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Association of Heme Oxygenase 1 with the Restoration of Liver
Function after Damage in Murine Malaria by Plasmodium yoelii

Sumanta Dey, Somnath Mazumder, Asim Azhar Siddiqui, M. Shameel Iqbal, Chinmoy Banerjee, Souvik Sarkar, Rudranil De,
Manish Goyal, Samik Bindu, Uday Bandyopadhyay

Department of Infectious Diseases and Immunology, CSIR-Indian Institute of Chemical Biology, Jadavpur, Kolkata, West Bengal, India

The liver efficiently restores function after damage induced during malarial infection once the parasites are cleared from the
blood. However, the molecular events leading to the restoration of liver function after malaria are still obscure. To study this, we
developed a suitable model wherein mice infected with Plasmodium yoelii (45% parasitemia) were treated with the antimalarial
�/�-arteether to clear parasites from the blood and, subsequently, restoration of liver function was monitored. Liver function
tests clearly indicated that complete recovery of liver function occurred after 25 days of parasite clearance. Analyses of proin-
flammatory gene expression and neutrophil infiltration further indicated that hepatic inflammation, which was induced imme-
diately after parasite clearance from the blood, was gradually reduced. Moreover, the inflammation in the liver after parasite
clearance was found to be correlated positively with oxidative stress and hepatocyte apoptosis. We investigated the role of heme
oxygenase 1 (HO-1) in the restoration of liver function after malaria because HO-1 normally renders protection against inflam-
mation, oxidative stress, and apoptosis under various pathological conditions. The expression and activity of HO-1 were found
to be increased significantly after parasite clearance. We even found that chemical silencing of HO-1 by use of zinc protoporphy-
rin enhanced inflammation, oxidative stress, hepatocyte apoptosis, and liver injury. In contrast, stimulation of HO-1 by cobalt
protoporphyrin alleviated liver inflammation and reduced oxidative stress, hepatocyte apoptosis, and associated tissue injury.
Therefore, we propose that selective induction of HO-1 in the liver would be beneficial for the restoration of liver function after
parasite clearance.

Malaria, a parasitic disease caused by protozoa of the genus
Plasmodium, is a major public health concern in developing

countries. According to the World Health Organization, the dis-
ease caused 216 million clinical cases, which included 655,000
deaths, in 2010 (1). Deaths as a result of malaria occur due to a
combination of several clinical complications, which include ce-
rebral malaria, severe anemia, renal failure, respiratory distress,
acidosis, and several others (1, 2). Hemolysis in malaria is thought
to be a major cause of liver damage in both animal models (3–8)
and human patients (9–13). Hepatocyte dysfunction (9) and
death during malaria occur as a result of accumulation of free
heme and high levels of serum tumor necrosis factor alpha
(TNF-�) (3, 5). Oxidative stress triggered by free heme stimulates
the proinflammatory response and neutrophil infiltration in the
liver (3), which further aggravates liver damage. While TNF-�
stimulates the proinflammatory response, thereby causing hepa-
tocyte death during malaria (3), high parasite burdens also cause
liver damage in mice after malaria infection (14, 15).

The liver responds to the injury by initiating the process of
restoration to regain its lost function, and the recovery of liver
function after clearance of malaria parasites has already been ob-
served (16). However, the exact process of restoration of liver
function after damage by malaria is still unknown. The process
may be similar to the healing of a wound. Restoration of function
of an organ or the healing of a wound is a very complicated pro-
cess, which involves various cells, several anti-inflammatory sig-
naling molecules, and cytokines (17). Wound healing, in general,
occurs through hemostasis along with inflammatory, prolifera-
tive, and remodeling phases (18, 19). All the events in the four
phases must occur precisely and must be well orchestrated for
proper healing (18). While the inflammatory phase is an essential
event during healing, excessive inflammation may delay healing.

The inflammatory phase is under the control of several factors,
one of which is the heme-degrading enzyme heme oxygenase 1
(HO-1). HO-1 plays a major role as a cytoprotective and anti-
inflammatory protein in many diseases (20–34). Induction of
HO-1 is necessary for the resolution phase of wound healing, in-
cluding amelioration of inflammation, proliferation, and protec-
tion against apoptosis (35). The downstream effector molecules of
HO-1 are the most probable candidates for performing these ac-
tions (36). HO-1 acts on free heme to produce biliverdin, CO, and
free iron (37). Biliverdin is converted to bilirubin, which functions
as a potent antioxidant (37, 38). CO mediates vasodilation by
inducing cyclic GMP (cGMP) (39), and ferritin, overinduced due
to accumulation of iron, sequesters the pro-oxidant free iron (40).
Overexpression of HO-1 inhibits the expression of cell adhesion
molecules and reduces the adhesion of leukocytes to the vascular
endothelium in the presence of proinflammatory stimuli (41–45).
The HO-1–CO– biliverdin pathway has been shown to inhibit the
process of rolling, adhesion, and migration of neutrophils during
inflammation (46). Wound healing is accelerated in the absence of
neutrophils (47).

Since the molecular events leading to the restoration of liver

Received 12 February 2014 Returned for modification 24 March 2014
Accepted 4 May 2014

Published ahead of print 12 May 2014

Editor: J. H. Adams

Address correspondence to Uday Bandyopadhyay, ubandyo_1964@yahoo.com.

S.D. and S.M. contributed equally to this article.

Copyright © 2014, American Society for Microbiology. All Rights Reserved.

doi:10.1128/IAI.01598-14

August 2014 Volume 82 Number 8 Infection and Immunity p. 3113–3126 iai.asm.org 3113

 on July 9, 2014 by Indian Inst of C
hem

 B
iology

http://iai.asm
.org/

D
ow

nloaded from
 

http://dx.doi.org/10.1128/IAI.01598-14
http://iai.asm.org
http://iai.asm.org/


functions after damage from malaria are yet unknown, a more
precise understanding of these mechanisms may help to create
strategies for protecting the liver from damage subsequent to Plas-
modium attack. Here we report that HO-1 is functionally associ-
ated with the restoration of altered liver functions after malaria.
Chemical silencing of HO-1 enhanced the inflammation and ag-
gravated liver injury. In contrast, induction of HO-1 significantly
reduced liver pathology and accelerated the restoration of liver
function after parasite clearance from the blood.

MATERIALS AND METHODS
Cobalt protoporphyrin (CoPP), bovine serum albumin (BSA), thiobarbituric
acid (TBA), 5,5-dithiobis-nitrobenzoic acid (DTNB), 2,2-diphenyl-1-picryl-
hydrazyl (DPPH), dimethyl sulfoxide (DMSO), glucose-6-phosphate dehy-
drogenase, glucose-6-phosphate, hemin, 3,3=-diaminobenzidine (DAB), and
a caspase-3 assay kit were obtained from Sigma (St. Louis, MO). Zinc
protoporphyrin (ZnPP) and horseradish peroxidase (HRP)-conjugated
secondary anti-rabbit antibody were purchased from Calbiochem. Tau-
rine was procured from SRL, India. TRIzol was purchased from Invitro-
gen. A RevertAid H Minus First Strand cDNA synthesis kit and nuclease-
free water were purchased from Fermentas. Power SYBR green was
procured from Applied Biosystems. Alcohol was purchased from Merck.
HO-1 antibody and anti-neutrophil antibody (NIMP-R14) were pro-
cured from Abcam, United Kingdom. Fluorescein isothiocyanate (FITC)-
conjugated anti-rat secondary antibody was purchased from Santa Cruz
Biotechnology, and ProLong Gold antifade reagent with DAPI (4=,6-di-
amidino-2-phenylindole) was procured from Life Technologies. The
primers were purchased from Integrated DNA Technologies Inc. (San
Diego, CA). Assay kits for liver function were purchased from Randox
Laboratories Ltd. (Ardmore, Antrim, United Kingdom). All other re-
agents were of analytical grade.

In vivo growth of Plasmodium yoelii. The in vivo culture of P. yoelii
was maintained in male BALB/c mice (20 to 25 g) as described previously
(38). Blood from infected mice with 60% parasitemia was diluted in sterile
acid citrate-dextrose, and naive mice were intraperitoneally (i.p.) admin-
istered 0.5 ml of diluted infected blood, containing about 1 � 106 para-
sitized red blood cells (RBCs) (6, 38, 48). Giemsa staining (Qualigens Fine
Chemicals, India) of thin smears of blood from the infected mice was
performed to monitor the parasitemia. All animals were maintained at
22 � 2°C in the animal house of the institute. Animal experiments were
conducted in accordance with the guidelines of the institutional animal
ethics committee and the Committee for the Purpose of Control and
Supervision of Experiments on Animals (CPCSEA). The protocol was
approved by the animal ethics committee of the CSIR-Indian Institute of
Chemical Biology, Kolkata, India, registered with the CPCSEA, India
(permit 147/1999/CPCSEA). All animals were handled with care, and ef-
forts were made to minimize their suffering.

Animal treatment and parasite clearance. Male BALB/c mice (20 to
25 g) without infection were considered the control group. Infected mice

attained a maximum parasitemia of 65 to 70% in 8 days. Mice having
moderate infection (40 to 45% parasitemia) until the 5th day postinfec-
tion were treated with �/�-arteether (ART) at 50 mg/kg of body weight
(i.p.) for 3 days (day 5 to day 7 postinfection) to kill the parasites. The dose
of ART was selected as mentioned earlier (49). Parasitemia was monitored
regularly throughout the course of experiments by Giemsa staining to
monitor the infection, and animal death was also noted. P. yoelii is a lethal
multidrug-resistant (MDR) 17X strain among the malarial parasites, and
introduction of only 1 � 106 parasitized RBCs to mice can induce a 50 to
60% parasitemia, resulting in death within 7 to 8 days. Parasitemia de-
creased steadily after ART treatment, and no parasites were found alive in
blood smears upon Giemsa staining. This group of mice, in which para-
sites were cleared by ART, was called the “infected � ART” group. To
ensure that no living parasites remained in the blood after ART treatment,
we injected naive mice with blood from infected mice that had received
ART for 3 days (infected � ART group) and monitored the parasitemia of
these naive mice by Giemsa staining. We found no parasites in their blood
even after a week. There is hardly any chance of residual living parasites in
the blood after ART treatment; otherwise, the mice would have died
within a week. Two parallel infected � ART groups of mice received ZnPP
(5 mg/kg) and CoPP (10 mg/kg) intraperitoneally for 4 days after parasite
clearance with ART treatment. These groups were called the “infected �
ART � ZnPP” and “infected � ART � CoPP” groups, respectively. An
infected � ART group which received only saline intraperitoneally for 4
days after parasite clearance with ART treatment was called the “in-
fected � ART � saline” group. This group of mice was used as a control
to compare the effects of ZnPP and CoPP. Lastly, a noninfected group of
mice that were treated with ART for 3 days, the “noninfected � ART”
group, was studied to eliminate the possible effects of ART in hepatopa-
thy, and another noninfected group of mice, without any treatment, re-
ferred to as “noninfected,” was studied as a true control. There were six
animals in every group.

Liver function tests. Biochemical analysis of serum was done to follow
the extent of liver damage in mice. Serum was separated from the blood
for different groups of experimental mice and stored at �20°C. Alanine
transaminase (ALT), aspartate transaminase (AST), and alkaline phos-
phatase (ALP) activities and amounts of albumin and bilirubin were mea-
sured in the serum with the help of commercially available kits (Randox
Laboratories Ltd., Ardmore, Antrim, United Kingdom). The manufac-
turer’s instructions were precisely followed.

RNA isolation and real-time RT-PCR. The TRIzol reagent (Invitro-
gen, Carlsbad, CA) was used to isolate total RNAs from livers of different
groups of mice as described by the manufacturer. An oligo(dT)18 primer
and a RevertAid First Strand cDNA synthesis kit (Fermentas) were used
for the reverse transcription (RT) of total RNA (2 �g). Real-time PCR was
performed in triplicate by using a diluted form of the obtained cDNA.
Primers (Table 1) were obtained from Integrated DNA Technologies Inc.
(San Diego, CA), and Power SYBR green was obtained from Applied
Biosystems. The reactions were performed in an ABI 7500 Fast real-time
PCR system (Applied Biosystems), and the following cycling conditions

TABLE 1 Primers for real-time RT-PCR analysisa

Target gene

Primer sequence (5=–3=)

Product size (bp)Forward Reverse

Cxcl1 TGTTGTGCGAAAAGAAGTGC ACAAAATGTCCAAGGGAAGC 184
Cxcl2 TCCAGAGCTTGAGTGTGACG CTTTGGTTCTTCCGTTGAGG 204
Icam1 CGATCTTCCAGCTACCATCC CACTGCTGTTTGTGCTCTCC 167
Vcam1 TGGAGGCTGAACACTTTTCC ATGGAGTCACCGATTTGAGC 199
Il1� CAAAATACCTGTGGCCTTGG CTTGTGCTCTGCTTGTGAGG 229
Il6 ACTTCACAAGTCCGGAGAGG TTCTGCAAGTGCATCATCG 177
Ifn	 CGCTACACACTGCATCTTGG ACCATCCTTTTGCCAGTTCC 178
18s rRNA gene GTTGGTTTTCGGAACTGAGG TCGTTTATGGTCGGAACTACG 197
a Details of the PCR conditions are described in Materials and Methods.
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were maintained: 1 cycle of 95°C for 10 min and then 50 cycles of 95°C for
15 s and 60°C for 1 min. The 18S rRNA gene was chosen as an internal
control. Analysis of data for relative gene expression was based on the
2�

CT method (50). Data were normalized to the 18S rRNA gene levels
and expressed as fold changes compared with the value for “noninfected”
controls.

Immunohistochemical analysis of neutrophil infiltration. Neutro-
phil infiltration in the liver was followed by immunohistochemical stain-
ing of paraffin-embedded liver tissues as mentioned earlier (3). Briefly,
paraffin-embedded tissue sections from the indicated time points were
deparaffinized in xylene, rehydrated in graded ethanol, and subjected to
heat-induced antigen retrieval in citrate buffer (pH 6.0) containing 0.05%
Tween 20. Following antigen retrieval, the slides were washed in Tris-
buffered saline (TBS) plus Triton X-100 (0.025%), blocked with 2% BSA
in TBS for 2 h at room temperature, and incubated with a primary neu-
trophil marker antibody (NIMP-R14) in blocking solution at 4°C over-
night. The next day, the slides were thoroughly washed and incubated
with FITC-conjugated secondary anti-rat antibody in blocking solution
for 1 h at room temperature. The slides were then thoroughly washed and
counterstained with the fluorescent nucleic acid stain DAPI. The slides
were viewed under the 20� objective lens of a Leica DM 2500 fluorescence
microscope (Leica Microsystems, GmbH, Wetzlar, Germany). Fluores-
cence micrographs provided are representatives of 4 to 6 fields scanned
per slide, collected randomly from experiments repeated thrice.

Assay of MPO activity. Myeloperoxidase (MPO) chlorinating activity
was measured on the basis of taurine chlorination with the MPO-H2O2-
Cl� assay system (51). Livers from different groups of mice were perfused
and homogenized in phosphate-buffered saline (PBS) (pH 7.4). The ho-
mogenate was centrifuged at 10,000 � g for 10 min, and the pellet was
dissolved in ice-cold solubilization buffer containing 0.5% hexadecylt-
rimethylammonium bromide in PBS (pH 7.4). The samples were subse-
quently sonicated, freeze-thawed thrice, and centrifuged at 12,000 � g for
30 min at 4°C; the supernatants were collected. The reaction mixture
contained 80 �l of supernatant, 780 �l PBS (pH 7.4), and 100 �l of 150
mM taurine. The reaction mixture was incubated at 25°C for 5 min in the
water bath, and 40 �l of 2.5 mM H2O2 was added and mixed well. The
reaction was stopped after 30 min by the addition of 40 �l of catalase and
100 �l 5-thio-2-nitrobenzoic acid (TNB) to each well. Fresh TNB solution
was prepared by raising the pH of a 2 mM DTNB solution to pH 12 and
then readjusting it to pH 7.4. The absorbance of TNB in the assay mixture
was measured at 412 nm after 20 min. In this assay, hypochlorous acid
reacted with taurine to form taurine chloramine, which converts yellow
TNB to colorless DTNB. MPO activity was expressed in units/g wet liver
(52). One unit is the amount of MPO that can produce 1.0 nmol of taurine
chloramine, which in turn can oxidize 2.0 nmol of TNB to DTNB under
the given assay conditions. The extinction coefficient of TNB is 14,100
M�1 cm�1 at 412 nm.

Measurements of oxidative stress. Oxidative stress was monitored by
measuring lipid peroxidation and carbonylation of proteins as described
previously (53, 54). Malondialdehyde production or lipid peroxidation
was measured on the basis of thiobarbituric acid-reactive substance
(TBARS) levels. Briefly, 1 ml of 5% liver homogenate (in 0.9% saline)
from mice was mixed with a 2-ml solution containing trichloroacetic
acid-thiobarbituric acid (0.375%–15% [wt/vol]) in 0.25 N HCl and 0.01%
butylated hydroxytoluene. The mixture was heated in a boiling water bath
for 15 min and subsequently cooled at room temperature. The samples
were centrifuged, and the absorbance of the supernatants was taken at 535
nm to measure the TBARS concentration. Tetraethoxypropane was con-
sidered the standard for this protocol (53–56). For measurements of car-
bonylated proteins, a standard colorimetric method was followed as de-
scribed previously (53, 54, 57). The method is based on the binding of
dinitrophenylhydrazine to the carbonyl group, and amounts were quan-
tified by measuring the absorbance at 362 nm.

Western immunoblotting. Liver homogenates were prepared as de-
scribed previously (3), and the supernatants obtained after centrifugation

of the homogenates were quantified. A sample of 70 �g of protein was
loaded into each well of 12% polyacrylamide-SDS gels and subjected to
electrophoresis at a constant voltage (100 V). Proteins were then trans-
ferred to a nitrocellulose membrane in a wet transfer apparatus, incubated
with 5% nonfat dry milk, and washed in TBS containing Tween 20. The
membranes were next incubated with anti-HO-1 (Abcam) and anti-�-
actin (Biovision) primary antibodies overnight at a dilution of 1:1,000.
The membranes were then washed and incubated with secondary anti-
bodies for 2 to 3 h, at a dilution of 1:5,000. Finally, after washing, the
proteins on the membranes were detected by staining with a DAB solution
and hydrogen peroxide (58).

Assay of HO-1 activity. Liver homogenates from mice were prepared
in a buffer (Tris-HCl [pH 7.4], 5 ml/liter Triton X-100, and protease
inhibitor cocktail). A liver homogenate containing 200 �g of protein was
mixed with assay buffer at a volumetric ratio of 1:1 to make a final volume
of 1 ml. The assay buffer contained 0.8 mM NADPH, 1 mM MgCl2, 2 mM
glucose-6-phosphate, 0.2 U of glucose-6-phosphate dehydrogenase, 100
mM potassium phosphate buffer, 20 �M hemin, and 2 mg of mouse liver
cytosol (as a source of biliverdin reductase). The mixture was incubated in
the dark for 1 h at 37°C and then placed on ice for 5 min. Chloroform was
used to extract the bilirubin formed in the mixture, and its concentration
was estimated from its extinction coefficient (40 mM/liter/cm) by mea-
suring the A464 –530. The activity of HO-1 was expressed as nmol of biliru-
bin/mg protein/h (58, 59).

Detection of apoptosis by measuring caspase-3 activity. Apoptosis
was determined by measuring the caspase-3 activity in cytosolic fractions
of liver tissues by use of a commercially available kit (Sigma, St. Louis,
MO) as mentioned previously (53, 54, 56, 60). The instructions provided
by the manufacturer were followed. The absorbance at 405 nm was mea-
sured in triplicate with the help of a microtiter plate reader to determine
the amount of pNA released from a caspase-3-specific substrate (Ac-
DEVD-pNA). The average values for triplicates are presented, and the
activity of caspase-3 is expressed in pmol/mg protein/min (61).

Data analysis. All experiments were performed in triplicate, with six
animals in each group. Data obtained from all experiments are expressed
as means � standard errors of the means (SEM). Calculations of the levels
of significance were performed on the basis of unpaired Student’s t test
and one-way analysis of variance (ANOVA), as applicable. P values
of �0.05 were considered statistically significant.

RESULTS
Liver restores its function after clearance of malaria parasites
from blood. Significant liver damage was induced in mice at 45%
parasitemia (5th day postinfection), as evident from liver function
tests (Fig. 1B to H), and in the absence of antimalarial therapy, it
was found that all the infected mice died within 8 days. However,
upon ART treatment, the parasites were eradicated from blood
within 3 days (day 5 to day 7 postinfection) (Fig. 1A), and 80% of
the infected mice survived. For the infected � ART group, day 8
postinfection was considered day 1 post-parasite clearance for
mice that survived after antimalarial treatment (Fig. 1A). Liver
function was monitored in mice from the noninfected, infected,
noninfected � ART, and infected � ART groups after clearance of
parasites from blood (Fig. 1B to H). Since hemolysis alone can
cause an increase in the activity of liver enzymes (ALP, ALT, and
AST) in serum, the measurement of bilirubin (conjugated and
unconjugated) was performed to correctly analyze liver function.
ALP (Fig. 1B), ALT (Fig. 1C), AST (Fig. 1D), total bilirubin (Fig.
1E), unconjugated bilirubin (Fig. 1F), conjugated bilirubin (Fig.
1G), and albumin (Fig. 1H) were measured in all the experimental
groups and compared thereafter. Results indicated that the levels
of the liver enzymes (Fig. 1B to D) and bilirubin levels (Fig. 1E to
G) in serum were significantly higher in the infected mice than in
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FIG 1 Clearance of malaria parasites from the blood of infected mice by use of ART, as well as analyses of liver function before parasite clearance and with time
after parasite clearance. (A) Percentages of parasitemia in infected mice before and after ART treatment. Restoration of liver function was studied just before and
after parasite clearance (day 1 to day 25 post-parasite clearance). Liver function tests were based on measurements of the activities of alkaline phosphatase (ALP)
(B), alanine transaminase (ALT) (C), and aspartate transaminase (AST) (D), along with measurements of total bilirubin (E), unconjugated bilirubin (F),
conjugated bilirubin (G), and albumin (H), in the sera of noninfected mice, infected mice, noninfected � ART mice, and infected � ART mice on day 1, day 3,
day 5, day 10, day 15, and day 25 after clearance of parasites from the blood. The details of the methodology are described in Materials and Methods. Data are
presented as means � SEM. *, P � 0.05 versus noninfected mice (n � 6).
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the noninfected mice and that the levels increased from day 1 to
day 5, after which they decreased steadily until day 25 in the in-
fected � ART group (Fig. 1B to G). The conjugated bilirubin level
was increased from 0.22 � 0.02 mg/dl in noninfected mice to
0.31 � 0.025 mg/dl in infected mice with 
45% parasitemia, and
the level was further increased, to 0.48 � 0.051 mg/dl, in infected �
ART mice after clearance of parasites from blood. Similarly, the
unconjugated bilirubin level was found to be increased from 0.9 �
0.09 mg/dl in noninfected mice to 1.89 � 0.2 mg/dl in infected
mice with 
45% parasitemia, and this level was also further in-
creased, to 3.22 � 0.33 mg/dl, in infected � ART mice after clear-
ance of parasites from blood. The albumin level (Fig. 1H) was
much lower in the infected mice than in the noninfected mice, and
the level decreased in serum from day 1 to day 5 and then gradually
increased. On day 25 after clearance of parasites from blood, the
levels of these enzymes, bilirubin, and albumin were close to those
in noninfected mice maintained for a similar period.

Inflammatory response in liver during malaria and after the
clearance of parasites from blood. Recovery of an organ after
injury involves an inflammatory phase followed by proliferation
and remodeling phases (17, 18). The status of inflammatory me-
diators in the liver after malaria infection is important for under-
standing the mechanism of restoration of liver function. The levels
of mRNA expression of proinflammatory cytokines (interleu-
kin-1� [IL-1�], IL-6, gamma interferon [IFN-	], CXCL1 [KC],
and CXCL2 [MIP2]) and endothelial cell adhesion molecules
(ICAM-1 and VCAM-1) in livers from different experimental
groups were monitored by real-time RT-PCR analysis (Table 2).
The results indicated that these proinflammatory genes were
highly expressed initially, but their expression gradually decreased
with time (Table 2). Immunohistochemical analysis of the liver
tissues was done to follow neutrophil infiltration in the liver fol-
lowing malaria and during healing of the liver after the clearance
of parasites from the blood (Fig. 2A). Neutrophil infiltration, as
evident from the green fluorescence of the neutrophil marker
(NIMP-R14) antibody, was significantly higher in the livers of
infected mice than in those of noninfected mice. The level of in-
filtration was found to be highest in the liver tissues of infected �
ART mice on day 5 post-parasite clearance, and the level decreased
steadily until day 25 post-parasite clearance. The treatment with

ART alone did not have any impact on neutrophil infiltration in
the liver. An MPO (a marker of neutrophils) assay was also per-
formed to further confirm the infiltration of neutrophils into the
liver during inflammation and the restoration of liver function
after malaria infection (Fig. 2B), and MPO activity was found to be
correlated positively with the degree of neutrophil infiltration.
MPO activity was found to be significantly higher in the infected
mice than in the noninfected mice. The level of MPO activity was
highest, however, on day 5 after clearance of parasites from the
blood, and it decreased with time (Fig. 2B), indicating that neu-
trophil infiltration in the liver gradually decreased after the initial
inflammatory phase.

Liver inflammation after clearance of malaria parasites is
linked to oxidative stress and hepatocyte apoptosis. Since in-
flammation is associated with the generation of reactive oxidants,
we were interested in measuring oxidative stress in the liver after
parasite clearance (3). Lipid peroxidation and protein carbonyla-
tion were measured as indicators of oxidative stress (Fig. 3). Bio-
chemical analyses of liver homogenates indicated that lipid per-
oxidation (Fig. 3A) and protein carbonylation (Fig. 3B) were
significantly higher in the livers of infected mice than in those of
noninfected mice. The levels further increased initially, until day 5
after parasite clearance from the blood. However, oxidative stress
decreased steadily from day 5 to day 25, clearly indicating that
restoration of liver function after malaria infection could be cor-
related negatively with oxidative stress after the initial inflamma-
tory phase (Fig. 3A and B). Oxidative stress and inflammation in
the livers of mice with malaria can cause cell death through apop-
tosis. Biochemical assays were done to check whether apoptosis
occurred due to inflammation in the liver during malaria and after
clearance of malaria parasites from blood. Apoptosis was detected
by measuring the activity of caspase-3. Analysis of caspase-3 ac-
tivity revealed that the degree of apoptosis was higher in the in-
fected mice than in the noninfected mice, and apoptosis contin-
ued to occur even after clearance of malaria parasites but
eventually decreased steadily with time (Fig. 3C).

Association of HO-1 as a cytoprotective factor against in-
flammation, oxidative stress, and apoptosis in the liver during
malaria and after parasite clearance. Inflammation is mostly as-
sociated with tissue injury, and the inflammatory phase after in-

TABLE 2 Changes in gene expression as measured by real-time RT-PCRa

Mouse group

Fold change in gene expression (relative to that in noninfected mice, after normalization to 18S rRNA)

Il6 CxCl1 Cxcl2 Ifn	 Icam1 Vcam1 Il1�

Infected (45% parasitemia) 1.32 � 0.14 3.46 � 0.41 1.85 � 0.19 8.32 � 0.9 1.21 � 0.12 1.2 � 0.13 1.17 � 0.19
Noninfected � ART (day 1) 1.02 � 0.1 1.06 � 0.1 1.14 � 0.15 1.08 � 0.1 1.12 � 0.12 1.03 � 0.1 1.07 � 0.1
Infected � ART (day 1) 1.3 � 0.12 4.67 � 0.52 2.58 � 0.3 9.18 � 1.1 1.26 � 0.13 1.23 � 0.13 1.22 � 0.13
Noninfected � ART (day 3) 1.05 � 0.1 1.09 � 0.1 1.06 � 0.1 0.97 � 0.1 1.03 � 0.1 0.98 � 0.1 1.03 � 0.1
Infected � ART (day 3) 2.31 � 0.23 2.12 � 0.22 4.1 � 0.45 9 � 0.91 2.66 � 0.3 3.98 � 0.4 1.26 � 0.13
Noninfected � ART (day 5) 1.03 � 0.1 1.02 � 0.1 1.05 � 0.1 1.06 � 0.1 1.01 � 0.1 1.05 � 0.1 1.04 � 0.1
Infected � ART (day 5) 8.46 � 0.9 2.05 � 0.2 6.36 � 0.7 9.31 � 0.95 5.02 � 0.6 5.08 � 0.6 1.31 � 0.14
Noninfected � ART (day 10) 1.06 � 0.1 1.01 � 0.1 0.98 � 0.11 1.03 � 0.1 1.06 � 0.1 1.01 � 0.1 0.98 � 0.1
Infected � ART (day 10) 2.28 � 0.24 1.52 � 0.15 3.48 � 0.37 1.79 � 0.18 1.27 � 0.15 1.7 � 0.18 1.18 � 0.12
Noninfected � ART (day 15) 1.04 � 0.1 0.97 � 0.09 1.03 � 0.12 0.98 � 0.09 1.05 � 0.1 1.07 � 0.1 1.05 � 0.1
Infected � ART (day 15) 1.68 � 0.17 1.15 � 0.12 2.37 � 0.25 1.53 � 0.15 1.16 � 0.14 1.54 � 0.15 1.15 � 0.13
Noninfected � ART (day 25) 1.03 � 0.1 1.03 � 0.1 1.07 � 0.1 1.05 � 0.1 0.98 � 0.09 1.07 � 0.1 1.06 � 0.09
Infected � ART (day 25) 1.16 � 0.18 1.18 � 0.2 1.25 � 0.12 1.18 � 0.15 1.1 � 0.12 1.17 � 0.19 1.08 � 0.14
a Results depict the means � SEM of results from five independent experiments. All reactions were done in triplicate. Details of the PCR conditions are described in Materials and
Methods.
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jury is very important for the recovery of damaged tissue (62).
However, an excessive or prolonged inflammatory phase can
cause a delay in recovery from the injury. HO-1 has a very impor-
tant role in regulating inflammation. Therefore, it is essential to
determine the relationship between HO-1 activity and the inflam-
matory phase during the process of restoration of liver function
after clearance of parasites from blood. HO-1 activity was ana-
lyzed and found to be significantly higher in the livers of infected
mice than in those of noninfected mice. The level increased until
day 5 after parasite clearance (Fig. 4A) and then decreased gradu-

ally, indicating the active functioning of HO-1 during the resolu-
tion of inflammation and recovery of the damaged liver after par-
asite clearance. Furthermore, Western immunoblotting revealed
that HO-1 expression was high on day 5 after parasite clearance by
ART and then gradually decreased (Fig. 4B and C). Since HO-1
could be associated with the inflammatory phase of the process of
restoration of liver function after malaria infection, it was worth
investigating the role of HO-1 in inflammation. In this regard,
after parasite clearance from the blood by ART treatment, HO-1
activity in vivo was monitored on the 5th day, after administering

FIG 2 Time-dependent evaluation of neutrophil infiltration in livers of mice before and after clearance of malaria parasites. (A) Immunohistochemistry of livers
showing neutrophil infiltration. Neutrophils (as indicated by green fluorescence) were observed in the livers of noninfected mice, infected mice, noninfected �
ART mice, and infected � ART mice on day 1, day 3, day 5, day 10, day 15, and day 25 after clearance of parasites from the blood. Blue fluorescence (DAPI)
indicates hepatocytes. (B) Measurement of MPO activity to follow neutrophil infiltration in the livers of noninfected mice, infected mice, noninfected � ART
mice, and infected � ART mice on day 1, day 3, day 5, day 10, day 15, and day 25 after clearance of parasites from the blood. The details of the methodology are
described in Materials and Methods. Data are presented as means � SEM. **, P � 0.01 versus noninfected mice (n � 6).
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ZnPP or CoPP for 4 consecutive days (Fig. 5A). Inhibition of
HO-1 activity by ZnPP was found to be associated with increases
in the expression of proinflammatory molecules, such as CXCL1,
CXCL2, ICAM-1, and VCAM-1, on day 5 relative to the levels in
infected � ART mice (Fig. 5B). MPO activity was thus measured,
because the increase in endothelial cell adhesion molecules re-
sulted in increased neutrophil infiltration (Fig. 5C). The increase

in neutrophil infiltration due to inhibition of HO-1 activity led to
an enhancement of oxidative stress and apoptosis in the liver.
Increased protein carbonylation and lipid peroxidation indicated
that oxidative stress was significantly enhanced on the 5th day
after ZnPP treatment (Fig. 5C). Increased caspase-3 activity also
indicated enhanced apoptosis on the 5th day after ZnPP treatment
(Fig. 5C). To confirm whether HO-1 offered a cytoprotective, an-
ti-inflammatory effect during the process of restoration of liver
function after malaria infection in our model, the mice were
treated with CoPP (an HO-1 inducer) for 4 consecutive days after
parasite clearance by ART. Stimulation of HO-1 activity by CoPP
resulted in decreases in the expression of proinflammatory cyto-

FIG 3 Measurement of oxidative stress and detection of apoptosis in the liver
before and after clearance of parasites. Lipid peroxidation products (A) and
protein carbonylation (B) (markers of oxidative stress) in the livers of nonin-
fected, infected, noninfected � ART, and infected � ART mice were measured
on day 1, day 3, day 5, day 10, day 15, and day 25 after clearance of parasites
from the blood. Data represent fold changes relative to the levels in nonin-
fected mice. Statistical analyses were performed on untransformed data. (C)
Measurement of caspase-3 activity as a measure of apoptosis in the livers of
noninfected, infected, noninfected � ART, and infected � ART mice on day 1,
day 3, day 5, day 10, day 15, and day 25 after clearance of parasites from blood.
The details of the methodology are described in Materials and Methods. Data
are presented as means � SEM. **, P � 0.01 versus noninfected mice (n � 6).

FIG 4 Activity and expression of HO-1 in the liver during malaria and after
parasite clearance. (A) Activities of HO-1 in the livers of noninfected, infected,
noninfected � ART, and infected � ART mice on day 1, day 3, day 5, day 10,
day 15, and day 25 after clearance of parasites from the blood. (B) Western
immunoblot of HO-1 in the livers of noninfected, noninfected � ART, and
infected � ART mice on day 1, day 3, day 5, day 10, day 15, and day 25 after
clearance of parasites from the blood. (C) Densitometric analyses of Western
immunoblots to quantitate HO-1 expression. Data are given as fold changes
relative to the levels in the noninfected group. The details of the methodology
are described in Materials and Methods. Data are presented as means � SEM.
*, P � 0.05 versus noninfected mice (n � 6).
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kines and endothelial cell adhesion molecules relative to the levels
in the infected � ART mice (Fig. 5B). Neutrophil infiltration in
the liver during the inflammatory phase was reduced, as evident
from the decrease in MPO activity (Fig. 5C). Furthermore, there
was a significant decrease in oxidative stress in the liver, as revealed
by reductions in lipid peroxidation and protein carbonylation
(Fig. 5C). Caspase-3 activity in the livers of CoPP-treated mice was
also reduced significantly (Fig. 5C).

Involvement of HO-1 in the recovery of liver function after
damage due to malarial infection. Finally, it was essential to
check the involvement of HO-1 in the process of restoration of
liver function after damage due to Plasmodium attack. Serum ALP
(Fig. 6A), ALT (Fig. 6B), and AST (Fig. 6C) activities and levels of
total bilirubin (Fig. 6D), conjugated bilirubin (Fig. 6E), and albu-
min (Fig. 6F) were measured on day 1, day 5, day 10, day 15, and
day 25 after ZnPP or CoPP treatment (post-parasite clearance).

FIG 5 Effects of inhibition of HO-1 on inflammation, oxidative stress, and apoptosis in the liver before and after parasite clearance. (A) HO-1 activities in livers
of noninfected � ART, infected � ART, infected � ART � ZnPP, and infected � ART � CoPP mice on day 5 after clearance of parasites from the blood. Infected
mice which were not administered ZnPP or CoPP received only saline. Administrations of ZnPP, CoPP, or saline were carried out from days 1 to 4 after clearance
of parasites from the blood. (B) Real-time RT-PCR analyses of expression of the Cxcl1, Cxcl2, Icam1, and Vcam1 genes in livers of infected, noninfected � ART,
infected � ART, infected � ART � ZnPP, and infected � ART � CoPP mice on day 5 after clearance of parasites from blood. ZnPP and CoPP were administered
to ART-treated infected mice from days 1 to 4 after clearance of malaria parasites. Data are presented as fold changes relative to the levels in noninfected mice
(considered 1-fold). Statistical analyses were performed on untransformed data. (C) Measurements of MPO activity, protein carbonylation, lipid peroxidation,
and caspase-3 activity in the livers of noninfected � ART, infected � ART, infected � ART � ZnPP, and infected � ART � CoPP mice on day 5 after clearance
of parasites from blood. Data are presented as fold changes compared to the levels in noninfected mice. The details of the methodology are described in Materials
and Methods. Statistical analyses were performed on untransformed data. Data are presented as means � SEM. *, P � 0.05 versus noninfected � ART mice (day
5); #, P � 0.05 versus infected � ART mice (day 5); **, P � 0.01 versus noninfected mice; ##, P � 0.01 versus infected � ART mice (day 5) (n � 6).
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The data clearly indicated that while there was a significant delay
in restoration of liver function in the infected � ART � ZnPP
mice, there was a considerable acceleration in restoration of liver
function in the infected � ART � CoPP mice after parasite clear-
ance (Fig. 6). The activities of the liver enzymes and the amount of
conjugated bilirubin were significantly increased in the sera of
infected � ART � ZnPP mice on day 5 compared to the infected �
ART mice (Fig. 6). The albumin level decreased significantly in the
infected � ART � ZnPP group compared to the infected � ART
group. On the other hand, the enhancement in activity of all these
enzymes, along with the level of conjugated bilirubin, was signif-
icantly reduced during the inflammatory phase after treatment
with CoPP (Fig. 6). The fall in albumin level in the infected � ART �
CoPP mice was also significantly reduced compared to that in the
infected � ART group. These data suggest that HO-1 is consider-
ably associated with alleviation of the inflammatory phase after
the clearance of malaria parasites from the blood.

DISCUSSION

We have presented evidence that HO-1 is functionally involved in
the process of inherent restoration of liver function after damage
from malaria. Chemical silencing of HO-1 by ZnPP after parasite
clearance enhanced inflammation and oxidative stress in the liver,
along with hepatocyte apoptosis, thereby delaying the restoration

process. On the other hand, induction of HO-1 by CoPP consid-
erably reduced the above complications. These results therefore
suggest probable anti-inflammatory and hepatoprotective roles of
HO-1 in spontaneous recovery of liver function after malaria.

The emergence of drug-resistant malaria is a cause of tremen-
dous increase in mortality due to malaria (63–65). Therefore, we
infected mice with an MDR strain of P. yoelii to estimate the in-
tensity of damage. MDR P. yoelii is lethal and caused severe liver
damage even when the peak parasitemia was not reached. At 45%
parasitemia, the liver damage was significant. Although such high-
level parasitemia is generally not allowed in human beings (due to
treatment against malaria in patients), we allowed the parasitemia
to increase to 45% so that significant damage could occur, thereby
giving an opportunity to study the restoration of liver function in
a better way. With low-level parasitemia, the liver damage would
not be very significant, and therefore the process of the restoration
of liver function would have been hard to explore. Thus, this mu-
rine malaria model was specifically designed to study the mecha-
nism of recovery of liver function after malaria.

ART is one of the most powerful antimalarial drugs of the
recent era and helps to counter chloroquine-resistant parasites
(66). In our model, ART successfully killed all the parasites when
administered for 3 successive days at a high dose (50 mg/kg/day).

FIG 6 Liver function tests to follow the role of HO-1 in restoration of liver function after damage induced by malarial attack. Measurements of ALP (A), ALT
(B), AST (C), total bilirubin (D), conjugated bilirubin (E), and albumin (F) were performed. All these analyses were performed on sera from noninfected � ART,
infected � ART, infected � ART � CoPP, and infected � ART � ZnPP mice. The details of the methodology are described in Materials and Methods. Data are
presented as means � SEM. *, P � 0.05 versus noninfected � ART mice (day 5); #, P � 0.05 versus infected � ART mice (day 5) (n � 6).
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However, absolute clearance of dead parasites from the circula-
tion requires a few more days. A high dose was selected to ensure
clearance of the parasites in a short duration. After clearance of the
parasites, liver function was monitored, and the data revealed that
liver function was restored within 25 days. Administration of ART
did not cause significant alterations in liver function or proinflam-
matory gene expression. A wound or injury is followed by phases
of hemostasis, inflammation, proliferation, and, finally, tissue re-
modeling (17–19, 67, 68). The inflammatory phase is critical for
the restoration of organ function, during which growth factors
and cytokine signals synchronize cellular movements required
during the repair process (62). However, excessive inflammation
has been found to be responsible for the delay in healing in several
experimental models of wound repair (62). Activation and infil-
tration of neutrophils in the damaged tissue are characteristic
features of the inflammatory phase. Infiltration of neutrophils is
regulated by proinflammatory cytokines and endothelial cell ad-
hesion molecules (62). MPO is one of the important enzymes
released by the activated neutrophils that produce reactive oxygen
and nitrogen species (69, 70). One of the many reactive products
produced by MPO is hypochlorous acid (HOCl), which modifies
various biomolecules by chlorination and/or oxidation (71–73).
Thus, excessive infiltration of neutrophils during the inflamma-
tory phase results in severe oxidative stress in the injured tissue,
which eventually causes apoptosis and subsequently delays the
process of restoration of organ function (74–77). Malaria infec-
tion causes severe hemolysis. Free heme and hemozoin accumu-
late in the liver during malaria. Free heme is a pro-oxidant, so
massive oxidative stress, hepatocyte apoptosis, and liver dysfunc-
tion occur in the liver after malaria infection. Liver damage im-
mediately leads to a proinflammatory response, and the resultant
localized neutrophil infiltration further aggravates liver dysfunc-
tion (3). The clearance of heme, neutrophils, hemozoin, proin-
flammatory cytokines, chemokines, and various other pro-oxi-
dants from the liver requires a long time, and these factors are
therefore the probable causes of persistent liver dysfunction even
after clearance of parasites (3).

In the present study, the process of restoration of liver function
after malaria was addressed. The data revealed that the activities of
liver enzymes, such as ALT, ALP, and AST, were significantly ele-
vated initially, until day 5 after parasite clearance by ART. These
levels, however, gradually decreased with time. The bilirubin lev-
els also followed the same pattern. Studies of malaria patients so
far have indicated that severe malaria in human beings can cause
conjugated (9, 78, 79), unconjugated, and mixed (10, 80, 81) hy-
perbilirubinemia. This depends on the kind of pathological
changes involved. The extents of hemolysis and hepatopathy de-
cide the type of hyperbilirubinemia in malaria patients (81). In
our model of murine malaria, we observed unconjugated hyper-
bilirubinemia, possibly because of excessive hemolysis. However,
we also observed a significant increase in conjugated bilirubin
initially, until day 5 post-parasite clearance by ART. The inflam-
matory phase is a critical period because it determines the time of
restoration of function of any injured organ. The data suggested
that there were significant increases in gene expression for some of
the selected proinflammatory proteins, such as CXCL1, CXCL2,
IL-1�, and IL-6, although the times of increase were not the same
for all of them. Moreover, the data also indicated that parasite
clearance from blood by ART did not resolve inflammation, as
evident from the gene expression patterns of the proinflammatory

mediators. Rather, the proinflammatory mediators maintained
elevated expression until day 5 after parasite clearance, indicating
continued inflammation even after parasite clearance from blood.
Thus, the data indicate an initial inflammation of the liver fol-
lowed by a gradual restoration of function. The gene expression of
the endothelial cell adhesion molecules was also significantly ele-
vated until day 5, but later it decreased gradually. Since all these
molecules aid in neutrophil infiltration in the liver, further studies
were performed to check whether neutrophils infiltrate the liver
during the inflammatory phase of restoration of liver function.
Interestingly, a significant increase in neutrophil infiltration, as
evident from immunohistochemical analysis, followed by their
persistence was evident in the livers of mice early after parasite
clearance. The same pattern reflected in the MPO levels further
confirmed the infiltration of neutrophils in the liver. Since neu-
trophils are exogenous sources of reactive oxidants, their infiltra-
tion in the liver is expected to cause severe oxidative stress. Bio-
chemical analyses of liver homogenates clearly indicated an
increase in oxidative stress, as evident from increased lipid peroxi-
dation and protein carbonylation. The data also demonstrated
that there was an increase in apoptosis as revealed by caspase-3
assay. Although apoptosis may not cause inflammation (82, 83),
inflammation causes apoptosis under various pathological condi-
tions (84). In several instances, it has been seen that neutrophil
infiltration involved in inflammation causes tissue damage (85).
Increased neutrophil infiltration further amplifies inflammation
via a positive-feedback loop. Increased neutrophils are associated
with MPO activity and subsequent production of highly toxic re-
active species, such as HOCl (86). Moreover, production of pro-
inflammatory cytokines, such as TNF-�, at the site of inflamma-
tion can also induce apoptosis (87). Under several pathological
and certain physiological conditions, reactive oxygen species pro-
duced by cellular MPO induce apoptosis in inflammatory and
other cells (88). Thus, inflammation and, more specifically, neu-
trophilic inflammation often induce apoptosis (84).

The HO-1 system has been credited with cytoprotective and
anti-inflammatory roles. Its role in preventing excessive and pro-
longed inflammation after wounding has already been studied
(20, 89–91). Although the HO-1 system has been shown to pre-
vent inflammation in the liver under several pathological condi-
tions (36), the actual mechanism behind the anti-inflammatory
and cytoprotective actions of HO-1 is still not very clear. HO-1 can
mediate its effects either through production of CO or bilirubin
(92, 93) or by clearing heme from the circulation, thus reducing
heme-induced oxidative damage (94, 95). In this regard, our data
from HO-1-specific Western immunoblot analysis revealed that
the expression of HO-1 was increased severalfold in liver samples
from infected � ART mice on day 5 after clearance of parasites
from the blood. This suggested that HO-1 may play an important
role either in promoting inflammation or in alleviating inflamma-
tion after damage to the liver due to malaria. To understand the
effect of HO-1 on inflammation and/or restoration of liver func-
tion in this model, the use of an HO-1 inducer as well as an inhib-
itor was essential. ZnPP and CoPP are a well-known inhibitor and
stimulator of HO-1, respectively (59, 96–102). However, both the
protoporphyrins may have various effects on the expression of
transforming growth factor beta (TGF-�) (103), a cytokine that is
intricately associated with the regulation of inflammation (104).
In the present study, we specifically focused on the changes in
HO-1 activity due to the administration of ZnPP and CoPP and its

Dey et al.

3122 iai.asm.org Infection and Immunity

 on July 9, 2014 by Indian Inst of C
hem

 B
iology

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org
http://iai.asm.org/


association with liver dysfunction and restoration of its function
after parasite clearance from the blood. The modulation of HO-1
activity by these chemicals has been performed previously, and the
dose was selected accordingly. Separate groups of mice were ad-
ministered ZnPP or CoPP for 4 successive days after parasite clear-
ance by ART treatment, and the animals were sacrificed on day 5.
ZnPP treatment caused a significant increase in the expression of
proinflammatory genes, such as Icam1, Vcam1, Cxcl1, and Cxcl2,
while CoPP treatment showed a decrease in the expression of the
aforesaid genes in comparison to that in infected � ART mice
treated with saline. Furthermore, MPO activity was found to be
relatively higher in ZnPP-treated mouse livers and lower in CoPP-
treated mouse livers than in those of the control mice. Lipid per-
oxidation, protein carbonylation, and caspase-3 activity were also
found to be higher in livers of ZnPP-treated mice and significantly
lower in those of CoPP-treated mice than in those of infected �
ART mice undergoing normal restoration of liver function. Fi-
nally, the data revealed that the activities of the liver enzymes ALT,
ALP, and AST and the level of bilirubin were significantly higher
in ZnPP-treated mice and much lower in CoPP-treated mice than
in infected � ART mice, especially during the inflammatory
phase. Since the ZnPP or CoPP treatment was discontinued after
day 4 post-parasite clearance, the effect of HO-1 inhibition or
induction was well understood only during the inflammatory
phase, not after that. The liver function was restored in all groups
of mice by approximately day 25 after clearance of parasites. All
these results collectively indicate that inhibition or induction of
HO-1 activity by ZnPP or CoPP immediately before maximum
inflammation may enhance or reduce the inflammation, respec-
tively. Therefore, continuous inhibition of HO-1 may possibly
result in severe damage to the liver, and the process of restoration
of liver function may be delayed. In contrast, continuous stimu-
lation of the HO-1 activity at the site of inflammation by CoPP is
expected to alleviate the inflammatory phase, thereby accelerating
the process of restoration of liver function. Thus, from the various
associations of HO-1 with the gradual evaluation of damage, it can
be concluded that HO-1 may be involved, along with several other
factors, in alleviating inflammation and restoring liver function
after damage by malaria. There are certain reports which show
that induction of HO-1 mediates tolerance to the cytotoxic effects
of heme during malaria-associated hemolysis, but it may impair
the resistance to bacterial infection by limiting bactericidal reac-
tive oxygen species production. Coinfection of mice with P. yoelii
and Salmonella enterica serovar Typhimurium causes acute, fatal
bacteremia with a high bacterial load. Recently, heme oxygenase
was proposed as one of the factors that play significant roles in the
pathogenesis of falciparum malaria complications (105). Expres-
sion of HO-1 is upregulated in the liver following infection by P.
berghei and P. yoelii sporozoites. HO-1 overexpression leads to a
proportional increase in parasite loads in the liver. In the absence
of HO-1, the levels of inflammatory cytokines involved in the
control of liver infection are increased (106). HO-1 expression
modulates the host inflammatory response, protecting the in-
fected hepatocytes and promoting the liver stage of infection
(106). Although there are various opinions regarding the protec-
tive role of HO-1 against liver damage during malaria, from the
various observations in our study, we propose that selective in-
duction of HO-1 in the liver just after the clearance of parasites
would be beneficial for the restoration of liver function.
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