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Abstract Malaria has been one of the most devastating trop-
ical parasite infectious diseases popular around the world.
Severe malaria is characterized by multiple organ dysfunc-
tions, especially liver damage. However, the mechanisms of
malarial liver injury remain to be better clarified. In this study,
Kunming mice inoculated intraperitoneally (i.p.) with 106

Plasmodium berghei ANKA (PbANKA)-infected red blood
cells (iRBCs) were investigated at days 5, 10, 15, and 20 post-
infection (p.i.) to elucidate the profiles of T-cell immunoglob-
ulin and mucin domain-3 (Tim-3) and its ligand galecin-9
(Gal-9) in the development of liver injury. The histopathology
of livers and spleens from PbANKA-infected mice were ob-
served, the parasite burdens of the livers and spleens using
quantitative real-time PCR (qRT-PCR), Tim-3- and Gal-9-
positive cells in the livers and spleens using immunohisto-
chemical staining, and the mRNA levels of Tim-3, Gal-9,
and cytokines in both the livers and spleens using qRT-PCR
were examined. Our results showed that parasite burdens in
the livers and spleens were significantly increased with time
after PbANKA infection. Histological scores of both the liver
and spleen tissues were significantly increased with time; the

numbers of Tim-3- and Gal-9-positive cells were significantly
increased in both the livers and spleens using immunohisto-
chemical staining, and the mRNA levels of Tim-3 and Gal-9
in the livers and spleens were also significantly increased after
infection. Our data suggests that the increase of Tim-3/Gal-9
expressions may play an important role in the liver damage
during P. berghei infection.
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Introduction

Malaria has been one of the most devastating tropical parasite
infectious diseases popular around the world. Severe malarial
syndromes include severe anemia, hyperparasitemia, cerebral
malaria, acute respiratory distress, and clinical jaundice, with
the brain, lungs, kidney, and liver all variously affected (WHO
2010). Malaria-associated liver dysfunction is commonly ob-
served in severe malaria, both in adult and pediatric patients
(Whitten et al. 2011; Anand and Puri 2005), which is a het-
erogeneous pathology with variable severity, as symptoms
range from mild changes in liver function tests to severe liver
failure. Malaria infection can lead to an extremely complicat-
ed series of immune response in the liver, and histopatholog-
ical findings such as portal mononuclear cell infiltration are
observed in varying degrees (Murthy et al. 1998). However,
the mechanisms behind it are largely unknown.

The T-cell immunoglobulin and mucin domain (Tim) fam-
ily is a relatively newly described group of molecules with a
conserved structure and important immunological functions
(Li et al. 2013). It has been reported that after peroral infection
of Toxoplasma gondii, genetically susceptible C57BL/6 mice
develop an unchecked Th1 response associated with the
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development of small intestinal immunopathology and exhibit
increased frequencies of Tim-3+ cells in spleens and mesenteric
lymph nodes (Berrocal Almanza et al. 2013). Galectin-9 (Gal-
9) is a member of the galectin family that selectively binds toβ-
galactoside (Wada and Kanwar 1997), modulates immune re-
sponses by interaction with Tim-3, induce Th1 cell apoptosis to
dampen Th1 immunity, and induce peripheral tolerance. The
Tim-3/Gal-9-signaling pathway plays a critical role in the ho-
meostasis of hepatic NKT cells through activation-induced ap-
optosis and secondary proliferation and contributes to the path-
ogenesis of nonalcoholic fatty liver disease (Tang et al. 2013).
So far, the role of Tim-3/Gal-9 interaction in controlling inflam-
matory lesions caused by malarial infection has little to be
explored. In the present study, we used a PbANKA-infected
mouse model to investigate the immune response and malaria-
associated liver injury inmice, focusing on the effects of Tim-3/
Gal-9 expression on the process of PbANKA infection in vivo,
thus providing experimental evidence for the prevention and
treatment of malaria-associated liver injury.

Materials and methods

Mice and experimental infections

Female Kunming (KM, outbred) mice (6–8 weeks old) and
Plasmodium berghei ANKA (PbANKA) were used through-
out the study. A total of 50 mice were included, in which 46
mice were injected intraperitoneally (i.p.) with 106 PbANKA-
infected red blood cells (iRBCs) and 4micewere injectedwith
equal volume of phosphate buffered saline (PBS) as negative
controls. Mortality was monitored daily. There were 24
PbANKA-infected mice, in which 6 were sacrificed by CO2

asphyxiation for examination at 5, 10, 15, and 20 days p.i.,
respectively, and the remaining 22 PbANKA-infected mice
were used for survival and parasitemia observation. All exper-
iments were performed in compliance with the requirements
of the Animal Ethics Committee at Sun Yat-sen University.

Parasitemia

For assessment of parasite multiplication inmice infected with
PbANKA, malaria parasitemia was monitored daily by
Giemsa-stained thin blood smears of tail blood. Erythrocyte
counts were performed with a hematocytometer, and more
than 1000 RBCs were counted by light microscopy (×100)
to determine the percentage of parasitized cells.

Histopathology

For histopathological analysis, liver and spleen tissues from
mice infected with PbANKA were fixed in 10 % neutral-
buffered formaldehyde (Guangzhou Chemical Reagent

Factory, China) for 48 h, dehydrated, embedded in paraffin,
sectioned (4 μm), and stained with hematoxylin and eosin
(H&E; Sigma-Aldrich) for evaluation of pathologic changes.
Sections of liver and spleen tissues from uninfectedmice treat-
ed with PBS were used as negative controls.

The pathological analyses of the sections were blinded for
semi-quantitative histopathological analysis under a micro-
scope. Changes in the histopathological features in liver and
spleen tissues were classified based on the severity of four
histological criteria: architecture loss, sequestration of parasit-
ized red blood cells (PRBCs) in microvessels, and pigment
deposition and inflammation (Fazalul Rahiman et al. 2013;
Viriyavejakul et al. 2014). The histopathological changes
were graded on a scale as follows: nil (0), partial loss (1),
moderate loss (2), and total loss (3). The highest possible total
score was 12 (4 histological criteria×3 as highest scale). Score
0 meant no histopathological change and score 12 referred to
the most severe histopathological change (Fazalul Rahiman
et al. 2013). Overall liver and spleen tissues were analyzed
at a magnification of ×100 under a light microscopy by
counting 10 fields of each section from each mouse in each
group. All the analyses were performed by two researchers.

Immunohistochemical staining for Tim-3 and Gal-9
in the livers and spleens

Immunohistochemistry was carried out using the streptavidin-
biotin-peroxidase complex (SABC) method. For immuno-
histopathological examination of Tim-3 and Gal-9, liver and
spleen tissue sections (4 μm) from PbANKA-infected mice
and uninfected controls were deparaffinized and rehydrated in
distilled water. Heat-induced antigen retrieval was carried out
in an 800-W microwave oven for 30 min. Endogenous perox-
idase activity was blocked by incubation with 3 % hydrogen
peroxide in methanol for 5 min at room temperature, then
incubated with anti-Gal-9 Ab (Beijing Bioss Biological Co.,
Ltd, China) (1:400 dilutions) and anti-Tim-3 Ab (Wuhan
Boster Biological Engineering Co., Ltd., China) (1:200 dilu-
tions) overnight at 4 °C. Control sections were incubated with
PBS without a primary antibody, and sections incubated with
secondary antibodies only were used as isotype controls.
Immunohistochemical staining was then detected with a
SABC kit and developed with diaminobenzidine tetrahydro-
chloride (Zhongshan Goldenbridge Technology, Beijing,
China). The sections were counterstained with hematoxylin
and positive cells were identified by dark-brown staining.
The numbers of positive cells in liver and spleen tissues were
determined by microscopic examination and were measured
by computer imaging, using software of Image Z1 (Sun Yat-
sen University, China). The densities of positive cells were
expressed as the numbers of cells per square millimeter. The
number of cells in each field was determined under high pow-
er field as well as the area of each field (0.015066 mm2).
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Measurement of mRNA expression using quantitative
real-time PCR (qRT-PCR)

Total RNAwas extracted from about 100 mg of the livers and
spleens of each group using an RNA Extraction Kit (TaKaRa)
according to the manufacturer’s protocol. The quality of total
RNAwas analyzed by running 5 μl of each RNA sample on a
1.0 % agarose gel stained with ethidium bromide. The quan-
tity of total RNA was estimated by measuring the ratio of
absorbance at 260 and 280 nm using a NanoDrop ND-1000
spectrophotometer (NanoDrop Technologies). First-strand
cDNAwas constructed from 1.0 μg of total RNA with oligo
(dT) as primers using a PrimeScript 1st Strand cDNA
Synthesis Kit (TaKaRa) following the manufacturer’s proto-
col. cDNA was stored at −80 °C until use. To detect Tim-3,
Gal-9, TNF-α, IL-1β, IL-4, IL-6, and IL-10 mRNA levels of
the livers and spleens, qRT-PCR was performed using SYBR
Green QPCR Master Mix (TaKaRa) according to the manu-
facturer’s instructions. For liver and spleen parasite burdens,
mRNA level of PbANKA 18S rRNA measured using qRT-
PCR is shown as −△△Ct values. Primers are listed in Table 1.
Briefly, a total of 10 μl reaction mixture contained 5.0 μl of
SYBR® Premix Ex TaqTM (2×), 0.5 μl of each primer
(10 pM), 3.0 μl of dH2O, and 1.0 μl of cDNA (0.2 μg/μl).
Amplification was pre-denaturized for 30 s at 95 °C followed
by 43 cycles of 5 s at 95 °C and 20 s at 60 °C with a
LightCycler® 480 instrument (Roche Diagnostics). Specific
mRNA expression levels were normalized to that of the
housekeeping gene, β-actin, and the results were expressed
using a comparative threshold cycle (CT) value with the

formula: △CT=CT(gene of interest)−CT(β-actin). The relative ex-
pressions were then calculated using the formula 2−△△CT com-
pared to uninfected controls (Schmittgen and Livak 2008).

Statistical analysis

Results of experimental studies are reported as mean±stan-
dard deviation (mean±SD). Statistical analysis of the data
was performed using Wilcoxon rank sum test, Student’s t test,
and one-way ANOVA followed by Bonferroni’s multiple
comparison test using SPSS software for Windows (version
19.0; SPSS, Inc., IL). All graphs were performed using
GraphPad Prism software and a value of P <0.05 was consid-
ered statistically significant.

Results

Malarial mouse model

After infection of 106 PbANKA-iRBCs, KM mice died be-
tween 7 and 20 days p.i. The parasitemia reached 62.61 to
78.63 % when deaths occurred at day 20 p.i. Tissue parasite
burdens of the PbANKA-infected mice were detected using
qRT-PCR. As shown in Fig. 1, the expressions of PbANKA
18S rRNA in livers and spleens of PbANKA-infected mice
were increased with time after infection. Compared with day 5
p.i., the parasite burdens in the livers and spleens were signif-
icantly increased at days 10 (P<0.05), 15 (P<0.001), and 20
(P<0.001) p.i.; compared with day 10 p.i., the parasite

Table 1 Primer sequences of mouse target cytokines and housekeeping genes used for quantitative real-time polymerase chain reaction (qRT-PCR)
assays

Genes Primer sequence (5′→3′) References

P. berghei
ANKA 18S

Forward primer AAGCATTAAATAAAGCGAATACATCCTTAC Mimche et al. (2015)
Reverse primer GGAGATTGGTTTTGACGTTTATGTG

TNF-α Forward primer CCCTCACACTCAGATCATCTTCT Zhao et al. (2011)
Reverse primer GCTACGACGTGGGCTACAG

IL-10 Forward primer AGCCGGGAAGACAATAACTG Jones et al. (2010)
Reverse primer CATTTCCGATAAGGCTTGG

IL-4 Forward primer ACAGGAGAAGGGACGCCAT Jash et al. (2011)
Reverse primer GAAGCCCTACAGACGAGCTCA

IL-6 Forward primer ACACATGTTCTCTGGGAAATCGT Mimche et al. (2015)
Reverse primer AAGTGCATCATCGTTGTTCATACA

IL-1β Forward primer GTGGCAGCTACCTGTGTCT Uri-Belapolsky et al. (2014)
Reverse primer GAGCCTGTAGTGCAGTTGTCT

Gal-9 Forward primer GTTGTCCGAAACACTCAGAT Reddy et al. (2011)
Reverse primer ATATGATCCACACCGAGAAG

Tim-3 Forward primer CCACGGAGAGAAATGGTTC Geng et al. (2006)
Reverse primer CATCAGCCCATGTGGAAAT

β-Actin Forward primer TGGAATCCTGTGGCATCCATGAAAC Jones et al. (2010)
Reverse primer TAAAACGCAGCTCAGTAACAGTCCG
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burdens in the livers and spleens were significantly increased
at days 15 (P<0.001) and 20 (P<0.001 and P<0.05, respec-
tively) p.i.

Liver and spleen tissue histopathology

To investigate the pathogenesis of PbANKA-infected mice,
the tissues of livers and spleens were examined histologically.
The livers and spleens from uninfected mice showed no mor-
phological or structural abnormalities. However, the liver tis-
sues of PbANKA-infected mice showed varying degrees of
inflammation, liver sinusoidal expansion and swelling, atro-
phy and degeneration of hepatocytes, hypertrophy and hyper-
plasia of Kupffer cells (KCs) with hemozoin accumulation,
and congestion of blood vessels with PRBCs at 5, 10, 15,
and 20 days p.i. (Fig. 2a). The histopathology of spleen from
PbANKA-infected mice at 5, 10, 15, and 20 days p.i. showed
that the red and white pulp elements of spleens were enlarged
and congested accompanied by loss of typical structure of the
germinal center, and microvascular sequestrations of PRBCs
and a large number of iRBCs deposit were present. The ma-
larial pigments were deposited abundantly in the red pulp
histiocytes and sinusoidal lining areas (Fig. 2b). Semi-
quantitative score standard for severity was made based on
pathological changes of the liver and spleen tissues in the
times (Fig. 2c). Compared with day 5 p.i., there were signifi-
cantly increased histological scores in the livers and spleens of
PbANKA-infected mice at days 10, 15, and 20 p.i. (P<0.001);
compared with day 10 p.i., there were significantly increased
histological scores in the livers and spleens at days 15 and 20
p.i. (P<0.001), but the histological scores in the livers at
day 20 p.i. was significantly lower than that at day 15 p.i.
(P<0.001).

Immunohistochemical staining for Tim-3 and Gal-9
in the liver and spleen tissues

Immunohistochemical staining for Tim-3 and Gal-9 were
detected to locate their expressions in the liver and
spleen tissues of PbANKA-infected mice at all the times.
Morphological or structural abnormalities were massively
distorted, and numerous positive cells (brown) were dis-
persed in the sections of the livers (Fig. 3a, b) and
spleens (Fig. 4a). As shown in Fig. 3c, compared with
uninfected controls, there were significantly higher num-
bers of Tim-3- and Gal-9-positive cells in the livers at
days 5, 10, 15, and 20 p.i. (P<0.001). Compared with
day 5 p.i., there were significant higher numbers of Tim-
3- and Gal-9-positive cells in the livers at days 10, 15,
and 20 p.i. (P<0.001). Compared with day 10 p.i., there
were significantly higher numbers of Tim-3- and Gal-9-
positive cells in the livers at days 15 (P<0.001 and
P<0.05, respectively) and 20 (P<0.001) p.i.; the num-
bers of Tim-3- and Gal-9-positive cells were significantly
higher in the livers at day 20 p.i. (P<0.001) compared
with that of day 15 p.i. As shown in Fig. 4b, compared
with uninfected controls, there were significantly higher
numbers of Tim-3- and Gal-9-positive cells in the
spleens at days 5, 10, 15, and 20 p.i. (P<0.001).
Compared with day 5 p.i., there were significantly higher
numbers of Tim-3-positive cells in the spleens at day 10
p.i. (P<0.001) and significantly higher numbers of Tim-
3- and Gal-9-positive cells at days 15 and 20 p.i.
(P<0.001); compared with day 10 p.i., there were signif-
icantly lower numbers of Tim-3-positive cells but signif-
icantly higher numbers of Gal-9-positive cells in the
spleens at day 15 p.i. (P<0.001) and significantly higher
numbers of Gal-9-positive cells at day 20 p.i. (P<0.001);
the positive cells of Tim-3 and Gal-9 in the spleens at
day 20 p.i. were significantly higher than those at day 15
p.i. (P<0.01 and P<0.001, respectively). No positive re-
sults were observed in sections incubated with only sec-
ondary antibodies (goat IgG1), which were used as the
negative controls.

Tim-3/Gal-9 mRNA expressions in the livers and spleens

The mRNA expressions of Tim-3 and Gal-9 in the livers
and spleens of PbANKA-infected mice were determined
using qRT-PCR to further confirm their presence. As
shown in Fig. 5, compared with uninfected controls, Tim-
3 mRNA levels in the livers of the PbANKA-infected mice
were significantly increased at days 5 (P<0.01), 10
(P<0.05), 15 (P<0.001), and 20 (P<0.001) p.i.; the Tim-
3 mRNA levels in the livers at day 20 p.i. were significant-
ly higher than those at days 5, 10, and 15 p.i. (P<0.001).
Compared with uninfected controls, Gal-9 levels in the

Fig. 1 Parasite burdens in PbANKA-infected mice. For the liver and
spleen parasite burdens, mRNA levels of PbANKA 18S rRNA
measured using qRT-PCR are shown as -△△Ct values. Values are means
from triplicate measurements, and data are presented as mean±SD; two
independent experiments were performed with three mice per group.
*P<0.05, **P<0.01, and ***P<0.001 vs. 5 days p.i.; #P<0.05,
##P<0.01, and ###P<0.001 vs. 10 days p.i.
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livers of the PbANKA-infected mice were significantly
increased at days 5 and 10 p.i. (P<0.001), while compared

with day 5 p.i., Gal-9 levels in the livers were significantly
decreased at days 15 and 20 p.i. (P<0.001). Compared

Fig. 2 Histopathological changes and semi-quantitative analysis of the
liver and spleen tissues from PbANKA-infected KM mice. a Histopath-
ological changes in the livers. Naïvemice, no histological alterations were
observed (a, b); mice infected with PbANKA at days 5 (c, d), 10 (e, f), 15
(g, h), and 20 (i, j) p.i. Original magnification ×400 (a, c, e, g, i), ×1000
(b, d, f, h, j); H&E stain. b Histopathological changes in the spleens.
Naïve mice, no histological alterations were observed (a, b); mice infect-
ed with PbANKA at days 5 (c, d), 10 (e, f), 15 (g, h), and 20 (i, j) p.i.
Original magnification ×400 (a, c, e, g, i), ×1000 (b, d, f, h, j); H&E stain.

c Histological scores of the liver and spleen sections from different
groups. Changes in histological appearance were assessed semi-quantita-
tively. Total grades ranged from 4 to 12, with 12 representing severe
degeneration. Data are represented as mean ± SD. Significant differences
between groups are analyzed using Wilcoxon rank sum test. #P<0.05,
##P<0.01, and ###P<0.001 vs. 5 days p.i.; &P<0.05, &&P<0.01, and
&&&P<0.001 vs. 10 days p.i.; $P<0.05, $$P<0.01, and $$$P<0.001 vs.
15 days p.i.
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with day 10 p.i., Gal-9 levels in the livers were significant-
ly decreased at days 15 and 20 p.i. (P<0.001). Compared
with uninfected controls, Tim-3 levels in the spleens of the
PbANKA-infected mice were significantly decreased at
days 5 and 15 p.i. (P<0.001), but the Gal-9 levels in the
spleens were significantly increased at days 10 (P<0.001)
and 15 (P<0.05) p.i.

Cytokine responses in the livers and spleens

To fully understand the immune responses in the experimental
malarial mice, the cytokine levels were evaluated by measuring
pro-inflammatory (IL-1β, IL-6, and TNF-α) and anti-
inflammatory cytokine (IL-10 and IL-4) mRNA expressions
in the livers and spleens of PbANKA-infected mice. As shown

Fig. 3 Immunohistochemical staining and morphometric analysis for
Tim-3 and Gal-9 in the liver tissues of mice infected with PbANKA.
Immunohistochemical staining of Tim-3 (a) and Gal-9 (b) in the livers.
Naïve mice (a, b); mice infected with PbANKA at days 5 (c, d), 10 (e, f),
15 (g, h), and 20 (i, j) p.i. Original magnification ×400 (a, c, e, g, i),
×1000 (b, d, f, h, j). c Data for analyses of Tim-3 and Gal-9 in the livers;

the density of positive cells was expressed as the number of cells per
square millimeter. Data are presented as mean±SD; experiments were
performed with three mice per group. *P<0.05, **P<0.01, and
***P<0.001 vs. control group; #P<0.05, ##P<0.01, and ###P<0.001
vs. 5 days p.i.; &P<0.05, &&P<0.01, and &&&P<0.001 vs. 10 days
p.i.; $P<0.05, $$P<0.01, and $$$P<0.001 vs. 15 days p.i.
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in Fig. 6, compared with uninfected controls, the pro-
inflammatory cytokine mRNA levels of IL-1β in the livers of
PbANKA-infectedmicewere significantly increased at days 15
(P<0.001) and 20 (P<0.05) p.i., and the IL-1β levels at day 15
p.i. were significant higher than that at day 20 p.i. (P<0.05);
however, IL-1β levels in the spleens were significantly de-
creased at days 10 (P<0.001), 15 (P<0.01), and 20
(P<0.001) p.i. Compared with uninfected controls, the
mRNA levels of IL-6 in both the livers and spleens were sig-
nificantly increased at days 5 (P<0.01), 10 (P<0.001), 15
(P<0.001), and 20 (P<0.001) p.i., and the levels of IL-6 in
the livers at day 15 p.i. were significantly higher than those at
days 5 and 10 p.i. (P<0.05). Compared with day 5 p.i., the
levels of IL-6 in the spleens were significantly increased at
days 15 and 20 p.i. (P<0.001); compared with day 10 p.i.,
the mRNA levels of IL-6 in the spleens were significantly in-
creased at days 15 and 20 p.i. (P<0.05). Compared with unin-
fected controls, the mRNA levels of TNF-α were significantly
increased in the livers at days 10 (P<0.05), 15 (P<0.001), and
20 (P<0.001) p.i., while the levels of TNF-α in the livers at
day 15 p.i. were significantly higher than that at day 10 p.i.

Fig. 4 Immunohistochemical staining and morphometric analysis for
Tim-3 and Gal-9 in the spleen tissues of mice infected with PbANKA.
a Immunohistochemical staining of Tim-3 (a, c, e, g, i ) and Gal-9 (b, d, f,
h, j) in the spleens. Naïve mice (a, b); mice infected with PbANKA at
days 5 (c, d), 10 (e, f), 15 (g, h), and 20 (i, j) p.i.; Original magnification
×400. b Data for analyses of Tim-3 and Gal-9 in the spleens; the density
of positive cells was expressed as the number of cells per square milli-
meter. Data are presented as mean±SD; experiments were performed
with three mice per group. *P<0.05, **P<0.01, and ***P<0.001 vs.
control group; #P<0.05, ##P<0.01, and ###P<0.001 vs. 5 days p.i.;
&P<0.05, &&P<0.01, and &&&P<0.001 vs. 10 days p.i.; $P<0.05,
$$P<0.01, and $$$P<0.001 vs. 15 days p.i.

Fig. 5 Tim-3 and Gal-9 mRNA expressions in the livers and spleens of
PbANKA-infected KM mice using qRT-PCR. Values are means from
triplicate measurements, and data are presented as mean±SD; two inde-
pendent experiments were performed with three mice per group.
*P<0.05, **P<0.01, and ***P<0.001 vs. control group; #P<0.05,
##P<0.01, and ###P<0.001 vs. 5 days p.i.; &P<0.05, &&P<0.01, and
&&&P<0.001 vs. 10 days p.i.; $P<0.05, $$P<0.01, and $$$P<0.001 vs.
15 days p.i.
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(P<0.05) and that at day 20 p.i. were significantly higher than
those at days 10 (P<0.001) and 15 (P<0.01) p.i. Compared
with uninfected controls, the levels of IL-10 were significantly
increased at days 15 and 20 p.i. (P<0.001) in the livers and
significantly increased at days 10 (P<0.05), 15 (P<0.001), and
20 (P<0.001) p.i. in the spleens. Compared with uninfected
controls, the levels of IL-4 were significantly decreased at
days 5, 10, 15, and 20 p.i. (P<0.001) in the livers, while the
levels of IL-4 were significantly increased at days 15
(P<0.001) and 20 (P<0.05) p.i. in the spleens.

Discussion

Murine malaria caused by PbANKA has been used as a valu-
able model of human malaria (Jennings et al. 1997; Helegbe
et al. 2011). In this study, KM mice were i.p. inoculated with
PbANKA-iRBCs and the immune responses in livers and
spleens during the course were investigated. The observation
of histopathological changes showed that hyperemia, malarial
pigments, hyperplasia and hypertrophy of KCs, vacuolar de-
generation and atrophy of hepatocytes, and microvascular
congestion were in the liver tissues of PbANKA-infected
mice; malarial pigments, red and white pulp elements enlarged
and congested, lost the typical structure of germinal center,
and microvascular sequestrated and iRBCs deposited were
presented in the spleens. Our data obtained from PbANKA-

infected KM outbred mice was similar to the results from
severe P. falciparum malaria patients and PbANKA-infected
ICR outbred mice reported (Fazalul Rahiman et al. 2013;
Viriyavejakul et al. 2014), suggesting that this mouse model
is helpful in the study of liver damage in erythrocytic stage of
Plasmodium infection.

As liver can be an important target organ in malaria, studies
have shown that liver injury can be developed during the
erythrocyte stage of P. berghei infection in mice. Hepatocyte
damage is associated with the advanced stages of P. berghei
malarial infection, which lead to liver dysfunction
(Rodríguez-Acosta et al. 1998). Liver damage during blood-
stage malaria infection has also been modeled in mice using
the P. berghei NK65 strain (Adachi et al. 2001, 2004; Findlay
et al. 2010). Large numbers of infected erythrocytes pass
through the spleen and liver. Phagocytic cells of both organs
are involved in the uptake of infected erythrocytes and of free
merozoites, which are released after rupture of their erythro-
cytic hosts (Singh et al. 2002). Assessment of parasite loads
by qRT-PCR was performed in this study; our result showed
that liver and spleen parasite burdens in PbANKA-infected
mice were increased as time progressed. Parasites accumulat-
ed in tissue play a critical role in driving multi-organ pathol-
ogy during PbANKA infection, and liver damage is a function
of parasite burden in the liver (Haque et al. 2011).

The Tim-3/Gal-9 pathway plays a dual role in immunity.
On one hand, it favors a pro-inflammatory response, induces

Fig. 6 Pro-inflammatory
(IL-1β, IL-6, and TNF-α) and
anti-inflammatory
(IL-10 and IL-4) cytokine mRNA
expressions in the livers and
spleens of PbANKA-infected
KMmice using qRT-PCR. Values
are means from triplicate mea-
surements, and data are presented
as mean±SD; two independent
experiments were performed with
three mice per group. *P<0.05,
**P<0.01, and ***P<0.001 vs.
control group; #P<0.05,
##P<0.01, and ###P<0.001 vs.
5 days p.i.; &P<0.05,
&&P<0.01, and &&&P<0.001
vs. 10 days p.i.; $P<0.05,
$$P<0.01, and $$$P<0.001 vs.
15 days p.i.
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maturation of monocyte-derived dendritic cells, and, through
this process, enhances Th1-type immune responses (Anderson
et al. 2007). On the other hand, Gal-9 contributes to apoptosis
of thymocytes and peripheral Tcells, implicating a dual role of
the Tim-3/Gal-9 axis in both T-cell maturation and negative
regulation of T-cell-mediated immune reactions (Sánchez-
Fueyo et al. 2003; Zhu et al. 2011). The Tim-3/Gal-9 signaling
axis mediates T-cell dysfunction and predicts poor prognosis
in patients with HBV-associated HCC (Li et al. 2012). The
relevance of Tim-3/Gal-9 signaling axis is maintaining a bal-
anced local immune microenvironment in the liver. As the
natural ligand for Tim-3, Gal-9 is widely distributed through-
out various tissues, being particularly abundant in the liver
(Wada and Kanwar 1997), which is among the most potent
immunologic organs (Rosen. 2008). Dysregulation of this axis
can lead to a chronic inflammatory liver disorder (Bacigalupo
et al. 2013). Blockade of the Tim-3/Gal-9 pathway exacerbat-
ed local inflammation and liver damage (Uchida et al. 2010),
suggesting the importance of Tim-3/Gal-9 signaling in the
maintenance of liver homeostasis and controlling dysregulat-
ed liver immune response. In the present study, our data
showed significantly increased numbers of Tim-3- and Gal-
9-positive cells in both the livers and spleens of PbANKA-
infected mice at days 5, 10, 15, and 20 p.i. using immunohis-
tochemical staining; detection of Tim-3/Gal-9 mRNA expres-
sions in livers and spleens showed that Tim-3 levels were
significantly increased in the livers of PbANKA-infected
mice, and Gal-9 levels were significantly increased in both
livers and spleens after infection. It has been reported that
patients with non-viral liver disease had intermediate levels
of Gal-9, suggesting it may play an important role in the he-
patic immune response (Vollmar andMenger 2009). Gal-9 is a
pro-inflammatory factor that promotes tissue inflammation
(Anderson et al. 2007), has a major role in limiting the im-
mune response (Anderson and Anderson 2006), but also en-
hances Th1 immune responses (Klibi et al. 2009). In this
study, we demonstrated that PbANKA infection caused the
increase of Tim-3 and Gal-9 expressions in the livers and
spleens of PbANKA-infected mice. Although the regulatory
mechanisms were unknown, our data indicates that Tim-3/
Gal-9 may be involved in PbANKA-induced liver pathology.

Cytokines are important immune mediators and regulators
with both protective and pathogenic functions in malaria
(Engwerda et al. 2005; Good et al. 2005), in which IFN-γ
and TNF-α help T cells and Tc cells proliferation, differenti-
ation, and maturation, mainly promoting the cell-mediated
immune response, which is extremely important to the immu-
nity of malaria infection in macrophages; IL-4 and IL-10 help
B-cell proliferation and maturation, and promote antibody
generation, mainly amplifying the immune response mediated
by the antibodies. Gal-9 has pleiotropic roles and may repre-
sent a novel therapeutic target in patients with viral or inflam-
matory diseases of the liver (Zhu et al. 2005). In this study, our

results showed that pro-inflammatory (IL-1β, IL-6, and
TNF-α) and anti-inflammatory (IL-10) cytokines were over-
expressed in the livers, and IL-4, IL-6, and IL-10 were over-
expressed in the spleens after infection. KC-derived Gal-9
induces the secretion of an array of pro-inflammatory media-
tors (TNF-α, IL-1β, and IFN-γ) that can further amplify the
immunopathology associated with HCV (Mengshol et al.
2010). Additional modulators of Gal-9 include IL-1β and
IL-5 in astrocytes (Yoshida et al. 2001) and eosinophils
(Saita et al. 2002), respectively. All those implicate that Tim-
3/Gal-9 as a key regulator in inflammatory pathways within
the liver leads to injury.

In conclusion, PbANKA infection upregulates the expres-
sions of Tim-3 and Gal-9 in the liver of PbANKA-infected
KM mice, and may impact pro-inflammatory and anti-
inflammatory cytokines’ immune response during the
PbANKA infection. Our data may provide evidence for the
prevention and treatment of malaria infection through Tim-3/
Gal-9 signal pathway. However, the precise immune mecha-
nisms induced by Plasmodium need further study.
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