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Abstract. Liver cancer is characterized by hypervascular‑
ization. Anti‑angiogenic agents may normalize the tumor 
vasculature and improve the efficacy of other treatments. The 
present study aims to investigate the anti‑angiogenic effect of 
Plasmodium infection in a mouse model of implanted liver 
cancer cells. HepG2 cells were injected into the left liver lobe 
of nude mice as a model of in situ hepatic tumorigenesis. 
Plasmodium yoelii parasitized erythrocytes were administered 
in the animal model of liver cancer to introduce Plasmodium 
infection. The tumor growth and microvascular density 
were determined in the presence or absence of Plasmodium 
infection. The expression levels of hypoxia‑inducible factor 
1α (HIF‑1α) and angiogenesis‑related factors were evaluated 
using western blotting and reverse transcription‑quantitative 
PCR analysis. The results demonstrated that Plasmodium 
infection suppressed tumor growth and vascularization in the 
mouse model of implanted HepG2 cells. Plasmodium parasites 
reduced the expression of pro‑angiogenic factors (vascular 
endothelial growth factor A and angiopoietin 2), matrix 
metalloproteinases [(MMP)2 and MMP9] and inflammatory 
cytokines [tumor necrosis factor α, interleukin 6 (IL)‑6) and 
IL‑1β] in both hepatic and tumor tissues. HIF‑1α was down‑
regulated in both hepatic and tumor tissues upon Plasmodium 
infection, and HIF‑1α overexpression rescued angiogenesis and 

tumor growth under the condition of Plasmodium infection. In 
conclusion, the results of the present study demonstrated the 
anti‑angiogenic and anti‑tumorigenic effects of Plasmodium 
infection on liver cancer through downregulating HIF‑1α 
expression, indicating that Plasmodium parasites could be 
developed as an intervention strategy to restrain neo‑angio‑
genesis in liver cancer.

Introduction

Liver cancer has become one of the leading malignancies 
worldwide, with a continuous increase in annual incidence 
from 1990 to 2015 (1). It has been estimated that incident 
cases of liver cancer will exceed 1 million by 2025 (2). 
Hepatocellular carcinoma represents the most common form 
of liver cancer and comprises 75‑85% of total liver cancer 
cases (3,4). Hepatic disorders due to unhealthy lifestyles and 
hepatitis B virus infection are becoming the major etiologies 
of liver cancer (5,6). For instance, there is an increased risk 
of liver cancer development in patients with non‑alcoholic 
steatohepatitis (7). Surgical resection together with adjuvant 
chemotherapy remains as the mainstay of liver cancer treat‑
ment; however, postoperative recurrence and metastasis can 
seriously undermine the prognosis of patients with liver 
cancer (8). According to the World Health Organization, 
the recurrence rate of liver cancer at 2 years post‑surgery in 
2018 was as high as 61.6% (9). Currently, there is a lack of 
therapeutic strategies for the prevention and treatment of liver 
cancer metastasis (10).

Neo‑angiogenesis is a key feature in the clinical progres‑
sion of liver cancer. The hypervascular nature of hepatic 
tumors implies the significance of neo‑vascularization in the 
pathophysiological progression of these tumors (11). Several 
angiogenic pathways have been found to be dysregulated in 
liver cancer. Tumor cells can secrete pro‑angiogenic factors, 
including vascular endothelial growth factor A (VEGFA), 
angiopoietin 2 (Ang2), fibroblast growth factor 2 (FGF2) 
and platelet‑derived growth factor A (PDGFA), which bind 
to receptors expressed on endothelial cells to promote 
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angiogenesis (12). Hypoxia has been recognized as an impor‑
tant factor that upregulates expression of VEGFA, FGF2 and 
PDGFA in tumor cells (13). Moreover, overexpression of 
extracellular matrix remodelers such as matrix metallopro‑
teinases (MMP)2 and 9 can contribute to neo‑angiogenesis, 
local tissue invasion and metastasis (14,15). Furthermore, 
production of inflammatory cytokines such as tumor necrosis 
factor (TNF)‑α and interleukin (IL)‑1β is also implicated 
in the angiogenesis and invasion of liver cancer (16‑18). 
As hyper‑vascularization facilitates tumor growth, tissue 
invasion and metastasis, anti‑angiogenic agents have been 
proposed to normalize the tumor vasculature and improve 
the efficacy of other treatments such as chemotherapy and 
radiation (19).

Plasmodium is a single‑cell protozoan responsible for 
malaria which inhabits hepatocytes to enter a dormant state, 
and the subsequent reproduction of merozoites leads to 
hepatocyte rupture (20). Accumulating evidence suggests that 
Plasmodium infection suppresses tumor growth and metas‑
tasis in a murine Lewis lung cancer model (21,22). There is 
also evidence that malaria incidence and cancer mortality are 
inversely associated (23). Furthermore, Plasmodium infection 
could curtail recurrence and metastasis of liver cancer by 
suppressing epithelial‑mesenchymal transition (24). Although 
Plasmodium infection has been reported to inhibit angio‑
genesis by modulating the infiltration of tumor‑associated 
macrophages in liver cancer (25), the effect of Plasmodium 
infection on tumor cell‑derived angiogenic signaling remains 
unclear.

The present study established a murine model of implanted 
HepG2 cells and assessed the impact of Plasmodium infec‑
tion on vascularization and tumorigenesis. HepG2 cells were 
injected into the left liver lobe of nude mice as a model of 
in situ hepatic tumorigenesis. Plasmodium yoelii parasitized 
erythrocytes were administered in the animal model of liver 
cancer to introduce Plasmodium infection. The tumor growth 
and microvascular density were determined in the presence 
or absence of Plasmodium infection. The expression levels of 
hypoxia‑inducible factor 1α (HIF‑1α) and angiogenesis‑related 
factors were evaluated using western blotting and reverse 
transcription‑quantitative PCR analysis.

Materials and methods

Animal model of liver cancer and Plasmodium infection. 
BALB/c nude mice (male; 4‑5 weeks old; weight, 20‑25 g; 
n=40 mice; n=15 for Plasmodium propagation; n=25 for 
in situ liver cancer model) were purchased from Shanghai 
Laboratory Animal Center Co., Ltd. and raised at a standard 
specific pathogen‑free facility with a 12 h‑light/dark cycle. 
All animal experiments described in the present study were 
performed in collaboration with Yunnan Bestai Biotechnology 
Co., Ltd., a qualified animal research facility. The animals 
were housed under controlled conditions with a temperature 
of 22±2˚C, relative humidity of 50‑60% and a 12‑h light/dark 
cycle. They had free access to standard laboratory food and 
water ad libitum. The animal protocols in the present study 
were approved by the Experimental Animal Ethics Committee 
of Yunnan Bestai Biotechnology Co (Kunming, China; 
approval no. BST‑MICE‑20221229‑01).

HepG2 cells were purchased from The Cell Bank of Type 
Culture Collection of The Chinese Academy of Sciences, 
and cultured in DMEM high glucose medium containing 
10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 100 U/ml 
penicillin and 100 µg/ml streptomycin (Beyotime Institute 
of Biotechnology) in a humidified incubator containing 5% 
CO2 at 37˚C. This cell line was authenticated by the supplier 
through STR profiling.

To stably express HIF‑1α, HepG2 cells were infected with 
a lentivirus carrying the cDNA of HIF‑1α (synthesized by 
GenScript Biotech Corporation). The empty lentiviral vector 
was used as a negative control. Lentivirus was prepared 
in 293T cells in a 10 cm dish at 70‑80% confluence. 293T 
cells were transfected with 12 µg pLX304‑HIF‑1α expres‑
sion plasmid and 12 µg MISSION® Lentiviral Packaging 
Mix (cat. no. SHP001; Sigma‑Aldrich; Merck KGaA) using 
Lipofectamine™ 3000 transfection reagent (Invitrogen™; 
Thermo Fisher Scientific, Inc.) for 48 h at 37˚C. The 
lentivirus‑containing supernatant was collected 48 h 
post‑transfection, filtered through a 0.45 µm filter to remove 
cells and debris, and used to transduce HepG2 cells at an 
multiplicity of infection of 10 in the presence of 8 µg/ml 
polybrene. After 48 h, transduced HepG2 cells overexpressing 
HIF‑1α were selected with 10 µg/ml blasticidin for 2 weeks 
to eliminate uninfected cells, and HIF‑1α overexpression was 
confirmed by western blotting, as described below.

The Plasmodium yoelii (Py) nonlethal strain (Py17XNL) 
was purchased from the Malaria Research and Reference 
Reagent Resource Center, and propagated in 8‑week old 
BALB/c mice (male; weight, 30‑35 g; housed as aforemen‑
tioned) at an initial injection dose of 5x105 infected red blood 
cells (25). To isolate parasitized erythrocytes, blood was 
collected from the donor mice with >20% parasitemia via 
cardiac puncture under anesthesia with 240 mg/kg Avertin 
(1.25% Tribromoethanol) through intraperitoneal injection. 
Animals were euthanized after blood collection via carbon 
dioxide asphyxiation, followed by cervical dislocation. The 
blood was immediately transferred to heparinized tubes to 
prevent coagulation. Erythrocytes were separated from whole 
blood by centrifugation at 800 x g for 10 min at 4˚C. The eryth‑
rocyte pellet was washed twice with sterile PBS, resuspended 
in sterile saline, and counted using a hemocytometer. The 
blood parasitemia level in the donor mice (% red blood cells 
infected by the malaria parasite) was determined by exam‑
ining thin blood smears with a light microscope (Olympus 
BX53; Olympus Corporation) at 1,000x magnification under 
oil immersion. Blood samples with parasitemia level >20% 
were used to prepare a desirable amount of parasitized eryth‑
rocytes for further infection. Based on the parasitemia level 
determined by the blood smear examination, the appropriate 
volume of erythrocyte suspension containing 5x105 parasit‑
ized erythrocytes was calculated and diluted to a final volume 
of 100‑200 µl with sterile saline for intraperitoneal injection 
into the recipient mice.

A total of 2x106 HepG2 cells/animal were injected into the 
left liver lobe of nude mice as an in situ tumor growth model 
of liver cancer (26‑28), after anesthetization with 240 mg/kg 
Avertin (1.25% Tribromoethanol) through intraperitoneal injec‑
tion. A total of 7 days after tumor cell injection, the mice were 
intraperitoneally injected with 5x105 parasitized erythrocytes 
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or uninfected erythrocytes (control) from the donor mice. On 
day 17 post‑parasite injection, the mice were sacrificed for 
tissue collection. For euthanasia, a chamber was connected to a 
carbon dioxide cylinder with a flow rate to displace 40% of the 
cage volume/minute. Mice were placed into the euthanizing 
chamber for 10 min until no movement was observed. Animal 
death was further assured by subsequent cervical dislocation. 
All the animals (including the donor mice) were euthanized 
by the same method. A total of 15 donor BALB/c mice were 
used for Py propagation and erythrocyte collection. For tumor 
formation experiments, a total of 25 BALB/c nude mice were 
used, in which 5 mice were used for the initial in situ tumor 
model validation experiment. The remaining 20 mice were 
divided into 4 groups with 5 animals/group as follows: i) Sham 
(normal liver group); ii) HepG2 injection; iii) HepG2 + Py; and 
iv) HepG2 (HIF‑1α) + Py.

Animal health and behavior were monitored daily 
throughout the experiment, with increased frequency to 
twice daily following tumor cell injection and Plasmodium 
infection. Trained personnel handled the animals to reduce 
stress and discomfort, and adequate anesthesia was provided 
for all surgical procedures. Welfare considerations included 
providing environmental enrichment, maintaining appropriate 
housing conditions, and minimizing handling stress. Animal 
health status was regularly monitored, and humane endpoints 
were established and implemented promptly, including eutha‑
nasia if animals showed signs of severe illness, significant 
weight loss (>20% initial body weight), a tumor size >2 cm, or 
any conditions causing obvious pain or distress that could not 
be alleviated by analgesics.

To accurately measure tumor weight, the present study 
used a meticulous isolation process. After harvesting the livers, 
visible tumor nodules were carefully excised using sterile 
surgical instruments. Fine dissection was then performed 
under a dissecting microscope to remove any remaining 
normal liver tissue from the tumor mass. The isolated tumor 
tissue was gently washed in cold PBS to remove blood and 
debris, then carefully blotted on sterile filter paper to remove 
excess fluid. Immediately after this preparation, the cleaned 
and dried tumor tissue was weighed using a high‑precision 
analytical balance (ME204E; Mettler Toledo). This process 
was repeated for all tumor nodules in each liver, with the total 
weight of tumor tissue from each liver recorded for subsequent 
comparisons between groups.

Immunohistochemistry (IHC) of CD31. Immunohistochemical 
staining of CD31 was performed using 5‑µm sections of 
formalin‑fixed paraffin‑embedded tumor tissues using 
the VENTANA BenchMark Special Stain system (Roche 
Diagnostics). Tissues were fixed in 10% neutral buffered 
formalin at 4˚C for 24 h before paraffin embedding. After 
deparaffinization in xylene (3 changes, 5 min each) at 60˚C 
and hydration through a descending ethanol series (100, 95, 80 
and 70%; 5 min each), followed by washing in distilled water 
for 5 min, antigen retrieval was performed using a citrate 
unmasking solution (10X; SignalStain® Citrate Unmasking 
Solution; cat. no. 14746; Cell Signaling Technology, Inc.) for 
10 min at a sub‑boiling temperature (95‑98˚C). After cooling, 
the sections were washed in distilled H2O and incubated in 
3% hydrogen peroxide for 10 min at 37˚C. The sections were 

then washed three times in TBST buffer (Tris‑buffered saline 
with 0.1% Tween‑20; 5 min each time), and blocked for 1 h at 
room temperature in TBST with 5% normal goat serum (Cell 
Signaling Technologies, Inc.). Anti‑CD31 antibodies (1:100; 
cat. no. ab124432; Abcam) was applied to stain the sections 
overnight at 4˚C. After washing, the sections were incubated 
with 3 drops of SignalStain® Boost IHC Detection Reagent 
(horseradish peroxidase, rabbit; cat. no. 8114; Cell Signaling 
Technology, Inc.) for 30 min at room temperature. Signal 
development was performed using 200 µl SignalStain® DAB 
Substrate Kit (cat. no. 8059; Cell Signaling Technology, Inc.) 
for 5 min. After washing and dehydration, the sections were 
mounted with coverslips using mounting medium (cat. no. 
14177; Cell Signaling Technology, Inc.). Images were captured 
under a Leica DMI6000 microscope (Leica Microsystems 
GmbH) at x200 magnification.

Giemsa staining. Liver tumor tissues were fixed in 4% parafor‑
maldehyde overnight at 4˚C and then cut into 50‑µm sections. 
Sections were treated with 3% hydrogen peroxide and 0.25% 
Triton X‑100 in 1X TBS for 30 min. Tissue sections were then 
stained with the Giemsa Stain Kit (cat. no. ab150670; Abcam) 
at room temperature (22‑25˚C) for 15 min, based on the suppli‑
er's instructions. Nuclei were counterstained with hematoxylin 
solution at room temperature (22‑25˚C) for 15 min. Images 
were captured under a Leica DMI6000 microscope (Leica 
Microsystems GmbH).

Terminal deoxynucleotidyl transferase dUTP nick end 
labeling (TUNEL). Cell death events in tumor tissues were 
assessed using the Biotin TUNEL Staining Kit (cat. no. 
T2191, Beijing Solarbio Science & Technology Co., Ltd.). 
Tissue samples were fixed in 10% neutral buffered formalin 
at 4˚C for 24 h. The fixed tissues were then dehydrated and 
paraffin‑embedded following standard histological proce‑
dures. Paraffin‑embedded tumor tissues were processed 
into 5‑µm sections. After deparaffinization in xylene (3 
changes, 5 min) at 60˚C and hydration through a descending 
ethanol series (100, 95, 80 and 70%; 5 min), followed by 
washing in distilled water for 5 min,, tissue sections were 
incubated with 20 µg/ml Protease K at 37˚C for 15 min, 
followed by treatment with 3% hydrogen peroxide at room 
temperature for 10 min. The sections were then labeled with 
a working solution containing TdT enzyme, Biotin‑dUTP 
and a Biotin labeling solution at 37˚C for 1 h. After 
washing with TBST buffer (Tris‑buffered saline with 0.1% 
Tween‑20; 5 min each time), the sections were incubated 
with a Streptavidin‑horseradish peroxidase solution at room 
temperature for 30 min. The staining signal was developed 
using 0.2 ml DAB reagent at room temperature for 2‑5 min. 
After dehydration with 95% ethanol, the sections were treated 
with xylene for 5 min before observation. The nuclei were 
then counterstained with hematoxylin (0.1% w/v) for 5 min 
at room temperature. After rinsing in running tap water 
for 5 min, sections were dehydrated through an ascending 
ethanol series, cleared in xylene and mounted using DPX 
mounting medium (Sigma‑Aldrich). Stained sections were 
observed using an Olympus BX53 light microscope. A total 
of five random fields of view were examined for each section 
at 400x magnification.
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Reverse transcription (RT)‑quantitative PCR (qPCR) analysis. 
RNA samples were extracted from tissues using Trizol reagent 
(Beyotime Institution of Biotechnology). A total of 1 µg RNA 
sample was reverse transcribed into complementary DNA 
using the PrimeScript™ RT Reagent Kit (cat. no. RR037A; 
Takara Bio, Inc.). The reverse transcription reaction was 
performed under the following conditions: 37˚C for 15 min 
(reverse transcription), followed by 85˚C for 5 sec (inactivation 
of reverse transcriptase) and then cooled to 4˚C.. qPCR was 
performed using the 7500 Real‑Time PCR System (Applied 
Biosystems; Thermo Fisher Scientific, Inc.) using the SYBR 
premix master mix (cat. no. SR1110; Beijing Solarbio Science 
& Technology Co., Ltd.). The PCR cycling conditions were 
as follows: Initial denaturation at 95˚C for 30 sec, followed 
by 40 cycles of denaturation at 95˚C for 5 sec and annealing/
extension at 60˚C for 30 sec. Relative gene expression was 
determined by the 2‑ΔΔCq method (29), using β‑actin as the 
reference gene. For human genes, the following primers were 
used: MMP‑2, (forward) 5'‑CCC TTT GAC GGT AAG GAC 
GGA CTC‑3' and (reverse) 5'‑GCC CTG GAA GCG GAA TGG 
AA‑3'; MMP‑9, (forward) 5'‑CTA TGG TCC TCG CCC TGA 
ACC TG‑3' and (reverse) 5'‑AAG GCA CAG TAG TGG CCG 
TAG AAG G‑3'; IL‑1β, (forward) 5'‑CCG ACC ACC ACT ACA 
GCA AG‑3' and (reverse) 5'‑ATG GAC CAG ACA TCA CCA 
AGC‑3'; IL‑6, (forward) 5'‑ATG TGT GAA AGC AGC AAA 
GAG GCA C‑3' and (reverse) 5'‑GTG CCT CTT TGC TGC TTT 
CAC ACA T‑3'; TNF‑α, (forward) 5'‑CCC GAG TGA CAA GCC 
TGT AGC C‑3' and (reverse) 5'‑CCC TTG AAG AGG ACC TGG 
GAG TAG AT‑3'; and β‑actin, (forward) 5'‑CAT GTA CGT 
TGC TAT CCA GGC‑3' and (reverse) 5'‑CTC CTT AAT GTC 
ACG CAC GAT‑3'. For mouse genes, the following primers 
were used: MMP‑2, (forward) 5'‑TCA ACG GTC GGG AAT 
ACA GCA‑3' and (reverse) 5'‑CCA CCC ACA GTG GAC ATA 
GCG‑3'; MMP‑9, (forward) 5'‑CGG CAA CGG AGA AGG CAA 
AC‑3' and (reverse) 5'‑CGT CTA TGT CGT CTT TAT TCA GAG 
GGA‑3'; IL‑1β, (forward) 5'‑CTC GTG CTG TCG GAC CCA T‑3' 
and (reverse) 5'‑CAG GCT TGT GCT CTG CTT GTG A‑3'; IL‑6, 
(forward) 5'‑TGC CTT CTT GGG ACT GAT G‑3' and (reverse) 
5'‑TCT GGC TTT GTC TTT CTT GTT A‑3'; TNF‑α, (forward) 
5'‑ACT CCA GGC GGT GCC TAT GTC‑3' and (reverse) 5'‑GCT 
CC TCC ACT TGG TGG TTT GT‑3'; and β‑actin, (forward) 
5'‑GTG ACG TTG ACA TCC GTA AAG A‑3' and (reverse) 
5'‑GCC GGA CTC ATC GTA CTC C‑3'.

Western blotting. Protein sample extraction was performed 
using a RIPA buffer (cat. no. P0013B; Beyotime Institute of 
Biotechnology), supplemented with a protease inhibitor cock‑
tail (cat. no. 78430, Thermo Fisher Scientific, Inc.) on ice for 
15 min. Sample concentration was determined using a BCA 
assay kit (cat. no. P0012; Beyotime Institute of Biotechnology). 
After denaturation, 20 µg of total protein per lane was sepa‑
rated by 12% SDS‑PAGE and then transferred onto a PVDF 
membrane. The membrane was probed with the following 
primary antibodies: anti‑β‑actin (1:2,000; cat. no. ab8227; 
Abcam), anti‑HIF‑1α (1:1,000; cat. no. ab51608; Abcam), 
anti‑VEGFA (1:1,000; cat. no. ab46154; Abcam), and anti‑Ang2 
(1:1,000; cat. no. ab155106; Abcam) at 4˚C overnight. After 
washing using TBST with 5% Tween‑20 buffer, horseradish 
peroxidase‑conjugated secondary antibodies (1:2,000; 
ab205718; Abcam) were applied at room temperature for 1 h. 

Signals of protein bands were developed using the BeyoECL 
Plus Enhanced Chemiluminescence Western Blotting Substrate 
Kit (cat. no. P0018M; Beyotime Institute of Biotechnology). 
The western blot results were semi‑quantified by densito‑
metric analysis using ImageJ software (version 1.53c; National 
Institutes of Health).

Statistical analysis. Data are presented as mean ± standard 
deviation. Data analysis was performed using GraphPad Prism 
software (version 9.3.1; Dotmatics). Comparisons between two 
groups were assessed using an unpaired Student's t‑test, and 
one‑way ANOVA was used for multiple comparisons, followed 
by Tukey's post hoc test for pairwise comparisons. P<0.05 was 
considered to indicate a statistically significant difference.

Results

Plasmodium infection suppresses the tumorigenesis of 
HepG2 cells in nude mice. To assess the effect of Plasmodium 
on the tumorigenesis of liver cancer, HepG2 cells were injected 
into the left liver lobe of nude mice as a preliminary experi‑
ment to demonstrate in situ tumor formation. Liver tissues 
were harvested 7 and 21 days after HepG2 cell injection, with 
liver tissues from the non‑injected normal group serving as 
controls. Tumor formation in liver tissues was observed 7 days 
post‑injection, with increased in situ tumor growth evident 
21 days post‑injection (Fig. 1). A total of 7 days after tumor 
cell injection, the mice were intraperitoneally injected with 
Py parasitized erythrocytes (HepG2 + Py group) or unin‑
fected erythrocytes (as the control: HepG2 group). On day 17 
post‑parasite injection, the mice were euthanized and xenograft 
tumors were collected for histological analysis. Giemsa staining 
revealed that in the HepG2 + Py group, infection of Py was 
associated with the deposition of hemozoin (the byproduct of 
hemoglobin digestion by Plasmodium) (20) in tumor tissues 
(Fig. 2A). Plasmodium infection also significantly suppressed 
tumor formation of HepG2 cells in nude mice compared with 
the uninfected control group (Fig. 2B and C). Furthermore, 
detection of apoptotic events by TUNEL staining revealed 
that Plasmodium infection was associated with a significant 
increase in the cell death of tumor tissues, compared with the 
uninfected control group (Fig. 2D).

Plasmodium infection attenuates angiogenesis in tumor and 
para‑cancerous hepatic tissues. Vascularization in tumor 
tissues of each experimental group was assessed. Analysis 

Figure 1. Intra‑hepatic model of liver cancer in nude mice. HepG2 cells were 
injected into the liver tissues of nude mice to generate xenograft tumorigen‑
esis. Images of liver tissues (without HepG2 injection), liver tissues at 7 days 
post‑inoculation and liver tissues at 21 days post‑inoculation were shown. 
Arrows indicate tumor formation.
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of microvascular density (MVD) by IHC staining of CD31 
revealed that, compared with in normal hepatic tissues without 
tumor cell injection, there was a marked increase in MVD in 
tumor tissue formed by HepG2 cells. However, Plasmodium 
infection notably reduced the MVD in tumor tissues (Fig. 3A). 
Western blot analysis of CD31 expression levels in tumor 
tissues demonstrated consistent results with the IHC staining 
(Fig. 3B). Furthermore, the results revealed that CD31 expres‑
sion level in hepatic tissues was significantly increased after 
HepG2 cell injection compared with the sham group without 
tumor cell injection, whilst Plasmodium infection significantly 
suppressed its upregulation (Fig. 3B). Subsequently, the protein 
levels of HIF‑1α, VEGFA and Ang2, which are implicated 
in angiogenesis, were assessed. The findings demonstrated 
that the protein levels of HIF‑1α, VEGFA and Ang2 were 
significantly increased in both tumor and para‑cancerous 
hepatic tissues when compared with hepatic tissues in the 
sham group. Infection of Plasmodium significantly reduced 
their expression in both tumor and para‑cancerous tissues 
(Fig. 3C). Moreover, RT‑qPCR analysis of MMP‑2, MMP‑9 
and inflammatory cytokines (IL‑1β, IL‑6, TNF‑α) also 
revealed that these genes were significantly upregulated in 
both tumor and para‑cancerous tissues from the mice injected 
with HepG2 cells when compared with the sham group, whilst 
Plasmodium infection significantly reduced their expression 
in comparison with the group injected with HepG2 cells alone 
(Fig. 3D). These results indicate that Plasmodium suppresses 
neo‑vascularization during tumorigenesis of liver cancer.

Plasmodium infection hinders the tumorigenesis of HepG2 
cells by downregulating HIF‑1α. To assess the role of HIF‑1α 
in mediating the effect of Plasmodium infection on tumori‑
genesis, HepG2 cells or cells transduced with a lentivirus 

expressing HIF‑1α were injected into the left liver lobe of nude 
mice in the presence or absence of Plasmodium infection. A 
total of three different clones of HepG2 cells transduced with 
HIF‑1α expression lentivirus were initially generated, and 
clone 2, which demonstrated the highest HIF‑1α expression, 
was used for subsequent liver injection (Fig. 4A). Western 
blot analysis of HIF‑1α expression in the tumor tissues 
demonstrated that Plasmodium infection significantly reduced 
HIF‑1α expression when compared with the uninfected group, 
and HIF‑1α expression level was significantly restored in 
tumor tissues with lentivirus‑mediated HIF‑1α overexpression 
(Fig. 4B). However, HIF‑1α expression remained at a low level 
in para‑cancerous hepatic tissues upon Plasmodium infection, 
regardless of the overexpression of HIF‑1α in tumor tissues. 
Giemsa staining revealed that infection of Py led to an equal 
level of hemozoin deposition in tumors with or without HIF‑1α 
overexpression (Fig. 4C), indicating that HIF‑1α expression 
level did not affect Plasmodium infection. However, resto‑
ration of HIF‑1α expression in HepG2 cells significantly 
promoted tumor growth under the condition of Plasmodium 
infection compared with the group without ectopic HIF‑1α 
overexpression (Fig. 4D and E). Furthermore, TUNEL staining 
in tumor sections revealed that Plasmodium infection signifi‑
cantly induced cell death in tumor tissues compared with the 
group without infection, and restoration of HIF‑1α expression 
partially rescued this effect when compared with the group 
without ectopic HIF‑1α overexpression (Fig. 4F). Together, the 
findings imply that suppression of HIF‑1α expression contrib‑
utes to the anti‑tumorigenic effect of Py infection.

Plasmodium infection curbs angiogenesis in hepatic 
tumor development through targeting HIF‑1α. The present 
study then evaluated whether HIF‑1α expression regulates 

Figure 2. Plasmodium infection suppresses tumorigenesis of HepG2 cells in nude mice. HepG2 cells were injected into the left liver lobe of nude mice. A total 
of 7 days after tumor cell injection, mice were intraperitoneally injected with Py parasitized erythrocytes (HepG2 + Py group) or uninfected erythrocytes (as 
the control: HepG2 group). The mice were euthanized and xenograft tumors were collected on day 17 post parasite injection. (A) Giemsa staining of hemozoin 
(the byproduct of hemoglobin digestion by Plasmodium) in tumor tissues. (B) Xenograft liver tumor images in each experimental group. (C) Mass of tumors 
in each group. (D) Detection of apoptotic events by TUNEL staining. n=5 in each group. ***P<0.001. Py, Plasmodium yoelii.
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vascularization during hepatic tumor development upon 
Py infection. Analysis of MVD by anti‑CD31 IHC staining 
revealed that Plasmodium infection markedly reduced the 
MVD in tumor tissues compared with the group without 
infection, whilst in the group with HIF‑1α overexpression, 
the level of MVD was largely restored when compared with 
the group without ectopic HIF‑1α overexpression (Fig. 5A). 
Western blot analysis of CD31 expression levels in tumor 
tissues of the different groups demonstrated consistent 
results with the IHC staining (Fig. 5B). Furthermore, the 
protein levels of angiogenic factors (VEGFA and Ang2), 
which were significantly suppressed upon infection with 
Plasmodium compared with the group without infection, 
were significantly increased after HIF‑1α overexpression in 
the HepG2 cells (Fig. 5C). RT‑qPCR analysis of MMP‑2, 
MMP‑9 and inflammatory cytokines (IL‑1β, IL‑6 TNF‑α) 
also revealed that HIF‑1α overexpression significantly 

reduced the suppressive effect of Plasmodium infection 
on their expression when compared with the group without 
ectopic HIF‑1α overexpression (Fig. 5D). Together, these 
findings indicate that Plasmodium suppresses neo‑vascu‑
larization during tumorigenesis of liver cancer through 
targeting HIF‑1α.

Discussion

The present study demonstrated that Plasmodium infec‑
tion could suppress tumorigenesis and vascularization in a 
mouse model of implanted HepG2 cells. Plasmodium infec‑
tion suppressed the expression of pro‑angiogenic factors 
(VEGFA and ANG2), MMP2, MMP9 and inflammatory 
cytokines (TNF‑α, IL‑6 and IL‑1β), which are implicated in 
the angiogenesis and invasion of hepatic tumor cells (30‑33). 
Moreover, the findings indicate that downregulation of 

Figure 3. Plasmodium infection attenuates angiogenesis in hepatic tumor tissues and para‑cancerous tissues. (A) Analysis of microvascular density by immu‑
nohistochemical staining of CD31 in normal hepatic tissues (sham group) and tumor tissues with or without Py infection (HepG2 + Py and HepG2 groups, 
respectively). Western blot analysis of (B) CD31 and (C) HIF‑1α, VEGFA and Ang2 protein levels in normal hepatic tissues (sham group), and tumor and 
para‑cancerous hepatic tissues with or without Py infection. (D) Reverse transcription‑quantitative PCR analysis of MMP‑2, MMP‑9 and inflammatory 
cytokines (IL‑1β, IL‑6 TNF‑α) in normal hepatic tissues (sham group), and tumor and para‑cancerous hepatic tissues with or without Py infection. Tissues 
for analysis in the sham group were normal hepatic tissues without HepG2 cell injection. n=5 in each group. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. Py, 
Plasmodium yoelii; HIF‑1α, hypoxia‑inducible factor 1α; VEGFA, vascular endothelial growth factor A; Ang2, angiopoietin 2; MMP, matrix metallopro‑
teinase; IL, interleukin; TNF, tumor necrosis factor.
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HIF‑1α is associated with the anti‑angiogenic effect of 
Plasmodium infection. The results of the present study also 
demonstrate that Plasmodium infection may be combined 
with anti‑angiogenic agents to limit vascularization and 
progression of liver cancer.

After delivery to the blood by mosquitoes, Plasmodium 
parasites can inhabit hepatocytes in a dormant state or mature 
and reproduce in hepatocytes, which significantly alters the 
physiological features of liver tissues (34,35). The Plasmodium 
berghei NK65 strain has been reported to induce oxida‑
tive stress in mouse liver tissues and Plasmodium chabaudi 

infection can trigger liver inflammation, and increase produc‑
tion of serum liver enzymes (36,37). In addition, Plasmodium 
falciparum has been reported to promote anaerobic glycolysis 
in hepatocytes to produce lactic acid, which may be linked 
with the development of hypoglycemia and lactic acidosis (38).

Global epidemiological analysis has revealed that the 
worldwide malaria incidence is inversely associated with 
mortality in patients with solid cancer, including lung, breast, 
stomach and colon cancer (23). It has been well‑documented 
that Plasmodium infection could exert an anticancer effect, 
especially in liver cancer (39). Plasmodium parasites could 

Figure 4. Plasmodium infection hinders the tumorigenesis of HepG2 cells by downregulating HIF‑1α. (A) A total of three different clones of HepG2 cells 
transduced with HIF‑1α expression lentivirus were analyzed using western blotting. Clone 2 demonstrated the highest HIF‑1α expression and was therefore 
used for subsequent liver injection. HepG2 cells or cells transduced with a lentivirus expressing HIF‑1α [Clone 2: HepG2 (HIF‑1α)] were injected into 
the left liver lobe of nude mice in the presence or absence of Plasmodium infection. (B) Western blot analysis of HIF‑1α expression in tumor tissues and 
para‑cancerous hepatic tissues. (C) Giemsa staining of hemozoin in the tumor tissues. (D) Images of representative xenograft tumors in each experimental 
group. (E) Summary of tumor masses in each group. (F) Detection of apoptotic events by TUNEL staining. n=5 in each group. *P<0.05; **P<0.01; ***P<0.001; 
****P<0.0001. Py, Plasmodium yoelii; HIF‑1α, hypoxia‑inducible factor 1α.
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impinge on several regulatory pathways involved in cell 
survival, proliferation, autophagy and p53 signaling in liver 
cells (40), which may underlie the anti‑tumorigenic effect. 
Furthermore, Plasmodium has been recognized as an immu‑
nomodulatory agent that boosts anticancer immunity (41). 
Plasmodium infection suppresses the release of cytokines 
and chemokines responsible for the recruitment of regulatory 
T cells and tumor‑associated macrophages in tumor tissues, 
thus ameliorating the immunosuppressive tumor microen‑
vironment (21,25). In addition, Plasmodium parasites have 
been reported to serve as a cancer vaccine to induce tumor 
antigen‑specific T cell responses in a murine liver cancer 
model (42).

The results of the present study also support that 
Plasmodium infection could suppress tumorigenesis in a 
mouse model of implanted HepG2 cells. As a highly vascular‑
ized malignancy, neo‑angiogenesis is critical for tumor growth 
and progression of liver cancer (31). The present study demon‑
strated that Plasmodium infection significantly suppressed 
angiogenesis in hepatic tumor tissues derived from HepG2 
cells in nude mice, which may be a key factor limiting tumori‑
genesis of liver cancer cells upon Plasmodium infection. There 
are several lines of evidence supporting the anti‑angiogenic 
effect of Plasmodium infection in liver cancer. Plasmodium 
infection could curb tumor angiogenesis by reducing infiltra‑
tion of tumor‑associated macrophages in a mouse model of 
implanted liver cancer cells (25). Furthermore, Plasmodium 
infection could modulate expression of microRNAs and long 
non‑coding RNA (F66), which target the VEGF/VEGFR2 
signaling pathway to limit angiogenesis (22,43).

The present study revealed that Plasmodium infection 
reduced the expression levels of HIF‑1α in hepatic tumors, 
and HIF‑1α overexpression restored angiogenesis and tumor 
growth under the condition of Plasmodium infection. Hypoxia 
is a key hallmark of the tumor microenvironment, which leads 
to the activation of hypoxia‑induced gene expression and 
responses by stabilizing HIF‑1α (44). Activation of HIF‑1α 
signaling has a significant impact on cancer cell metabolism, 
but also impinges on vasculature formation (45). In both 
physiological and pathophysiological conditions, HIF‑1α 
serves as a master regulator of angiogenesis by upregulating 
pro‑angiogenic factors such as VEGFs (46). The extracellular 
matrix remodeling factors (such as MMP‑2 and MMP‑9) are 
also transcriptional targets of HIF‑1α (47,48). Moreover, high 
HIF‑1α expression is associated with a poor prognosis in 
patients with liver cancer (49), and activation of the hypoxic 
signaling pathway is closely associated with poor prognosis in 
patients with liver cancer (50,51). Therefore, the findings of the 
present study suggest that Plasmodium infection could restrain 
angiogenesis in liver cancer by curtailing HIF‑1α expression. 
Suppressed angiogenesis may impair nutrient and oxygen 
supply to developing tumor tissues and hinder local invasion 
of cancerous cells. Future work is warranted to further dissect 
the mechanisms by which Plasmodium infection attenuates 
HIF‑1α expression in liver cancer.

The current study presents intriguing findings that 
Plasmodium infection can suppress tumor growth and angio‑
genesis in a mouse model of liver cancer, potentially through 
downregulation of HIF‑1α. However, the use of an immu‑
nodeficient mouse model, the lack of evidence for specific 

Figure 5. Plasmodium infection curbs angiogenesis during hepatic tumor development through targeting HIF‑1α. HepG2 cells or cells transduced with a 
lentivirus expressing HIF‑1α were injected into the left liver lobe of nude mice in the presence or absence of Plasmodium infection. (A) Analysis of microvas‑
cular density using immunohistochemical staining of CD31 in tumor tissue sections. Western blot analysis of (B) CD31 and (C) HIF‑1α, VEGFA and Ang2 
protein levels in tumor tissues. (D) Reverse transcription‑quantitative PCR analysis of MMP‑2, MMP‑9 and inflammatory cytokines (IL‑1β, IL‑6 TNF‑α) in 
tumor tissues. n=5 in each group. *P<0.05; **P<0.01; ***P<0.001; ****P<0.0001. Py, Plasmodium yoelii; HIF‑1α, hypoxia‑inducible factor 1α; VEGFA, vascular 
endothelial growth factor A; Ang2, angiopoietin 2; MMP, matrix metalloproteinase; IL, interleukin; TNF, tumor necrosis factor.
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targeting of tumor cells without affecting normal tissues, the 
incomplete understanding of the underlying mechanisms, and 
the uncertain translational potential to human malaria para‑
sites limit the current clinical applicability. Addressing these 
limitations through further research using immunocompetent 
models of hepatic cancer, comprehensive toxicity analyses, 
mechanistic studies, and exploration of attenuated or inacti‑
vated parasite forms is crucial to assess the feasibility and 
safety of potential Plasmodium‑based anticancer interven‑
tions. Furthermore, although the gene expression of MMP9, 
MMP8, IL‑1B and IL‑6 were analyzed in the present study, 
these factors were not evaluated at the protein level, which 
could provide additional insights into their functional roles in 
the observed effect.

In conclusion, the present study demonstrated the 
anti‑angiogenic and anti‑tumorigenic effects of Plasmodium 
infection in a mouse model of implanted HepG2 cells. 
Reduced HIF‑1α expression in hepatic tumor tissues may 
account for the anti‑angiogenic effect of Plasmodium infec‑
tion. Furthermore, Plasmodium parasites may be used jointly 
with other anti‑angiogenic agents to limit neo‑vascularization 
in liver cancer treatment.
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