 Flex
Real-Time PCR System (Life Technologies). Relative quantification of
target genes was performed. The number of parasites was determined
from a standard curve (Y=2.0589x-7.3947; R2=0.9882) (Fig. S1)
obtained with DNA samples from a range of serial dilutions (1×106 to
3.9×103/mL) of RH strain tachyzoites (3.6× 106 Pze21-MCS-1 plas-
mids added per sample). The data were plotted using GraphPad Prism
5.0 software (GraphPad Software Inc., San Diego, USA). The results
represent the means ± standard deviations of the results from at least
three independent experiments, and differences were considered sta-
tistically significant at a P value of ≤0.05. To calculate the 50% in-
hibitory concentration (IC50), the percentage of tachyzoite growth
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inhibition was plotted as a function of the drug concentration by fitting
the values for nonlinear curve analysis. Regression analyses were per-
formed using SPSS 19.0 software (SPSS Inc., Chicago, USA).

2.7. Electron microscopy analysis

For scanning electron microscopy, cells grown on coverslips were
infected with 4×103 tachyzoites per well. After 8 h of infection, Lico A
was added at a concentration of 3 μg/mL or 4 μg/mL. The cells were
cultured for an additional 8 h and then fixed for 1 h in a solution con-
taining 2.5% glutaraldehyde in 0.01mol/L PBS (pH 7.4), washed with
PBS until the glutaraldehyde was removed, and dehydrated in a graded
alcohol series. Isoamyl acetate was then replaced with alcohol. The cells
were subjected to critical point drying and mounted on stubs, and the
upper portion of the cells was removed with adhesive tape, revealing
the internal organization of the parasitophorous vacuole (PV).
Subsequently, the samples were coated with gold (20–30 nm) and ob-
served using a Hitachi SU-8010 scanning electron microscope
(HITACHI, Japan).

To observe the ultrastructure of intracellular parasites, transmission
electron microscopy was used. Cells in culture plates were infected with
4× 103 tachyzoites per well. After 8 h of infection, 4 μg/mL Lico A was
added, and the cells were cultured for 2, 4, 8 and 16 h. The cells were
digested with TrypLE Express for 3min, washed twice with PBS, fixed
for 1 h in a solution containing 2.5% glutaraldehyde in 0.01mol/L PBS
(pH 7.4), washed with PBS until the glutaraldehyde was removed and
post fixed for 1 h in the dark with a solution containing 1% osmium
tetroxide in 0.01M PBS. The cells were subsequently washed in the
same buffer, dehydrated in acetone, and embedded in Epon. Ultrathin

sections were stained with uranyl acetate and lead citrate and observed
under a Hitachi H-7500 transmission electron microscope (HITACHI,
Japan).

2.8. Lipid staining and fluorescence analysis

HFF cells were seeded in 150-cm2 culture flasks and infected with
tachyzoites. After 24 h of infection, the samples were treated with 4 μg/
mL Lico A (2 h, 4 h, 8 h, 16 h), 0.848 μg/mL Lico A (16 h) or left un-
treated for 40 h (control). T. gondii cells were mechanically isolated and
purified by the method described above and incubated at 37 °C for
10min in 5 μg/mL Nile Red in PBS (stock solution 0.5mg/mL in
DMSO). The tachyzoites were washed in PBS and examined using a
Zeiss LSM 800 confocal laser scanning microscope and flow cytometry
at a laser excitation wavelength of 488 nm (recording 10,000 events per
sample) to evaluate lipid accumulation.

2.9. Anti-Toxoplasma activity of Lico A in vivo

Lico A was dissolved in solution 1 (physiological saline containing
13% Tween 80) to final concentrations of 5, 10 and 15mg/mL. The
positive control group contained 10mg/mL sulfadiazine, 5 mg/mL
pyrimethamine and 1.5 mg/mL folinic acid diluted in solution 2 (phy-
siological saline containing 1% CMC-Na).

Female BALB/c mice were injected with 100 tachyzoites each in the
abdominal cavity and were divided into 11 groups consisting of 10
animals each. After 4 h, mice in 4 of the groups were treated with
different concentrations of Lico A as follows: 50mg/kg (IL1 group),
100mg/kg (IL2 group), 150mg/kg (IL3 group), and solvent 1 as a

Fig. 1. The inhibition of T. gondii tachyzoites in HFF cells by Lico A. HFF cells were infected with T. gondii and treated with either 5 μg/mL Lico A (Fig. 1A), 4 μg/
mL Lico A (Fig. 1B), 3 μg/mL Lico A (Fig. 1C), 0.8 μg/mL Lico A (Fig. 1D), or 0.6 μg/mL Lico A (Fig. 1E). T. gondii-infected cells without treatment were used as a
control (Fig. 1F). Cells infected with T. gondii and treated with Azi (Fig. 1G) and Sul (Fig. 1H) were used as drug controls. The number of tachyzoites per well was
detected by qPCR after treatment with different concentrations of Lico A for 24 h (Fig. 1I). The presented results represent the means± standard deviations of the
results from at least three independent experiments. *P≤ 0.05 compared with the positive group. Scale bars: 50 μm.
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control (IS group). These treatments were given as 0.2 mL volumes
administered intraperitoneally twice a day. Four other groups of mice
were treated by oral administration as follows: 50mg/kg Lico A (OL1
group), 100mg/kg Lico A (OL2 group), 150mg/kg Lico A (OL3 group)
and solvent 1 as a control (OS group). The positive control group (PS
group) and solvent 2 group (S2 group) were orally treated with 0.2 mL
volumes once a day. The negative group (NG) was treated with no drug
as a control.

3. Results

3.1. Cell viability assays

Prior to investigating the pharmacological potential of Lico A to
prevent the proliferation of T. gondii, we first assayed the cytotoxicity of
Lico A by treating HFF cells with Lico A at various concentrations (1, 2,
3, 4, 5, 6, 7, 8, 9 and 10 μg/mL) for 48 h and then performing an MTT
assay. Lico A improved the proliferation of HFF cells significantly at
concentrations below 9 μg/mL, while the opposite effect was observed
when the dose was higher than 9 μg/mL (Fig. S2). We concluded that
HFF cell viability was not inhibited by Lico A at concentrations below
9 μg/mL.

3.2. Antiproliferative assay

The activity of Lico A against the growth of T. gondii tachyzoites
within HFF cells was evaluated after 24 h of treatment. Fig. 1 shows
that Lico A induced a dose-dependent inhibition of parasite growth
between 0 and 5 μg/mL (Fig. 1A–F). Using light microscopy, we found
that the amount of tachyzoites and the average number of tachyzoites
within the PV decreased with increasing concentrations of Lico A. At
concentrations above 5 μg/mL, typical tachyzoites were not observed,
but vestigial tachyzoites were observed; no tachyzoites was observed
after removing the drug medium and maintaining the cultures for 10
days (Fig. S3). According to our qPCR results (Fig. 1I), the IC50 of Lico A
was 0.848 μg/mL (correlation coefficient= 0.986) following 24 h of
exposure. An antiproliferative assay indicated that Lico A inhibited the
proliferation of T. gondii in vitro in a dose-dependent manner.

3.3. Electron microscopy analysis

Scanning electron microscopy (SEM) confirmed the organization of
the parasites into PVs after 8 h of treatment. Untreated cells contained
many tachyzoites with uniform size and smooth surfaces (Fig. 2C). After
treatment, the tachyzoites decreased in size and became rounded, with
surface depressions (Fig. 2A and B).

Transmission electron microscopy (TEM) of the control cells re-
vealed preserved tachyzoite structures (Fig. 3A). Longitudinal sections
of tachyzoites were banana- or half-moon-shaped, with an enlarged
centre and pointed ends. The tachyzoites were arranged in a fence-like
manner, the cell membrane and nuclear membrane consisted of two
layers, and the structure was clear and complete. The nucleus (Nu) was
round or oval, and the chromatin structure was normal. The conoid
(Co) and microneme (Mn) were visible in the front of the tachyzoite,
and the rhoptry (Rh) extended backward from the conoid to the front of
the nucleus and expanded. Some clear dense granules (Dg) could also
be seen. After 2 h of treatment with 4 μg/mL Lico A (Fig. 3B), the ta-
chyzoites were organized in rosettes, many lipid bodies (Lb) were ob-
served in the cytoplasm, the dense granules disappeared, and the sur-
face of the cell membrane was not smooth. After 4 h of treatment
(Fig. 3C), the lipid bodies became larger, the membrane exhibited
protrusions (P), and the rhoptry disappeared. After 8 h of treatment
(Fig. 3D), the conoid had almost disappeared, and the membrane
system structure became indistinct; the nuclear membrane was loose,
and there was a gap between the membrane and cytoplasm in tachy-
zoites. There were alterations in the cytoplasm of tachyzoites, such as

vacuoles with unclear boundaries and irregular shapes, which are
hallmarks of a dissolved cytoplasm. The condition of the rhoptry was
the same as at 4 h of treatment. After 16 h of treatment (Fig. 3E), the
cytoplasmic structure of tachyzoites completely disappeared, and ex-
tensive clefts were observed.

3.4. Lipid staining and fluorescence analysis

Nile Red staining was used to evaluate the possible interference
with lipid metabolism in tachyzoites after Lico A treatment. When in-
fected HFF cell were treated with 4 μg/mL Lico A for 16 h, increased
lipid accumulation in the cytoplasm of tachyzoites was observed by
confocal laser scanning microscopy (Fig. 4A and C). In addition, the
tachyzoites became smaller in size and rounded in shape, with surface
depressions (Fig. 4B and D), which was also observed at 0.848 μg/mL
Lico A (Figs. S4C and D). The fluorescence intensity of tachyzoites
treated with 4 μg/mL Lico A at different times was assessed by flow
cytometry. Interestingly, the fluorescence intensity increased gradually
with time, which indicated that Lico A induced an increase in in-
tracellular lipid levels in a time-dependent manner (Fig. 4E and F).

3.5. The effect of Lico A on the survival rate of T. gondii-infected mice

To determine the effect of Lico A on T. gondii in mice, we examined
the survival rate of T. gondii-infected mice. Intraperitoneal injection of
Lico A in mice infected intraperitoneally with RH tachyzoites resulted
in a significant dose-dependent protection against death (Fig. 5A). Lico
A protected 80% (P=0.0003), 90% (P < 0.0001) and 100%
(P < 0.0001) of infected mice in the IL1, IL2 and IL3 groups, respec-
tively. All mice in the PS group survived. All NG, IS and S2 mice died by
day 13 of infection. Oral treatment of mice intraperitoneally infected
with RH tachyzoites also significantly prolonged the survival time
(OL1, P=0.0048; OL2, P=0.0045; OL3, P=0.0027) (Fig. 5B). NG,
OS and S2 mice began to die on the 10th or 11th day of infection. Mice
orally treated with Lico A began to die on the 12th day, and the longest
survival time was 14 days. Oral treatment (Fig. 5C) with Lico A sig-
nificantly increased the average survival rate compared with NG mice;
however, there was no significant difference in survival time with
higher doses.

4. Discussion

Lico A is a novel flavonoid isolated from the root of Glycyrrhiza
species belonging to the family Fabaceae; it can reduce inflammation
(Cui et al., 2008), act as an antibacterial (Liu et al., 2008), inhibit tu-
mourigenesis and induce cell cycle arrest and apoptosis in various
cancer cell lines both in vitro and in vivo (Cho et al., 2014; Kim et al.,
2010; Xiao et al., 2011). Recently, many studies have shown that Lico A
has not only a broad antibacterial effect but also anti-protozoal activity,
including against Plasmodium falciparum, Leishmania major and Leish-
mania donovani promastigotes and amastigotes. Lico A can inhibit the
growth of P. falciparum at all stages (Chen et al., 1994), markedly re-
duce the infection rate of human peripheral blood monocyte-derived
macrophages and U937 cells with L. major promastigotes and exhibit a
strong intracellular killing effect on the parasite (Chen et al., 1993).
Both P. falciparum and L. major are intracellular parasites. Thus, we can
infer that Lico A may act against intracellular parasites. It is necessary
to further explore whether Lico A has anti-T. gondii activity in vitro and
in vivo. In this study, the anti-T. gondii effects of Lico A were evaluated
in vitro and in vivo. Lico A exhibited strong anti-T. gondii activity with
low cytotoxic effects in vitro; therefore, it should be considered as a
promising lead for the development of much-needed anti-toxoplasma
drugs.

In a cell viability assay, Lico A had no cytotoxic effects on HFF cells
in the concentration range of 1–9 μg/mL. In addition, it promoted HFF
cell proliferation at suitable concentrations. Interestingly, this study is
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Fig. 2. Scanning electron microscopy
micrograph of treated or untreated HFF
cells infected with T. gondii. The cells
were treated with 3 μg/mL Lico A (Fig. 2A)
or 4 μg/mL Lico A (Fig. 2B) or left untreated
(Fig. 2C). After 8 h of treatment, the tachy-
zoites in the treated cells became atrophied
and rounded and showed surface depres-
sions compared with those in untreated
cells, as indicated by the arrows. Scale bars:
4 μm (Fig. 2A and B); 5 μm (Fig. 2C).

Fig. 3. Transmission electron microscopy
images of HFF cells infected with T.
gondii and treated with 4 μg/mL Lico A or
untreated. T. gondii within untreated HFF
cells after 16 h (Fig. 3A). The cell mem-
brane, nucleus (Nu), dense granules (Dg),
rhoptries (Rh), and conoids (Co) in tachy-
zoites were clear and integral. The tachy-
zoite shape was typical. After 2 h of treat-
ment (Fig. 3B), the parasites were organized
in rosettes, lipid bodies (Lb) were observed
in the cytoplasm, dense granules dis-
appeared, and the surface of the cytoplasm
was not smooth. After 4 h of treatment
(Fig. 3C), the tachyzoite lipid bodies became
larger, protrusions (P) emerged on the
membrane, and the rhoptries disappeared.
After 8 h of treatment (Fig. 3D), the conoids
and rhoptries of tachyzoites disappeared,
the membrane system structure became in-
distinct, the nuclear membrane loosened,
and a gap between the membrane and cy-
toplasm emerged. Vacuoles (V) appeared in
the cytoplasm and exhibited unclear
boundaries and irregular shapes, which are
hallmarks of a dissolved cytoplasm. After
16 h of treatment (Fig. 3E), the tachyzoite
cytoplasm completely disappeared, and ex-
tensive clefts arose. Scale bars: 0.5 μm
(Fig. 3A, D and E); 1 μm (Fig. 3B and C).
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the first to report the impact of Lico A on normal primary cells, though
previous studies have shown that Lico A can inhibit cancer cell growth
(Bortolotto et al., 2016; Cho et al., 2014). An in vitro anti-proliferative
assay indicated that Lico A can significantly affect the proliferation of
tachyzoites in a dose-dependent manner compared with the positive
control group. Notably, no typical tachyzoites were observed when cells
were treated with 4 μg/mL Lico A, but qPCR results indicated that ta-
chyzoites were still present. This finding could indicate the presence of
residual DNA from dead tachyzoites or that there were too few tachy-
zoites to be observed microscopically. In this experiment, we used the
IC50 of Azi and Sul as the treatment dose (Neville et al., 2015). qPCR
results showed that the amount of tachyzoites in the Azi and Sul groups
was approximately 50% of that in the nontreatment group, demon-
strating that the method was accurate and that the results are reliable.
In addition, the IC50 of Lico A was 0.848 μg/mL, which was lower than
that of Azi, indicating that at the same concentration, the anti-T. gondii
activity of Lico A was stronger than that of Azi. Compared with other
recently described natural products, the activity of Lico A was stronger
than matrine (ME) (Zhang et al., 2016), ginkgolic acids (Chen et al.,
2008) and other plant extracts (Choi et al., 2008; Sepulveda-Arias et al.,

2014).
To further study the impact of Lico A on T. gondii, electron micro-

scopy (SEM and TEM) analyses were conducted. SEM analysis showed
that the tachyzoites were deformed, sunken and atrophied after Lico A
treatment. Furthermore, TEM analysis showed that over time, lipid
bodies developed, the nuclear membrane thickened, the cell surface
became rough, a gap between the cell membrane and the cytoplasm
appeared, and the cytoplasmic structure completely disappeared in
tachyzoites after Lico A. After Nile Red staining, the emergence of
neutral lipid aggregation in the cytoplasm of tachyzoites treated with
Lico A was markedly increased, as assessed by confocal laser scanning
microscopy. In addition, DIC microscopy images showed that tachy-
zoites were smaller in size and rounded in shape, with surface depres-
sions; all of these observations are in agreement with the results ob-
served by SEM. The correlation between fluorescence intensity and
treatment time of Lico A was explored by flow cytometry, and the re-
sults showed that the increase in intracellular lipid levels occurred in a
time-dependent manner. Therefore, Lico A may exert its effects against
toxoplasmosis by interfering with lipid metabolism. Our results were
inconsistent with a previous study showing that Lico A altered the

Fig. 4. Confocal microscopy images and flow cy-
tometry analysis. Tachyzoites without treatment
were used as control (Fig. 4A and B) or treated with
4 μg/mL Lico A after 16 h (Fig. 4C and D) and then
stained with Nile Red. After 16 h of treatment, lipid
bodies were obvious in the cytoplasm of tachyzoites
(arrows) compared with the control group.
Differential interference contrast (DIC) microscopy
images (Fig. 4B and D). Fluorescence intensity was
detected by flow cytometry after treatment with
4 μg/mL Lico A for different durations (Fig. 4E and
F). The presented results represent the means±
standard deviations of the results from at least three
independent experiments. *P≤ 0.05 compared with
the control group. Scale bars: 20 μm.
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ultrastructure and function of the mitochondria of Leishmania parasites
(Zhai et al., 1995). This may be due to the differences between T. gondii
and Leishmania in structural characteristics and physiological functions,
though both are protozoans. Although the possible function of Lico A
was deduced from the electron microscopy analysis, the specific me-
chanism of Lico A against T. gondii should be further studied in the
future.

We also determined whether Lico A could exert anti-T. gondii effects
in acute infections in vivo using a mouse model. Mice were infected with
the virulent T. gondii RH strain, and Lico A extended the life of mice
infected with a lethal dose of tachyzoites. Control mice succumbed to
infection by day 11, while Lico A effectively improved the survival rate
of mice injected with the treatment. The survival rate of the IL3 group
was 100%, equal to that of the PS group, indicating that 150mg/kg Lico
A could achieve the same therapeutic effect as a commonly used clinical
drug (combination of sulfadiazine, pyrimethamine and folinic acid);
thus, Lico A could be further studied as a promising drug. However,
under these same conditions, the effect of oral administration was far
less than that of injection. In mice that received oral Lico A adminis-
tration, Lico A prolonged the survival time but did not protect the mice
from death, and the inhibitory effect was not significantly different
among treatment groups. This limited efficacy may be a result of low
absorption when the treatment is given orally. Together, our data ob-
viously indicated that Lico A has potential as a novel anti-T. gondii agent
and that injection administration was effective.

In summary, Lico A can effectively inhibit the proliferation of T.
gondii in a dose-dependent and time-dependent manner with low cy-
totoxicity against HFF host cells. Electron microscopy analysis indicated
that Lico A likely functions by affecting lipid metabolism. Importantly,
the injection administration of a suitable concentration of Lico A can
significantly increase the survival rate of mice infected with T. gondii,
and Lico A achieved the same therapeutic effect as a commonly used
clinical drug (combination of sulfadiazine, pyrimethamine and folinic
acid). Thus, our results clearly demonstrate that Lico A exhibits potency
in vitro and in vivo against T. gondii, warranting its possible evaluation as
a treatment for toxoplasmosis in the future.
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