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INTRODUCTION

Malaria is a major global infectious disease, affecting 250 
million people and causing approximately 1 million deaths 
each year [1]. Malarial infection leads to respiratory distress, 
metabolic acidosis, hypoglycemia, renal failure, and multi-or-
gan failure involving the liver, kidney, and spleen [2,3]. The 
most severe complication of malaria is cerebral malaria caused 
by Plasmodium falciparum. This complication is related to the 
isolation of parasitized red blood cells in the brain microvas-
culature and an ensuing interaction between endothelial cells 
and knobs in red blood cells. P. falciparum infection can acti-
vate the proangiogenic vascular endothelial growth factor 

(VEGF) signaling cascade in patients with cerebral malaria. Ac-
tivation of this signaling cascade may be directly induced by 
brain hypoxia [4]. Related to this, increased levels of VEGF 
have been shown in the placentas of women with placental 
malaria [5].

Rodent malaria, Plasmodium berghei, is of great interest in 
that rodents comprise practical models for experimental re-
search relating to human malaria. P. berghei is similar to P. fal-

ciparum in aspects of structure, genome organization, physiol-
ogy, and life cycle. P. berghei infection activates systemic inflam-
mation and hypoxia following blood vessel obstruction, lead-
ing to endothelial damage [6]. P. berghei infection in mice suc-
cessfully imitates many characteristic features of human cere-
bral malaria [7]. Therefore, the P. berghei-infected mouse mod-
el should improve our understanding of severe malaria [8,9].

Angiogenesis plays an essential physiological role, such as 
formation and maintenance of blood vessels, but also in vari-
ous pathological conditions from tumor growth to wound 
healing [10]. VEGF gene expression is induced by stressors 
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Abstract: Malarial infection induces tissue hypoxia in the host through destruction of red blood cells. Tissue hypoxia in 
malarial infection may increase the activity of HIF1α through an intracellular oxygen-sensing pathway. Activation of HIF1α 
may also induce vascular endothelial growth factor (VEGF) to trigger angiogenesis. To investigate whether malarial infec-
tion actually generates hypoxia-induced angiogenesis, we analyzed severity of hypoxia, the expression of hypoxia-related 
angiogenic factors, and numbers of blood vessels in various tissues infected with Plasmodium berghei. Infection in mice 
was performed by intraperitoneal injection of 2×106 parasitized red blood cells. After infection, we studied parasitemia 
and survival. We analyzed hypoxia, numbers of blood vessels, and expression of hypoxia-related angiogenic factors in-
cluding VEGF and HIF1α. We used Western blot, immunofluorescence, and immunohistochemistry to analyze various tis-
sues from Plasmodium berghei-infected mice. In malaria-infected mice, parasitemia was increased over the duration of 
infection and directly associated with mortality rate. Expression of VEGF and HIF1α increased with the parasitemia in vari-
ous tissues. Additionally, numbers of blood vessels significantly increased in each tissue type of the malaria-infected 
group compared to the uninfected control group. These results suggest that malarial infection in mice activates hypoxia-
induced angiogenesis by stimulation of HIF1α and VEGF in various tissues.
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such as hypoxia, anemia, myocardial ischemia, and tumor ini-
tiated subsequent angiogenesis and neovascularization [11,12]. 
VEGF expression is induced through the binding of hypoxia-
induced factor-1 (HIF1) to the hypoxia response element 
(HRE) located on upstream region of the VEGF gene [13]. 
HIF1 participates in every step of angiogenesis. Interactions 
between HIF1 and proangiogenic factors are fundamental to 
capillary formation under hypoxia. Similarly, every step of the 
vessel formation cascade is supported by HIF1 [10].

Pathophysiological significance of hypoxia in malarial infec-
tion has been investigated in mice infected with Plasmodium 
berghei through measuring the oxygen affinity of whole blood 
[14]. Therefore, hypoxia due to malarial infection may increase 
the stability of HIF1α and HIF1α is likely to induce VEGF ex-
pression sequentially. Actually, several studies reported VEGF 
was markedly induced by malarial infection [15,16]. However, 
there are no studies to show hypoxic conditions and expres-
sion patterns of HIF1α and VEGF proteins of each organs 
caused by malarial infection. Furthermore, no study has been 
done to determine whether elevated VEGF expression actually 
induces angiogenesis in infected organs.

In this study, we investigated hypoxic conditions in various 
tissues of P. berghei-infected mice. The expression of hypoxia-
induced angiogenic proteins (VEGF and HIF1α) was also ana-
lyzed in tissues with varying levels of parasitemia (0%, 10%, 
or 30%) by Western blot and immunofluorescence staining. 
In addition, we determined the number of vessels in each tis-
sue by immunohistochemical staining of CD31 (a major 
blood vessel marker) to verify angiogenic induction during 
malarial infection.

MATERIALS AND METHODS

Experimental design
Female C57BL/6 mice at the age of 8 weeks were purchased 

from KOATECH (Pyeongtaek, Korea) and were bred at the In-
stitute for Laboratory Animals of Kosin University College of 
Medicine. The P. berghei ANKA strain was originally obtained 
from the Department of Parasitology and Tropical Medicine, 
Kyungpook National University School of Medicine, Republic 
of Korea. The parasite was maintained at Kosin University Col-
lege of Medicine by passage in C57BL/6 mice and by frozen 
stock. Serial passage of P. berghei was initiated after storage at 
-70˚C by intra-peritoneal (i.p.) injection of 0.2 ml blood con-
taining parasites into mice. Subsequent passages for maintain-

ing the parasites were carried out by i.p. inoculation of normal 
mice with 0.2 ml blood diluted to contain 1× 106 parasitized 
red blood cells from a donor mouse. 

Parasitemia measurement
A drop of blood was collected from each mouse by venesec-

tion of the tail and transferred onto the edge of a microscope 
slide. The blood was evenly spread across the slide to make a 
thin-film blood smear, which was allowed to dry before stain-
ing with Giemsa stain. Slides were viewed using light micros-
copy with oil immersion (1,000× magnification). Four fields 
of approximately 200 cells each were counted, and parasitemia 
was calculated as the percentage of infected red blood cells in 
total blood cells. 

Western blot analysis 
To evaluate the protein expression levels of HIF1α and VEGF 

in malaria-infected tissues, Western blot analysis was conduct-
ed as previously described [17]. Briefly, the samples were ho-
mogenized using a sterile glass homogenizer. The homoge-
nized tissues were lysed using PRO PREP protein extraction 
solution (Intron Biotechnology, Seongnam, Korea). Protein 
extracts (30 µg) of various tissues from the control and infect-
ed (10% or 30% parasitemia) groups were electrophoresed 
with a Novex 4-12% Bis-Tris gel (Invitrogen, Carlsbad, Califor-
nia, USA) and transferred to nitrocellulose membranes (Ther-
mo Fisher Scientific, Waltham, Massachusetts, USA). The 
membranes were pre-incubated for 2 hr in Tris-buffered saline 
(TBS) containing 5% skim milk and 0.05% Tween 20 (TBS-T). 
The membranes were incubated overnight at 4˚C in TBS-T con-
taining antibodies against GAPDH (1:5,000, Abcam, Cam-
bridge, UK), HIF1α (1:1,000, Novus Biologicals, Littleton, 
Colorado, USA), or VEGF (1:1,000, Abcam). Each membrane 
was washed 5 times with TBS-T and then incubated with a sec-
ondary antibody (GAPDH and HIF1α: anti-mouse; VEGF: an-
ti-rabbit) for 1 hr at room temperature. The membranes were 
again washed 5 times with TBS-T, and detected with an en-
hanced chemiluminescence detection kit (Amersham Pharma-
cia Biotech, Piscataway, New Jersey, USA). Quantification of 
each protein expression was calculated by band densities by 
image analysis software (Image J, NIH, Bethesda, Maryland, 
USA) and normalized using the average value for GAPDH.

Immunofluorescence analysis
Immunofluorescence was as previously described [18] and 



 Park et al.: Induction of angiogenesis by malaria infection  119

briefly described below. Paraffin-embedded tissue sections 
were incubated in PBS containing 2% FBS (for blocking) for 
20 min and then incubated with antibody against VEGF (1: 
100, Abcam) overnight at 4˚C. Samples were washed 5 times 
in PBS solution and incubated with secondary antibody (Alexa 
Fluor 488 anti-rabbit, Thermo Fisher Scientific) for 1 hr. Cellu-
lar nuclei were counterstained with QnuclearTM Deep Red 
stain solution (Invitrogen) in PBS. 

Hypoxia assessment
The hypoxia marker pimonidazole hydrochloride (Hypoxy-

probeTM-1) and mouse monoclonal antibodies were supplied 
by NPI, Inc. (Belmont, Massachusetts, USA). Slides were per-
meabilized by incubation in PBS containing 0.1% Triton 
X-100 for 5 min and treated with 10% normal serum in PBS 
for 1 hr for blocking of the nonspecific antibody binding. 
Slides were then incubated with a mixture of mouse anti-
HIF1α monoclonal antibody (1:100, Novus Biologicals), and 
rabbit anti-pimonidazole polyclonal antibody (1:100, NPI 
Inc.) at 4˚C overnight. After primary antibody treatment, slides 
were washed 3 times in PBS for 5 min and incubated with sec-
ondary antibodies (Alexa Fluor 546 anti-mouse and Alexa Flu-
or 488 anti-rabbit antibody; Invitrogen) for 1 hr. The slides 
were observed for epifluorescence with a confocal laser-scan-
ning microscope.

Immunostaining and vessel counting
CD31 staining for vessel counting was conducted as previ-

ously described [19]. Sections were incubated in PBS contain-
ing 2% FBS (for blocking) for 20 min and then incubated with 
antibody against CD31 (1:40, Dako, Carpinteria, California, 
USA) overnight at 4˚C. Anti-mouse and anti-rabbit secondary 

antibodies were detected with an HRP kit (Dako). Slides were 
also stained with hematoxylin and eosin for histopathological 
analysis. The number of blood vessels was counted in 6 fields 
per 3 randomly chosen sections under microscopy (× 200).

Statistical analysis
Statistical analysis was performed using SPSS (Version 25.0; 

IBM Corp., Armonk, New York, USA) software. One-way 
ANOVA and Bonferroni’s post hoc test were conducted for 
comparison among groups of western blot and IHC. Pearson’s 
correlation analysis was performed to analyze the correlation 
between HIF1α and VEGF. The results were considered statisti-
cally significant less than P < 0.05.

RESULTS

Parasitemia progression
Parasitemia was reported as the percentage of parasitized 

red blood cells among all red blood cells counted. In malaria-
infected mice, parasitemia was increased over the duration of 
infection and peaked 18 days after infection (Fig. 1A). At 8-day 
post-infection, 0% mortality and 12.9% parasitemia (95% 
confidence interval [CI]= 10.4% to 15.4%) and were recorded. 
At 14 days, approximately 23% mortality and 20% parasit-
emia (95% CI= 14.5% to 25.6%) were recorded. At 24 days, 
100% mortality was observed (Fig. 1B). We selected experi-
mental time points to coincide with 0%, 10%, and 30% para-
sitemia for further studies.

Expression of hypoxia-related proteins 
We examined the expression of HIF1α and VEGF at 0%, 

10%, and 30% parasitemia in various tissues. A Western blot 

Fig. 1. Parasitemia and survival of infected mice. (A) Parasitemia, and (B) survival of C57BL/6 mice infected with 106 parasitized erythro-
cytes by P. berghei.
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analysis showed that HIF1α protein expression was signifi-
cantly increased in the brain, heart, kidney, muscle, and spleen 
(Fig. 2). In comparing levels of parasitemia, HIF1α expression 

was generally higher in tissues with 30% parasitemia than in 
tissues with 10% parasitemia. This suggests that HIF1α expres-
sion is up-regulated by parasitemia. Similarly, VEGF protein 

Fig. 2. Expression of HIF1α and VEGF in various malaria-infected tissues. (A) Western blot analysis, and quantified expression of (B) 
HIF1α, and (C) VEGF. Expression was analyzed by western blotting for tissues from control (not infected), and infected mice (10%, and 
30% parasitemia). Four or five different mice per each time-point were sacrificed and total lysates were analyzed. Quantification of each 
protein expression was calculated by band densities by image analysis software (ImageJ) and normalized using the average value for 
GAPDH. Expression level shows mean value and 95% confidence intervals (CIs). The 2-tailed Student’s t-test was performed to evalu-
ate statistical significance among groups. *P<0.05, **P<0.01.
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level was meaningfully up-regulated in brain, heart, kidney, 
liver, and muscle tissues from an early stage of infection (Fig. 
2). However, HIF1α and VEGF expressions were changed sig-
nificantly in certain tissue types. The expression of HIF1α was 
very low in liver and the expression of VEGF was not changed 
in spleen of malarial infected mice, respectively.

To identify whether hypoxia occurred in malaria-infected 
tissues and to explore the relationship between hypoxia and 
HIF1α protein expression, we double-stained malaria-infected 
tissues with a marker for hypoxia and an anti-HIF1α antibody. 
As shown in Fig. 3, both hypoxia and HIF1α protein expres-
sion were significantly increased with parasitemia. HIF1α pro-
teins generally co-localized with hypoxic regions, but there 
were some exceptions. VEGF protein level in malaria-infected 
tissues was also identified by immunofluorescence staining 
(Fig. 4) and was significantly increased in tissues with either 
10% or 30% parasitemia. Thus, these results were consistent 
with the Western blot analysis. 

Angiogenic stimulation in malaria-infected tissues 
Using immunohistochemical staining for CD31 (an endo-

thelium marker), we compared vessel formation in various tis-
sue types showing 0%, 10%, and 30% parasitemia. Blood ves-
sel formation was significantly induced by infection in each 
tissue type, in a parasitemia-dependent manner (Figs. 5, 6).

Taken together, our data suggest that malaria infection in-

duces tissue hypoxia and angiogenesis in a parasitemia-depen-
dent manner by increasing the expression of HIF1α and VEGF.

DISCUSSION

The oxidative stress caused by malarial infection mediates 
various physiological phenomena in the organs. For example, 
malaria-related acute kidney injury is associated with modifi-
cation of renal vascular permeability due to oxidative stress 
[20]. Hypoxia caused by malarial infection is also related to 
angiogenesis. HIF1α and VEGF levels increase in the placentas 
of malaria-infected patients [21], and a recent study has sug-
gested that malaria in pregnancy alters the angiogenic profile 
of the placenta [22]. In addition, angiogenic proteins are ele-
vated in the brains of patients who die from cerebral malaria. 
These findings support the possibility of angiogenic stimula-
tion due to oxidative stress during malaria infection [4]. How-
ever, there are also reports in which angiogenesis is inhibited 
by malarial infection, specifically in tumors [23,24].

In this study, we used a hypoxia-specific probe to analyze 
organs with different levels of malarial infection. We saw that 
hypoxic stress increased the protein level of HIF1α in malaria-
infected tissues. As shown in Fig. 3, hypoxic stress gradually in-
creased with parasitemia. Hypoxic stress also up-regulated 
HIF1α level in the brain, heart, kidney, liver, lung, and muscle. 
Increased HIF1α level triggered the expression of a major an-

Fig. 2. Continued.
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giogenic factor, VEGF, in various tissues. In this study, we in-
vestigated whether an increase in angiogenic molecules (such 
as HIF1α and VEGF) actually induced angiogenesis in malaria-
infected tissues. As shown in Fig. 5, the number of blood ves-
sels significantly increased with parasitemia. However, correla-
tion analysis showed that HIF-1a expression did not necessari-

ly lead to VEGF expression in various organs (data not shown). 
These results suggest that the regulation of HIF1α and VEGF 
expression in certain tissues is independent of sequential 
mechanism that malarial induced hypoxia increase HIF1α and 
VEGF to induce angiogenesis.

The expression of HIF1α in liver was lower than any other 

Fig. 3. Immunofluorescence imaging of a hypoxia marker and HIF1α in malaria-infected tissues (brain, heart, kidney, liver, lung, and 
muscle) with parasitemia levels of 0%, 10%, and 30%. Original magnification was ×400 for immunofluorescence. Hypoxic condition 
and the expression of HIF1α was increased in various infected tissues and HIF1α protein was partially colocalized with hypoxic area. 
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Fig. 5. Angiogenic stimulation by malarial infection. Immunohistochemical staining of blood vessels in tissues with parasitemia levels of 
0%, 10%, and 30% with blood endothelial cell marker CD31 antibody. Arrows indicate the blood vessels stained with CD31 antibody.

Fig. 4. Immunofluorescence imaging of VEGF in malaria-infected tissues (brain, heart, kidney, liver, lung, and muscle) with parasitemia 
levels of 0%, 10%, and 30%. Original magnification was ×400 for immunofluorescence. The expression of HIF1α was increased in vari-
ous infected tissues.
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tissues and VEGF was not significantly changed in spleen. 
These results suggest that other factors are involved in the regu-
lation of these angiogenic proteins, and hence in angioegnesis 
in a tissue-specific manner. In order to identify these complex 
mechanisms in tissue-specific regulations of malaria induced 
angiogenesis, further studies are needed.

Our results demonstrate that malarial infection generates sig-
nificantly hypoxic conditions in various tissues and induces 

HIF1α and VEGF expression in a parasitemia-dependent manner 
in mice. Induction of angiogenesis would serve to improve the 
oxygen supply to tissues experiencing infection-induced hypoxia.
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Fig. 6. Angiogenic stimulation by malarial infection. Number of blood vessels in tissues with parasitemia levels of 0%, 10%, and 30%. 
Number of blood vessels was counted at 20 fields (×200) and calculated mean value and 95% confidence intervals (CIs). The 2-tailed 
Student’s t-test was performed to evaluate statistical significance among groups. *P<0.05, **P<0.01, ***P<0.001.
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