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Preface

The main idea of this book is to collect information on parasitology as a biological science.
One particular branch of ecology of particular interest in this book is parasitism, which is
understood to be the relationship between parasite, host, and environment. These aspects
are related to life cycle, clinical manifestations, immune response, evasion and adaptation
mechanisms, diagnosis, treatment, and epidemiology.

It is therefore a text that serves as a reference to students and professionals of health sciences
in their clinical practice. It centers on animal and human parasitic diseases, to promote and
protect health and cure or relieve symptoms when it is not possible to eliminate infections.
This small compendium shares data from recent research in the field of parasitic diseases.

It also serves as a stimulus for researchers to encourage them to publish or make their work
available to others. In this way, their work is projected in the field of research, and financial and
academic support is provided so that they can promote their ideas, projects, or research plans.

Gilberto Bastidas
Department of Public Health and Center for Medical and Biotechnological Research

Faculty of Health Sciences
University of Carabobo, Venezuela
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1. Parasitology and parasitism

Parasitology, an important part of biology, is the science responsible for the study of parasit-
ism, that is, the relationship between parasite, host, and environment, in the understanding 
that parasite is that living being that is housed and/or fed by another living being during 
part or all of its life, generally who is staying is of different species, of greater size, and more 
developed structure than the host; the parasite is understood. The relationship between living 
beings is complex; therefore, the study of it must be constant and from different approaches, 
with the purpose of increasing and deepening knowledge about it [1]. So:

Parasitism is a form of ecological interaction, in which a member, the parasite, benefits from the use 
of resources gathered by another member, the host. Through its evolutionary history, the species have 
coexisted with populations of parasites that have regulated, along with other ecological interactions, 
both their sizes and their population structures and their genetic structure. Parasites have an influence 
on hosts, similar to that of predators, competitors and other natural enemies. In fact, the influence of a 
parasite on a host can affect its response to competitors and mutualists, its reaction to the physical con-
ditions of the environment, its state of health, its reproductive capacity, its ability to obtain resources or 
its conservation. The essence of parasitism rests on the parasite-host interaction [2]. Thus:

“The essence of parasitism is based on the nature of the parasitic-host relationship, that an ecological defi-
nition is the study of the relationships between the organism and its environment. However, ecologically
the parasite-host relationship is a ‘double-edged sword.’ Because the ecology of the host can be considered
simultaneously in the life cycle of a parasite, in such a way that the host is the habitat for the parasite.
Many of the biotic and abiotic variants influence the ecology of the hosts, also affecting the parasite” [3].

That is why the relationship between living beings is complex; therefore, the study of it must
be constant and from different approaches, with the purpose of increasing and deepening
knowledge about it. This is particularly relevant for the complex biological cycles that parasites

© 2019 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited.
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follow in their lives (in search of temperature, humidity, and food conducive to live, reproduce, 
and perpetuate the species), often marked by different evolutionary forms and reproductive or 
maturation stage, which also implies the passage through more than one host in many of these 
species and even with different degrees of specificity, ranging from those restricted to a single 
host species to those capable of developing into host species very far phylogenetically [4].

The foregoing highlights the universality and complexity of the health problems caused by 
the different species of parasites that affect communities in all countries of the world and 
reveals the dedication of a large number of academics dedicated to basic, clinical, and epide-
miological research in pursuit of control or eradication of them [4].

Parasitology seeks to unravel, the purpose of this book, the dynamic process that is estab-
lished between parasite and host, in terms of molecular matrix, parasitic adaptation, modifi-
cations induced by the host, pathogenesis, clinical manifestations, diagnosis, and treatment, 
among other aspects, as well as already within the vast field of ecology, the vital conditions, 
and the environment of obligatory or facultative parasitism, that is, protozoa, helminths, or 
arthropods, be monoxenous or heteroxenous parasites, both at the individual and population 
level [5].

The writing of this document encourages the fact that parasitic diseases are not considered as 
important public health problems, or as a cause of epidemiological emergencies, and because 
the poor and poorly served populations are the most affected, also those that do not invest 
enough in research of new therapeutic and diagnostic tools, because they are considered in 
many cases not very lucrative. This is despite the fact that parasitism is one of the most wide-
spread lifestyles in nature, it is pointed out that practically any living organism can host some 
kind of parasite [6].

The sure thing is that parasitism implies some degree of loss of biological efficiency in the host 
that result in slight to severe damage to its structure, which of course justifies its inclusion 
among the great aspects or issues to be considered in biology, in the medical, and veterinary 
research within the framework of the great biodiversity, which are the point of origin of the 
approach to such fascinating life forms, perhaps one of the most striking in nature, this is 
particularly interesting due to the fact that parasitic diseases. The intensity, period of appear-
ance, age groups, and even sex affect human and animal differently [7–9].

To this it is added that parasites are not kept confined in the regions where they are generally 
endemic, since it is known that due to incidental or accidental circumstances, these can be 
transported to other regions to which they can adapt and produce infections and diseases 
in the populations of animals and humans living there; therefore, the updating of the epide-
miological behavior (always complex and dynamic) by specialists in the field is absolutely 
necessary and indispensable for effective intervention against its spread, or spread reduces 
the impact they have on animal and human welfare [10, 11].

Parasitic diseases are currently considered a serious public health problem around the world, 
of course, with more severe consequences in countries with less economic development and 
of course in the poor and rural areas of most of the countries that make up the region. In planet 
Earth, to the point that the incidence and prevalence of parasitic diseases are considered as 
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indicators of the health status of animal and human populations and the conditions in which 
they live, for example, in Latin America, the prevalence of parasitic diseases is persistently 
elevated, perhaps due to dynamic processes of repeated reinfections, where infection pres-
sure and host susceptibility come into play [12–15].

In summary, etiological agents, biological cycles, and the processes of invasion, establish-
ment, and propagation should be constantly reviewed, as well as the mechanisms of defense 
and evasion and of pathogenesis, in order to elucidate or at least try the complex parasite–
host relationship, and offer a better understanding of the clinical manifestations that consent 
to laying the rational basis for the control of parasite. With the inescapable consideration of 
the epidemiological aspects, that allow to answer the where, when and why of the appearance 
of parasitic diseases and of the risk factors involved in the genesis of them and contribute with 
this in the policies and designs of effective interventions to modify the adverse health situa-
tion, this because despite the great scientific and technological advances in the field of human 
and veterinary medicine, the parasite, curable and preventable in its majority continue to be 
a serious threat to health [16, 17].

2. Globalization in the life of the human being: another reason to 
investigate parasitology

With the globalization of the life of the human being, its technology, its development, trade, 
and tourism, there has been an impressive increase in the dissemination of diseases gener-
ated by parasites, as they are not restricted by geographical barriers, to which enormously 
sophisticated and modern systems of air, sea, and land transportation are currently available 
for the movement of humans, animals, and virtually this represents a fundamental reason for 
the constant study of the epidemiological behavior of parasites in their daily effort to ensure 
their survival [11].

There are several parasite species capable of producing epidemics, especially through water 
and food, among which the protozoa, capable of causing giardiasis, cryptosporidiosis, cyclo-
sporiasis, and toxoplasmosis, are favored by these routes of dissemination. Also the increase 
of immunocompromised individuals due to diseases such as AIDS and changes or combina-
tions of cultural patterns regarding customs and habits in the human groups derived from 
displacements, for example, the practice of eating foods that are not cooked or raw, which 
undoubtedly they favor parasitic infection [10, 11, 18–21].

Another factor to mention in the context of globalization as a cause of dissemination of para-
sitic diseases is the modification that has been made to the environment and that has caused 
global warming within the so-called climate change that contributes to the spread of diseases 
transmitted by arthropods, in function of those parasites with forms or evolutionary stages or 
their life cycle that have a mandatory passage through the earth to complete their life cycle. 
However, the interconnection that characterizes humanity requires the constant updating 
of knowledge about parasitic diseases in order to control them and, if possible, eradicate 
them [11, 22, 23].
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Toxoplasma gondii is an important foodborne opportunistic pathogen that causes a severe 
disease in immunocompromised patients. The pathology and immune responses associ-
ated with the ensuing disease have not been well described in strains from different parts 
of the world. The aim of the present study is to determine the IFN-γ and IL-10 variations 
and organ pathology in immunocompetent and immunocompromised mice infected 
with T. gondii isolated from a Kenyan chicken. Two groups of BALB/c mice were infected 
with T. gondii cysts and administered with dexamethasone (DXM) in drinking water. 
Other two groups: infected untreated and uninfected mice were kept as controls. The 
mice were euthanized at various time points: blood collected for serum and assayed for 
IFN-γ and IL-10 variations. After infection, significant (p<0.05) elevated levels of IFN-γ 
and IL-10 were observed. A significant decline in IFN-γ and IL-10 levels (p<0.05) was 
observed after dexamethasone treatment. Histological sections in the liver, heart, and 
spleen of the mice administered with DXM revealed various degrees of inflammation 
characterized by infiltration of inflammatory cells. The dexamethasone-treated mice pre-
sented with progressively increased (p<0.001) inflammatory responses is compared with 
the infected untreated mice.
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1. Introduction

Toxoplasmasmosis, cause by Toxoplasma gondii, is rated the most prevalent parasitic zoonotic 
disease infecting nearly 2 billion people in the world [1]. The infection may be acquired by 
oral ingestion of food or water contaminated with oocysts present in the feces of members of 
the cat family, the definitive hosts for T. gondii. Other routes of infections include ingestion of 
tissue cysts found in undercooked meat and congenitally by transplacental transmission [2].

Cases of toxoplasmosis have been reported in Kenya with the earliest study documented in 
1968 [3]. Since then, T. gondii has been detected in the general Kenyan population as well as 
susceptible groups with reduced immunity. A serological survey of 127 children revealed a sig-
nificant rise of prevalence of the T. gondii-specific antibodies from 35% in pre-school to 60% in 
the early school age group [4]. Screening results for blood donors at Kenyatta National Referral 
Hospital in Nairobi, Kenya indicated high seroprevalence [5]. Fifty four percent (54%) of HIV 
positive patients attending Kenyatta National Hospital, Nairobi had Toxoplasma specific IgG in 
contrast to 1% of the HIV negative group [6]. A clinical case report of toxoplasmosis was docu-
mented in a patient with HIV infection [7]. About 12.7% of hospitalized HIV positive patients 
with neurological complications at a private hospital in Nairobi, had T. gondii infection [8]. 
Co-infection of T. gondii and other parasites such as Toxocara canis has been investigated using 
samples from Kenyans. Toxoplasma gondii was detected in five of seven T. canis–positive sera 
from Maasailand [9]. Chunge and colleagues [10] showed that a moderate number of pregnant 
women attending a Kenyan referral hospital had T. gondii antibodies [10]. Such publications 
and clinical case reports show that there is widespread distribution toxoplamsois in Kenya.

Natural T. gondii infection has been detected in free-living and captive animals [11]. Of these 8 
of 8 (100%) captive carnivores, 14 of 19 (74%) captive herbivores, 11 of 14 (79%) free-living car-
nivores and 97 of 118 (82%) free-living herbivores were found to have Toxoplasma antibodies. 
The detection of Toxoplasma gondii in free-range chickens is a good indicator of possible risk to 
human beings. In a study carried out in Thika region, Kenya, the prevalence of T. gondii in the 
chicken was 79.0% indicating high environmental contamination with T. gondii oocysts [12]. 
In another study carried out by Adele et al. [12] in Thika region, Toxoplasma gondii oocysts 
were detected in 7.8% of the cat samples collected. In the same region of Kenya, up to 39% of 
the slaughterhouse workers were infected with T. gondii as detected using nPCR [13]. Several 
studies have shown the circulation of various strains of T. gondii in Kenya, with the most 
abundant being type II strain [14, 15].

Infection of immunologically competent persons with T. gondii most often results in asymptom-
atic infection where the parasite forms tissue cysts containing bradyzoites in a variety of organs, 
particularly the brain, heart, and skeletal muscle. However, in immunosuppressed hosts such as 
those with AIDS, organ transplantation and radiotherapy, there is a high risk for severe infection 
[16, 17]. In these individuals, the bradyzoite gets reactivated and gets transformed to tachyzoites 
which cause severe pathology in the heart, liver and spleen [18]. Cellular immunity plays key role 
in the host’s immune reaction against toxoplasmosis [19]. The macrophages and “natural killer” 
(NK) cells exert their function via a cytotoxic activity and/or the secretion of cytokines involved 
in the regulation of immune response [20]. In vivo studies have shown that IFN-γ is a major 
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cytokine, which is produced by CD4 and CD8 T cells, which mediates resistance against T. gondii 
infection [21]. Thus, IFN-γis the main type one cytokine involved in toxoplamosis, although other 
cytokines such as TNF-α, IL-18, IL-22, and the macrophage migration inhibitory factor (MIF) have 
also been reported in mediating the observed pathology [22]. As the disease progresses, some 
studies have reported that IL-10 counters the harmful effect of an exaggerated type-1 inflam-
matory response [23]. From the foregoing, it is clear that the development of a strong cellular 
immune response is critical for the control of the T. gondii infections in the intermediate hosts.

In a study carried out in Kenya, a neurological murine model of chronic toxoplasmosis in 
BALB/c was developed in BALB/c mice using T. gondii isolated from free range chicken [24]. 
The brain of toxoplasmosis infected mice showed cellular inflammatory infiltrations, neu-
ronal necrosis, and cuffing. Other studies have showed lymphocytes and plasma cells to be 
the predominant cells in brains of patients having a coinfection of HIV and toxoplasmosis 
[25]. The severity of pathology was higher in mice immunosuppressed with dexamethasone 
compared to the control groups. The findings demonstrated that a dexamethasone-induced 
reactivation of chronic toxoplasmosis may be useful development of laboratory animal model 
in outbred mice used for in vivo studies.

Despite the fact that there is a high burden of toxoplasmosis and transmission in Africa [13], there 
are no studies which have evaluated the immunopathology of Toxoplasma isolates from these 
countries. Further, there is little information available regarding the immune responses inherent 
to reactivated toxoplasmosis. Acute and chronic infections in the neurological model described 
above [24] was associated with increase in both IgM and IgG levels but following dexamethasone 
treatment, IgM levels declined but IgG levels continued on rising. The current study therefore 
sought to determine the profile of IFN-γ and IL-10, and organ pathology in immunocompetent 
and immunosuppressed mice infected with T. gondii isolated from a chicken in Kenya.

2. Materials and methods

2.1. Laboratory animals and ethical clearance

Prior to commencement of the study, all protocols and procedures used were reviewed and 
approved by the Institute of Primate Research, Institutional Animal Care and Use committee 
(Approval number: IRC/21/11). A total of 84 female BALB/c white mice were obtained from 
the rodent breeding facility Institute of Primate Research, Nairobi, Kenya. The mice were 
6–8 weeks old and weighed 20–30 g. The mice were housed under standard laboratory condi-
tions, in plastic cages (medium size cages; length 16.9 inches, width 10.5 inches, and height 
5 inches) with wood shaving bedding and nesting material. Food (Mice Pellets®, Unga Feeds 
Ltd., Kenya), and drinking water were provided ad libitum.

2.2. T. gondii isolate and expansion

The T. gondii isolate used in this study was obtained from the brain of a free range chicken 
from Thika region, Kenya [26]. Briefly, the hen was sacrificed by cervical dislocation and the 
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brain tissue collected under sterile conditions and processed for experimental infections. The 
brain was grounded and homogenized using tissue homogenizer. Enumeration of cysts was 
done as previously described [27], and the suspension was serially diluted with PBS (pH 7.2) 
to adjust to a desired final concentration of 15 tissue cysts/200 μl [24]. Three BALB/c mice were 
intraperitoneally injected each with 15 tissue cysts to allow for expansion of T. gondii cysts for 
use in experimental infection described below. The mice were monitored for 6 weeks post 
infection, euthanized using CO2, and parasites isolated as stated earlier.

Prior to commencement of experimental work, the presence of T. gondii in the chicken samples 
was determined by extracting DNA from the brain sample using a Quick-gDNA™ MiniPrep 
Kit (Zymo research, USA) and nested PCR undertaken as previously described [13, 26].  
Secondary amplification products were electrophoresed on 1.5% agarose gel stained with 
ethidium bromide and visualized under ultraviolet (UV) light.

2.3. Experimental design

The BALB/c mice were intraperitoneally infected with 15 T. gondii cysts in a 200 μl inoculum 
[24, 28]. In the first part of the experiment, 32 infected mice in groups of four were randomly 
chosen and euthanized by concentrated CO2 inhalation on 3, 5 and 7 dpi for acute infection 
and 14, 21, 28, 35, 42 dpi for chronic infection. Sixteen BALB/C mice were controls and not 
infected with T. gondii.. After euthanasia, sampling for blood from the heart was done as 
previously described [23]. The liver, heart and spleen were also collected and preserved in 
10% formalin and used for histology as described below.

At 42 dpi, 48 BALB/c mice previously infected with 15 cysts each, were divided into three 
groups of 16 mice each. The mice were treated with Dexamethasone (Decadron DexPak 
PHARMA Links, India) at dosages of 2.66 mg/kg (Group 1) and 5.32 mg/kg (Group 2) daily 
in drinking water over a period of 6 weeks [24, 29, 30]. Sixteen infected nontreated mice were 
used as controls (Group 3). Another 16 uninfected control mice were given untreated water 
(Group 4). The mice were monitored daily over 6 weeks for survival analysis and any clinical 
signs and mortalities were recorded. After every 2 weeks, four mice from each group were 
serially euthanized using concentrated carbon dioxide and sampling done as previously 
described above. Mice that showed any severe clinical signs of toxoplasmosis were anesthe-
tized immediately using concentrated carbon dioxide and sampling of blood, done. The liver, 
heart and spleen were collected and preserved in 10% formalin.

2.4. IFN-γ and IL-10 levels

Serum for cytokine activities was prepared as previously described by Parasuraman et al. [31]. 
Cytokine production was evaluated using commercial ELISA kits according to the manufactur-
er’s instructions (MABTECH AB, Augustendalsvagen 19, Sweden). Briefly, each well of a 96-well 
high protein binding microtiter plate was coated with 100 μl/well of the respective monoclonal 
antibody diluted in PBS, pH 7.4 and incubated overnight at 4–8°C. The plates were washed 
twice with PBS (200 μl/well) and blocked by adding 200 μl/well of PBS with 0.05% Tween 20 
containing 0.1% BSA (incubation buffer) and incubated for 1 hour at room temperature. Serum 
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samples or recombinant mouse IFN-γ and IL-10 standards were then applied to the plates, and 
incubated for 2 h at 37°C. After washing, the respective biotinylated monoclonal antibody for 
IFN-γ and IL-10 was added and the plates incubated for an additional 1 h at 37°C. One hundred 
microliters of Streptavidin-ALP was then added to each microtiter well and incubated for 1 h at 
37°C. After washing, 100 μl of p-nitrophenyl phosphate substrate was added to each well and 
the optical density measured at 405 nm for pNPP in an ELISA reader after suitable developing 
time. Cytokine concentrations were determined by reference to standard curves generated with 
murine recombinant cytokines. The sensitivity limits of the assays were 20 pg/ml for IL-10 and 
4 pg/ml for IFN-γ as per the instructions of the manufacturer.

2.5. Histological analysis

Liver, spleen and heart were processed for paraffin embedding and sectioning. To deter-
mine the histological changes, tissue sections were stained with hematoxylin and eosin and 
observed under light microscope. The inflammation was assessed and scored histologically. 
The severity of the histopathological lesions in the heart was evaluated by grading the lesions 
using a modified random scale as previously described [32].

In the liver, the inflammatory lesions were quantified based on the degree of lymphocyte 
infiltration and hepatocyte necrosis as previously described [33]. Segments of spleen were 
scored for the enlargement of lymphocyte infiltrated areas and for the increased numbers of 
macrophages and necrotic cells previously described [34].

In these organs, the inflammatory changes were examined in two noncontinuous sections 
(40 μ distance between them) from each mouse in 25 microscopic fields using a 40× objective. 
The total inflammation score was determined from the summed scores of each mouse from 
each group or sampling time point and used for data analysis.

2.6. Data analysis

The results were entered into MS Excel program (Microsoft, USA) before being exported to 
GraphPad prism version 5.0 (GraphPad Software, USA) for statistical analysis. Statistical 
differences between the mice groups were determined by ANOVA; groups were considered 
statistically different if P ≤ 0.05.

3. Results

3.1. IFN-γ Levels

The mean of IFN-γ cytokine levels in the infected mice are as shown in Figure 1. There was 
a progressively significant (p < 0.001) increase in IFN-γ from 3.5 pg/ml (95%; CI: 2.93–4.07 at 
day 0 reaching 10.59 pg/ml, (95% CI: 9.03–12.15) at 35 dpi. The noninfected control group did 
not display any significant increase in IFN-γ cytokine levels and remained decreased at all 
time points compared to the infected group.
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Figure 2. Mean levels of IFN-γ in serum in BALB/c infected with T. gondii and after dexamethasone treatment. The 
results are expressed as the means ± SEM of 4 mice. Group 1 = T. gondii infected dexamethasone treated (2.66 mg/kg/day); 
Group 2 = T. gondii infected dexamethasone treated (5.32 mg/kg/day); Group 3 = T. gondii infected; Group 4 = Noninfected 
control.

After treatment with dexamethasone, IFN-γ productions levels progressively declined at time 
points between 42 and 84 dpi. The decline in the 2.66 mg/kg/day of dexamethasone treated 
mice (Group 1) was from 17.84 pg/ml (95% CI: 1.60–34.08) at 42 dpi to 10.02 pg/ml (95% CI: 
2.98–17.07) at 84 dpi (Figure 2).

The corresponding decline in the 2.66 mg/kg/day of dexamethasone treated mice (Group 2) 
was from 15.51 pg/ml (95% CI:−0.64–31.66) at 42 dpi to 7.89 pg/ml (95%; CI: 3.02–12.73.50) at 

Figure 1. Levels of IFN-γ in serum of BALB/c infected with T. gondii during the early (7–14 dpi) and late stages (21–35 
dpi) of infection. The data are expressed as the means ± SEM.
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84 dpi. The decrease in IFN-γ levels was associated with increased dose, although the dif-
ference between the 2 doses were not significant (P > 0.05). The IFN-γ levels in the infected 
nontreated mice (Group 3) increased from 21.48 pg/ml (95%CI: 10.59–32.38) at 42 dpi to 
26.38 pg/ml (95% CI: 20.01–32.75) at 56 dpi and thereafter, a progressive decline in IFN-γ lev-
els reaching 13.53 pg/ml (95% CI: 0.42–26.64) and 11.03 pg/ml (95% CI: 5.43–16.64) at 70 and 
84 dpi, respectively. Mice in the infected nontreated group (Group 3) maintained significantly 
(P < 0.001) increased levels of IFN-γ compared to the infected treated mice (Figure 2).

3.2. IL-10 levels

The levels of IL10 also increased following T. gondii infection. The levels significantly (P < 0.001) 
increased from 3.5 pg/ml (95%; CI: 2.93–4.07) at day 0 post-infection reaching 99.6 pg/ml (95% 
CI: 83.62–115.58) at 7 dpi and remained elevated up to day 35 dpi (119.6 pg/ml; 95%; CI: 
106.27–124.45) (Figure 3).

Following dexamethasone treatment, the levels of IL-10 maintained a downward trend 
(Figure 4). In the mice treated with 2.66 mg/kg/day of DXM, the levels ranged between 
135.66 pg/ml (95% CI: 82.79–188.54) at 42 dpi and dropped to 71.73 pg/ml (95% CI: 45.67–
97.79) at 84 dpi. In the group treated with 5.32 mg/kg/day, the IL-10 level was 116.92 pg/
ml (95% CI: 89.69–144.15) at 42 dpi and dropped to 55.59 pg/ml (95% CI: 40.77–70.43) at 84 
dpi. The infected group (group 3) recorded a decreased IL-10 concentration ranging between 
141.97 pg/ml (95% CI: 134.26–149.68) at 42 dpi and 99.71 pg/ml (95% CI: 77.16–122.27) at 84 
dpi. Mice in the infected group recorded significantly (P < 0.01) elevated IL-10 levels com-
pared to the treated groups at all time points.

3.3. Histological changes in the peripheral organs of BALB/c mice infected with T. gondii

In general, the histopathological changes in the liver, heart and spleen of infected mice 
consisted of mild-to-moderate congestion and detectable multifocal or focal inflammatory 
infiltrate. Between 3 and 14 dpi, the liver showed increased pathology characterized by 
hepatic necrosis, infiltration of lymphocytes and macrophages scattered in portal triad areas 
(Figure 5). The inflammatory scores increased from 1.2 (±0.49) at 3 dpi to 2.0 (±0.316) at 7 dpi. 
The highest inflammatory score was recorded at 14 dpi (2.8 ± 0.2) and thereafter, a progressive 
significant decline in inflammatory score (P < 0.001) at 42 dpi (1.4 ± 0.4) was observed.

Following dexamethasone treatment, the mice treated with 2.66 mg/kg/day (Group 1) and 
5.32 mg/kg/day (Group 2) of dexamethasone showed varied degrees of inflammatory responses. 
For the mice treated with 2.66 mg/kg/day of dexamethasone, an inflammatory score of 1.4 (±0.245) 
and 2.0 (±0.00) was observed between 56 and 84 dpi, respectively, while the mice treated with 
5.32 mg/kg/day (Group 2) of dexamethasone recorded an inflammatory score of 1.6 (±0.245) and 
2.6 (±0.25) at 56 and 84 dpi, respectively. On the other hand, the infected nontreated mice pre-
sented an inflammatory score of 0.6 (±0.245) at 42 dpi but did not significantly (P > 0.05 change 
with the progression of the infection maintaining at 0.8 (±0.2) at 56, 70 and 84 dpi. Although the 
treated mice presented with progressively increased inflammatory scores there was no signifi-
cant difference (P > 0.05) in the liver inflammatory response between the same groups.
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els reaching 13.53 pg/ml (95% CI: 0.42–26.64) and 11.03 pg/ml (95% CI: 5.43–16.64) at 70 and 
84 dpi, respectively. Mice in the infected nontreated group (Group 3) maintained significantly 
(P < 0.001) increased levels of IFN-γ compared to the infected treated mice (Figure 2).
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CI: 83.62–115.58) at 7 dpi and remained elevated up to day 35 dpi (119.6 pg/ml; 95%; CI: 
106.27–124.45) (Figure 3).
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dpi. The infected group (group 3) recorded a decreased IL-10 concentration ranging between 
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pared to the treated groups at all time points.
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The highest inflammatory score was recorded at 14 dpi (2.8 ± 0.2) and thereafter, a progressive 
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Following dexamethasone treatment, the mice treated with 2.66 mg/kg/day (Group 1) and 
5.32 mg/kg/day (Group 2) of dexamethasone showed varied degrees of inflammatory responses. 
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and 2.0 (±0.00) was observed between 56 and 84 dpi, respectively, while the mice treated with 
5.32 mg/kg/day (Group 2) of dexamethasone recorded an inflammatory score of 1.6 (±0.245) and 
2.6 (±0.25) at 56 and 84 dpi, respectively. On the other hand, the infected nontreated mice pre-
sented an inflammatory score of 0.6 (±0.245) at 42 dpi but did not significantly (P > 0.05 change 
with the progression of the infection maintaining at 0.8 (±0.2) at 56, 70 and 84 dpi. Although the 
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cant difference (P > 0.05) in the liver inflammatory response between the same groups.

Organ Pathology and Associated IFN-γ and IL-10 Variations in Mice Infected with Toxoplasma gondii...
http://dx.doi.org/10.5772/intechopen.79700

13



In the heart of infected mice, the histopathological lesions were relatively fewer compared 
to those in liver and were characterized by inflammatory infiltrates (Figure 6). The inflam-
matory score at 7 dpi was 1.75 (±0.25) and this was followed by a significant (P < 0.001) 
decrease reaching the lowest inflammatory score of 1.25 (±0.25) at 35 dpi. However, treat-
ment with dexamethasone markedly increased the severity and number of myocardial 
lesions in these infected animals. The toxoplasma infected group (Group 3) presented with 

Figure 4. Levels of IL-10 in serum from BALB/c mice infected with T. gondii and after dexamethasone treatment. The data are 
expressed as the means ± SEM of 4 mice. Group 1 = T. gondii infected dexamethasone treated (2.66 mg/kg/day); Group 2 = T. 
gondii infected dexamethasone treated (5.32 mg/kg/day); Group 3 = T. gondii infected; Group 4 = Noninfected mice.

Figure 3. Mean levels of IL-10 in serum of BALB/c infected with T. gondii during the early (7–14 dpi) and late stages 
(21–35 dpi) of infection before treatment. The data are expressed as the means ± SEM.
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higher inflammatory lesions at the time of treatment (day 42 dpi; P < 0.01). However, at 56, 
70 and 84 dpi, an increasing inflammatory score was noted although there was no signifi-
cant difference (P > 0.05). All the heart tissues of mice from group 1 recorded an inflamma-
tory score of 1.25 (±0.25) at 56, 70 and 84 dpi (P > 0.05) while group 2 recorded a significant 
(p < 0.01) inflammatory score of 1.25 (±0.25); 1.5 (±0.289) and 2.5 (±0.289) at 56, 70 and 84 
dpi, respectively. The uninfected control group (Groups 4) did not show any myocardial 
lesions at all time points.

The spleen was also affected by T. gondii but unlike the liver, the inflammatory response 
started from 5 dpi. The infected mice spleens from the infected treated mice presented general 
disorganization of the germinal centers at 70 dpi. The marginal zone disappeared and the lim-
its between the disorganized germinal center and the red pulp were blurred. The noninfected 
mice spleens exhibited no change in the organizational of the germinal centers.

4. Discussion

In the present study, BALB/c mice infected with T. gondii showed that IFN-γ productions 
were markedly increased after T. gondii infection. This observation is consistent with a 

Figure 5. Liver of infected and treated mice showing dense granulomas, irregularly distributed (arrows) (A) and 
infiltrations of inflammatory cells (arrows) at the portal triad (B).

Figure 6. Heart of BALB/c mice showing inflammatory cell infiltrations (arrow).
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previous study in mice by Gazzinelli et al. [35], where equally, IFN-γ levels were exceed-
ingly elevated at the disease onset. Once released, IFNγ binds to the IFNγ receptor (IFN-γR), 
which eventually leads to the activation of IFN-γ signals “signal transducer and activator of 
transcription 1” (STAT1); [36]. These factors acts on macrophages and monocytes inducing 
the transcription of various genes involved in anti-parasitic responses including production 
of toxic reactive-oxygen species [37, 38]. The high levels of IFN-γ production levels are sug-
gestive of its early involvement in parasite clearance [39]. The secretion of IFN-γ increases 
the phagocyte activity of macrophages and also triggers the conversion of tachyzoites 
into bradyzoites leading to chronicity [40, 41, 42]. The cytokine also prevents bradyzoite 
rupture, allowing long specific protection against new parasite infections and is hence 
responsible for regulation of T. gondii load and distribution in the tissues [43]. Although 
IFN-γ-dependent pro - inflammatory cytokines are essential for resistance to T. gondii infec-
tion, an over-production of inflammatory cytokine, IFN-γ can result in serious tissue dam-
age [38] . Therefore, the intensity of the immune responses mounted against T. gondii just 
like any other infection must be regulated to avoid exaggerated immune-pathologic effects 
due to excessive inflammation.

In the current study, the IFN-γ levels were significantly depressed in the dexamethasone-
treated T. gondii infected mice [44].). Dexamethasone administration have been shown to induce 
programmed cell death in developing lymphocytes. Harold et al. [45] has shown that dexa-
methasone is a potent suppressor of cytokine production in T cells. This drug, just like other 
glucocorticoids, act by binding to the glucocorticoid receptor, which blocks the expression of 
pro-inflammatory cytokines and adhesion molecules. Previous early studies done by Hunter 
et al. [20] showed that mice lacking T cells do not survive latent infection while depletion in T 
cells during the chronic phase or as a result of immunosuppression re-activates the disease [35].

In the current study, the IL-10 levels were also elevated during the acute and chronic infection 
and there was also a decline in immunosuppressed mice (42–84 dpi). This anti-inflammatory 
cytokine, has the ability to antagonize T helper 1 (Th1) responses [46]. IL-10 is considered 
to be an inhibitor of Th1 and Th2 immune responses [47, 48, 49]. Therefore, the role of 
IL-10 cytokines secreted by macrophages, monocytes, B cells, and CD4+ and CD8+ T cells 
during both the acute and the chronic phases of infection in both immunocompetent and 
immunosuppressed mice is to acts broadly on accessory cells and adaptive cells responses 
to downregulate or limit the consequences of an exaggerated inflammatory response and 
major histocompatibility complex and costimulatory molecule expression [20, 47, 50, 51]. This 
cytokine also prevents tissue immune destruction through immunomodulation [18] and has 
been identified as a factor induced by T. gondii infection [35, 52] that can contribute to the 
suppression of T cell function [53, 54].

Toxoplasma gondii infection caused different pathological manifestations as shown in this 
study. In the early infection, BALB/c mice displayed intense inflammatory lesions in the liver, 
heart as well as disorganization of the germinal centers of the spleen, suggesting a strong 
immune response in the pathogenesis of the disease. In the spleen, the white pulp appeared 
enlarged due to cellular proliferation and its limit with the red pulp started to disappear. 
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The detectable changes in the splenic architecture of the structures in the spleen of dexa-
methasone treated mice have been associated with a decreased ability to mount an immune 
response against the toxoplasma parasites [55]. Multiple mechanisms have been implicated 
in splenic disorganization, including CD8+ T cell-mediated cytolysis of infected stromal cells 
or follicular dendritic cells and marginal-zone macrophages [56].

The results of the present study showed that chronically infected nontreated mice had an 
increase in mononuclear cells organ infiltrations upon infection. The recruitment of inflam-
matory cells as was the case in these organs, is one of the most important immune mecha-
nisms induced by IFN-γ and is geared towards control of parasite multiplication. These cells 
could also be responsible for the higher levels of cytokines observed in the initial stage of T. 
gondii infection observed in the study. However, although there was a decline in the cytokine 
levels in the immunosuppressed mice, there was marked infiltration of mononuclear cells in 
the organs, resulting in myocarditis and hepatitis. This could be a reflection of reactivation 
and spread of toxoplasma parasites following decline in inflammatory response hindering the 
control and proliferation of the parasite [57].

5. Conclusions

The results of this study indicates that immunological and pathological features of T. gondii 
in immunosuppressed BALB/c mice mimic toxoplasmosis in immunosuppressed humans 
as it occurs during advanced HIV infection when CD4+ counts are low. The infection in 
immunocompetent host was associated with elevated IFN-γ and IL-10 which declined after 
immunosuppression. However, in both competent and immunocompetent mice, the patho-
logical signs evident in the study were myocarditis, hepatitis characterized by mononuclear 
cell infiltration. Splenic exhaustion characterized by loss of normal spleen architecture also 
characterized the infection.
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Severe malaria presents with varied pathophysiological manifestations to include 
derangement in glucose homeostasis. The changes in glucose management by the 
infected human host emanate from both Plasmodium parasitic and host factors and/or 
influences which are aimed at creating a proliferative advantage to the parasite. This 
also includes morphological changes that that take place to both infected and unin-
fected cells as structural alterations occur on the cell membranes to allow for increased 
nutrients (glucose) transportation into the cells. Without the availability, effective and 
efficient intervention there is a high cost incurred by the human host. Hyperglycaemia, 
hypoglycaemia and hyperinsulinemia are critical aspects displayed in severe malaria. 
Conventional treatment to malaria renders itself hostile to the host with negative glucose 
metabolism changes experiences in the young, pregnant women and malaria naïve indi-
viduals. In malaria, therefore, host effects, parasite imperatives and treatment regimens 
play a pivotal role in the return to wellness of the patient. Phytotherapeutics are emerg-
ing as treatment alternatives that ameliorate glucose homeostasis alternations as well 
as combat malaria parasitaemia. The phytochemicals e.g. triterpenes, have been shown 
to alleviate the “disease” and “parasitic” aspects of malaria pointing at key aspects in 
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1. Introduction

Malaria is one of the most prevalent parasitic diseases ever to infect the human being with 
causalities exceeding 200 million a year of mostly children <5 years of age, pregnant women, 
and people form none-endemic areas who happen to be non-immune to the disease [1]. 
Continuous and frequent infections for the Plasmodium parasites from holoendemic areas 
induces immune semi-protection to the malaria disease mostly the malaria naïve visitors 
[2]. There are several parasites species of the Plasmodium genus (>100 species) but only a few 
have the correct virulence to cause malaria in humans. These include Plasmodium falciparum, 
Plasmodium vivax, Plasmodium ovale, Plasmodium malariae and the zoonotic Plasmodium knowlesi. 
These parasites give diverse malarial syndromes with P. falciparum giving the most virulent 
and fatal disease. Even with this infection, the disease poses varying degrees of severity with 
one extreme displaying an asymptomatic blood smear erythrocytic phase positive infection 
and the other extreme displaying severe malarial disease with high mortality risk [3]. Severe 
malaria (SM) manifests as clinical and pathological heterogeneous complications that differ in 
the rate of occurrence, age of the subjects and geographical distributions [4] following disease 
patterns and time course that may be predictable or completely obscure to researchers, clini-
cians and the subjects alike.

While cerebral malaria (CM) ranks as the most dangerous, with the highest fatality of all 
forms of SM, severe malaria anaemia (SMA) [5] follows a close second in sub-Saharan Africa. 
Hypoglycaemia [6–8], hypotension, acute kidney injury (AKI) [9], acute respiratory distress 
syndrome (ARDS) and acute lung injury (ALI) [10], pulmonary oedema, non-respiratory 
acidosis (nRD) and hyperlactaemia [11–13], bleeding and blood clotting irregularities with 
thrombocytopaenia, aberrant inflammatory response [14] and pre-hepatic jaundice are often 
presented in SM although at varying incidence and prevalence [15]. The pathophysiology and 
parasitic influences are indeed variable in individuals. However, in all complications there 
is a base line of metabolic and homeostatic dysfunctions that have been observed over time, 
especially of glucose and associated processes that seem to be ameliorated by agents trained 
at the “disease” aspect of malaria [8, 10, 16] as compared to the “parasitic” influences.

Several factors tend to influence glucose homeostasis in malarial infections. These include 
parasite metabolism, malarial pyrexia, human host hormonal changes, inflammatory soluble 
mediators (cytokines and chemokines), natural immunological responses irregularities, 
malarial anorexia and cachexic tendencies and gastrointestinal disturbances [11]. There 
is a general trend observed in the glucose homeostasis that follows a tendency towards 
hypoglycaemic phenotype which, without appropriate intervention, evolves into end stage 
disease hyperglycaemia. Insufficient hormonal effectiveness associated with immunological-
inflammatory aberrations of severe malaria play a pivotal role in the malaria-induced glucose 
homeostasis decline.

Insulin is the foremost and most important hormone that is involved in the plasma glucose 
homeostasis and is counter regulated by almost other hormones that are involved in carbo-
hydrate metabolism such as glucagon, thyroid hormones (thyroxine and triiodothyronine) 
growth hormone, cortisol, somatomedins, somatostatins, gastrointestinal secretin of the other 
hormones.

Parasites and Parasitic Diseases24

In malaria, the intracellular-erythrocytic malaria parasite partly influences glucose homeosta-
sis. Generally, the red blood cell (RBC) or erythrocyte is categorised as an insulin-independent 
tissue having no plasma membrane insulin receptors (IR’s). Glucose uptake by the RBC’s is 
transported across their plasma membrane through the facilitation of glucose transporter 1 
(GLUT 1). There is a significant and dramatic transformation of parasitized RBC’s (pRBC’s) 
plasma membranes after invasion by the Plasmodium parasite through insertion of various 
transmembrane proteins forming knobs which are interactions between the host and parasite 
proteins. These structures are formed from pRBC proteins such as spectrin and actin combin-
ing with parasite derived molecules such as ring-infected erythrocyte surface antigen (RESA), 
knob associated histidine-rich protein (KAHRP), mature parasite-infected erythrocyte surface 
antigen (MESA), Plasmodium falciparum erythrocyte membrane protein 1 (PfEMP1) and PfEMP3 
[17]. These protein remodel the pRBC for increase parasite virulence, expedite the movement 
of parasite requirements into and discarded products out of the pRBC to meet the needs of the 
growing intra-erythrocytic food vacuole enclosed parasites [18]. There is a distinct change that 
occurs in the cell membrane structure and function in pRBC’s with targeted disruption para-
site proteins genes invariably leading to changes in membrane rigidity and, cytoadherence and 
glucose transportation [19, 20] (Figure 1). The resultant changes in the cell membrane is neces-
sary to maintain the structural formation or remodelling necessary for exchanges between the 
food vacuole and the host cell cytoplasm. Channels formed in the plasma membrane need to 
be maintained without disruption until the parasite intra-erythrocyte parasite has matured. 
This also means the mechanism for glucose transport into the pRBC’s are also maintained.

The main parasitic energy source is glucose. The P. falciparum hexose transporter (PfHT), which 
transports both glucose and fructose, is the main transporter of glucose shuttle from the cyto-
plasm to the parasitophorous vacuole [15, 21–23]. Within the parasite vacuole, glucose concen-
tration may be higher than that in the pRBC due to the efficient transport of the PfHT driving 
hypoglycaemia to some extent, although it was thought to be an passive action before [24].  

Figure 1. Scanning electron micrograph of normal RBC and Plasmodium falciparum pRBC. The three normal RBC at the 
centre appear regular and smooth and have a biconcave structure. In contrast the two peripheral pRBC have an irregular 
and rough surface and have lost the biconcave structure. (Published with permission, Professor David Ferguson, Oxford 
University, Oxford, UK). Scale bar = 1 μm.
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Also, pRBC anchor protein glycosylphosphatidylinositol (GPI) have an insulinomemetic 
effect that may also drive hypoglycaemia. However, insulin resistance seen in end-stage 
SM, fuels hyperglycaemia where insulin-dependent tissues like muscle and adipose tissue 
may be deficient of glucose intracellularly in the face of hyperinsulinism depicting glucose 
disturbances during SM [25]. Counter regulatory glucose metabolism also has been shown 
to increase gluconeogenesis in SM without necessarily increasing their activities due to the 
tissue resistance to insulin [26]. In addition to hormonal effects, inflammatory mediators play 
a crucial role in the hyperglycaemia experienced in SM.

It is imperative to explain the normal glucose homeostasis before a description of the patho-
physiology of malarial glucose metabolism may be attempted. Here the process by which 
aberrant glucose metabolism occurs in SM is explored with critical emphasis on how manage-
ment of the malaria disease may be useful in averting glucose homeostasis derangements.

1.1. Glucose homeostasis

Human blood glucose concentration control is one of the most tightly and acutely physiologi-
cal processes. Glucose utilisation, storage and remarshalling takes place in diverse number of 
tissues to include in the blood. When carbohydrates are consumed, blood glucose diminishes 
in concentration through an insulin-stimulated glucose transport process into the skeletal 
muscles and adipose tissue for storage. Glucose is stored as glycogen in the skeletal muscles 
which is subsequently oxidised to provide energy following an active transport process.

Glucose transporter 4 (GLUT4) is the key player in modifiable whole-body glucose homeo-
stasis and balance. Even after a huge caloric intake, elevated glucose concentrations are 
promptly restored to concentrations between 5 and 6 mmol/L which would vary to slightly 
lower concentration in times of long term starvation or considerable food intake deprivation. 
This way, severe dysfunctions induced by hypoglycaemia such as loss of consciousness and 
peripheral tissue noxiousness of chronic diabetes mellitus are forfended. In malaria, however, 
GLUT1 is more prominent in glucose transport in both the pRBC and the hepatocyte although 
GLUT2 is the resident transporter of glucose in the liver cells.

2. Glucose transporter 4 (GLUT4)

To modulate the glucose homeostasis, an exogenous glucose load transport into skeletal 
muscles is mediated by the solute carrier 2A4 (SLC2A4) gene coded protein GLUT4 which 
is a 12-transmembrane domains containing sugar transporter. GLUT4 is one of the 13 sugar 
transporter proteins (GLUT1-GLUT12 and HMIT) which are encoded in the human genome 
[27] which catalyse hexose transport across cell membranes through ATP-independent, facili-
tative diffusion mechanism [28].

There is a varied display of kinetics and substrate specificities amongst the sugar transporters 
with GLUT5 and GLUT11 specialising in the transport of fructose. There is a high expression 
of GLUT4 in adipose tissue and skeletal muscle although a selective cohort of other transport-
ers are also present with GLUT1, GLUT5 and GLUT12 significantly contribute to the glucose 
uptake by muscle tissue [30, 31] while GLUT8, GLUT12, HMIT are also expressed by adipose 
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tissue [27, 32]. GLUT4 remains in the cytoplasm when it is in its inactivated state making a 
unique and characteristic rapid response when plasma glucose concentrations are increased 
with an acute redistribution to the plasma membrane under the influence of insulin [33]. 
The cytoplasmic domains of GLUT4 provides the distinctive plasma membrane mobiliza-
tions capabilities of this sugar transporter in that it contains a unique sequence in its N- and 
COOH terminals (Figure 2). In the N-terminal GLUT4 has a critical phenylalanine residue 
[34], a dileucine and acidic motifs in the COOH terminus, which motifs directs kinetic facets 
of endocytosis and exocytosis recycling trafficking coordination [35, 36]. GLUT4 plays a criti-
cal role in both insulin signalling and plasma membrane trafficking [37].

Stimulation of GLUT4 recruitment to the surface of plasma membranes of muscle and adipose 
cells is carried out by insulin and exercise in a non-transcription or translation dependent 
process [38, 39]. However, the signalling mechanisms that are initiated by these two physi-
ological stimulations leading to the translocation of GLUT4 and the uptake of glucose are 
distinct and separate [40, 41] as shown by the diagrammatic representation in Figure 3. This 
has a profound implication on the hyper-muscular/physical activities (physical movement or 
malaria pyrexia) and hyperinsulinemia that tend to be associated with malaria which may 
lead to and or worsen hypoglycaemia of malaria.

In the canonical insulin signalling pathway, activation of the insulin receptor (IR) tyrosine 
kinase triggers the process leading to insulin receptor substrate proteins (IRS) tyrosine phos-
phorylation and their recruitment of PI 3-kinase. PI 3-kinase catalyses the conversion of phos-
phatidylinositol (4,5)P2 to phosphatidylinositol (3,4,5)P3 (PIP3), which triggers protein kinase 
Akt activation through intermediate proteins PDK1 and Rictor/mTOR [42, 43].

A number of cellular stress signals enhance glucose uptake by skeletal muscle. Free fatty 
acids (FFT’s), increased cytokines, endothelial reticulum stress, hypoxia, oxidative stress, 

Figure 2. Predicted topology map of GLUT4. The membrane topology was predicted using the TOPCONS web server for 
consensus prediction of membrane protein topology and signal peptides [29]. Grey amino acids were added for aiding 
purification and removal of purification tags.
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Also, pRBC anchor protein glycosylphosphatidylinositol (GPI) have an insulinomemetic 
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tissue [27, 32]. GLUT4 remains in the cytoplasm when it is in its inactivated state making a 
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phatidylinositol (4,5)P2 to phosphatidylinositol (3,4,5)P3 (PIP3), which triggers protein kinase 
Akt activation through intermediate proteins PDK1 and Rictor/mTOR [42, 43].
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acids (FFT’s), increased cytokines, endothelial reticulum stress, hypoxia, oxidative stress, 
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inhibitors of cellular metabolism, decreasing cellular energy supply and increasing AMP/ATP 
ratios (Figure 3) tend to increase glucose uptake by muscle cells. These effectors of glucose 
uptake are readily found in malaria infection as both a result of parasite and host mechanism 
for survival. In adipocytes and muscle cells, hyperosmotic stress, a common feature of SM, 
promote GLUT4 translocation by activating AMPK and Gab-1 dependent signalling path-
way, respectively [44]. Furthermore, osmatic shock activates Akt substrates, which promotes 
GLUT4 exocytosis to the plasma membranes of adipocytes increasing glucose uptake [45] and 
in malaria, inducing hypoglycaemia. In a paradox of some sorts, chronic hyperosmotic stress 
causes insulin resistance in isolated or cultured adipocytes as shown by increased insulin 
concentration and hyperglycaemia. Apparently, mTOR signalling pathway arbitrates this 
hyperosmolality-induced hyperinsulinemia a phenomenon that has been observed in end 
stage SM disease in animals where a cycle of hyperglycaemia breeding more hyperosmolality 
leads to more insulin resistance [44]. An intricate mTOR signalling, involving an intricate 
negative feedback mechanism, aiming at insulin and AMPK signalling pathways have been 
revealed [46]. Further to that, GLUT4 compromised sensitivity to insulin signalling pathway 
is a common feature of obesity and diabetes mellitus mediated by fatty acids activity [47], 

Figure 3. Convergence of signalling pathways: initiated by insulin and exercise leading to GLUT4 translocation 
insulin signalling through the PI 3-kinase pathway and muscle contraction through both elevated AMP/ATP ratios 
and intracellular [Ca2+] leads to activation of downstream protein kinases (Akt, aPKCl/z, AMPK, CaMKII cPKC) that 
phosphorylate putative effectors that modulate steps in the GLUT4 trafficking pathways. Negative regulation of these 
pathways by fatty acids, cytokines, and endoplasmic reticulum stress responses are observed in obesity and diabetes, 
contributing to insulin resistance. Dashed lines imply hypothetical pathways not yet experimentally verified.
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cytokines activity [48] and endoplasmic reticulum stress response [49] (Figure 3). Activation 
of stress protein kinases that are involved in the phosphorylation of IRS proteins serine resi-
dues attenuate tyrosine phosphorylation of IRS by insulin causing the negative regulation of 
GLUT4 translocation to the plasma membrane surface (Figure 3). These processes are inimical 
to glucose homeostasis as does end stage non-reversible SM [15].

3. Glucose transporter I (GLUT1) and it involvement in malaria

Most cell depends on glucose as a key substrate for a variate of metabolic processes that 
are necessary for energy production and cellular building blocks. Transportation of glucose, 
and other carbohydrates, into the cytoplasm of most cells is through a 14 member family of 
integral membrane glucose transporter molecules also known as solute carrier 2A protein 
which are sub-divided into Classes I–III [50]. Within this superfamily is the glucose trans-
porter 1 a Class I facilitative glucose transporter expressed in the hepatocytes [51] with the 
highest expression being found in the membrane of the erythrocyte or red blood cells (RBC’s) 
[52] and also influences the glucose uptake across the blood brain barrier [53]. GLUT1 has 
various functions in the body amongst which being a receptor for the human T cell leukae-
mia virus [54] and glucose transport in T-cells where it regulates infection by the Human 
Immunodeficiency virus [55] appear to be the most prominent ones besides its involvement 
with malaria infection in both the red blood cell and the hepatocyte [55].

The malarial parasite expurgates a uni-directional trajectory during its infection of the human 
being from the time the Plasmodium sporozoites are injected into the bite by an infected mos-
quito to the period of overt symptomatic infection. After crossing the hepatic endothelium, 
sinusoids and entering the liver, sporozoites transverse several parenchymal liver cells before 
finally invading one in which the productive asymptomatic exoerythrocytic forms (EEF’s) dif-
ferentiation takes place with the origination thousands of RBC’s-infective merozoites which 
are released into the circulation to start symptomatic infection [56].

Production of adenosine triphosphate (ATP) [24], the energy source of the blood stage mero-
zoites and other erythrocytic stage parasites, is derived from glycolysis of which a model now 
exist for the Plasmodium falciparum [57] showing it as an equilibrated than an active process 
in the parasite [24]. GLUT1 has been shown to transport glucose from human plasma to the 
erythrocyte cytoplasm [58] from where the parasite encoded facilitative hexose transporter 
(PfHT) [59], which limits glucose entry into parasite’s glycolysis [60]. Thus, the PfHT tar-
geting in novel malaria treatment is plausible undertakings [61] seeing that in the murine 
malaria model, P. berghei, orthologous hexose transporter (PbHT), is expressed throughout 
the parasite’s development in the mosquito vector, during hepatic and transmission stages 
[62]. When the PbHT are inhibited (by compound 3361), a drastic inhibition of growth of the 
hepatic parasitic stage of the P. berghei was observed, showing that glucose uptake is crucial in 
infected hepatocytes for both energy and nutrients supply for the parasite [61]. In vitro studies 
have established that the key parameters in the development of liver stage parasites were the 
glucose concentration in the cell culture media and utilisation of glucose by the Plasmodium 
liver stages [63]. Glucose requirements during the course of parasite development in the 
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way, respectively [44]. Furthermore, osmatic shock activates Akt substrates, which promotes 
GLUT4 exocytosis to the plasma membranes of adipocytes increasing glucose uptake [45] and 
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causes insulin resistance in isolated or cultured adipocytes as shown by increased insulin 
concentration and hyperglycaemia. Apparently, mTOR signalling pathway arbitrates this 
hyperosmolality-induced hyperinsulinemia a phenomenon that has been observed in end 
stage SM disease in animals where a cycle of hyperglycaemia breeding more hyperosmolality 
leads to more insulin resistance [44]. An intricate mTOR signalling, involving an intricate 
negative feedback mechanism, aiming at insulin and AMPK signalling pathways have been 
revealed [46]. Further to that, GLUT4 compromised sensitivity to insulin signalling pathway 
is a common feature of obesity and diabetes mellitus mediated by fatty acids activity [47], 
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cytokines activity [48] and endoplasmic reticulum stress response [49] (Figure 3). Activation 
of stress protein kinases that are involved in the phosphorylation of IRS proteins serine resi-
dues attenuate tyrosine phosphorylation of IRS by insulin causing the negative regulation of 
GLUT4 translocation to the plasma membrane surface (Figure 3). These processes are inimical 
to glucose homeostasis as does end stage non-reversible SM [15].

3. Glucose transporter I (GLUT1) and it involvement in malaria

Most cell depends on glucose as a key substrate for a variate of metabolic processes that 
are necessary for energy production and cellular building blocks. Transportation of glucose, 
and other carbohydrates, into the cytoplasm of most cells is through a 14 member family of 
integral membrane glucose transporter molecules also known as solute carrier 2A protein 
which are sub-divided into Classes I–III [50]. Within this superfamily is the glucose trans-
porter 1 a Class I facilitative glucose transporter expressed in the hepatocytes [51] with the 
highest expression being found in the membrane of the erythrocyte or red blood cells (RBC’s) 
[52] and also influences the glucose uptake across the blood brain barrier [53]. GLUT1 has 
various functions in the body amongst which being a receptor for the human T cell leukae-
mia virus [54] and glucose transport in T-cells where it regulates infection by the Human 
Immunodeficiency virus [55] appear to be the most prominent ones besides its involvement 
with malaria infection in both the red blood cell and the hepatocyte [55].

The malarial parasite expurgates a uni-directional trajectory during its infection of the human 
being from the time the Plasmodium sporozoites are injected into the bite by an infected mos-
quito to the period of overt symptomatic infection. After crossing the hepatic endothelium, 
sinusoids and entering the liver, sporozoites transverse several parenchymal liver cells before 
finally invading one in which the productive asymptomatic exoerythrocytic forms (EEF’s) dif-
ferentiation takes place with the origination thousands of RBC’s-infective merozoites which 
are released into the circulation to start symptomatic infection [56].

Production of adenosine triphosphate (ATP) [24], the energy source of the blood stage mero-
zoites and other erythrocytic stage parasites, is derived from glycolysis of which a model now 
exist for the Plasmodium falciparum [57] showing it as an equilibrated than an active process 
in the parasite [24]. GLUT1 has been shown to transport glucose from human plasma to the 
erythrocyte cytoplasm [58] from where the parasite encoded facilitative hexose transporter 
(PfHT) [59], which limits glucose entry into parasite’s glycolysis [60]. Thus, the PfHT tar-
geting in novel malaria treatment is plausible undertakings [61] seeing that in the murine 
malaria model, P. berghei, orthologous hexose transporter (PbHT), is expressed throughout 
the parasite’s development in the mosquito vector, during hepatic and transmission stages 
[62]. When the PbHT are inhibited (by compound 3361), a drastic inhibition of growth of the 
hepatic parasitic stage of the P. berghei was observed, showing that glucose uptake is crucial in 
infected hepatocytes for both energy and nutrients supply for the parasite [61]. In vitro studies 
have established that the key parameters in the development of liver stage parasites were the 
glucose concentration in the cell culture media and utilisation of glucose by the Plasmodium 
liver stages [63]. Glucose requirements during the course of parasite development in the 
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hepatocyte and the host cell molecular receptors involved with the uptake of glucose by 
the cells was studied in this work. P. berghei infection resulted in the depletion of ATP with 
subsequent translocation of GLUT1 from the cytoplasm to the membrane surface of infected 
hepatocytes which resulted in significantly higher glucose uptake compared to non-infected 
cells. Furthermore, glucose plays in a critical role during the development of the liver stage 
infection, modulating the Plasmodium development in the EEF’s [52].

3.1. Effect of glucose on hepatic murine malaria infection model

Experiments have been carried out to the effect of glucose in the propagation of malaria dis-
ease in vitro and in vivo. Inclusion of various glucose from 1.25 to 20 mM in a hepatic cell 
(Huh7 cells) line which cover the physiological glucose concentration range, 2.5 to 10 mM 
[64], unravelled that the increasing glucose concentrations availability 48 hours post infection 
(hpi) correlated with overall Plasmodium patent infection [52]. Using a parasite load marker 
and cell viability, luminescence intensity [65], investigators reported that concentrations of 
glucose <10 mM, which is the cell medium standard, significantly impairs hepatic Plasmodium 
infection while excess glucose does not affect cell viability but is decreased at 2.5 and 1.5 mM 
glucose concentrations [52]. A flow cytometry-based approach using green fluorescent pro-
tein (GFP)-expressing P. berghei parasites [66] was used to determine the number of infected 
hepatic cells and parasite growth. The ability of parasite to transverse or invade hepatic cells 
was not dependent on glucose concentration within the initial 2 hours when sporozoites 
hepatocytes invasion was virtually complete [66], but after 48 hpi glucose concentration was 
important with concentrations of >20 mM showing the higher parasite development and 
lower at concentrations of glucose lower than glucose physiological range.

Furthermore, the parasite size correlates well with glucose concentration (very small parasites 
<50 μm2 and fewer infected cells) while increasing glucose concentration (10–20 mM) favoured 
increased parasite sizes (>200 μm2) and number of infected cells [52]. While hepatoma cells 
(Huh7 cells) depend highly on glucose uptake for ATP glycolysis synthesis [67], primary liver 
cells store glucose as glycogen from which ATP is obtained through oxidative phosphoryla-
tion. However, regardless of the hepatocyte source, parasite proliferation depends greatly on 
glucose concentration with increased glucose uptake highest in plasmodium-infected hepato-
cytes, parasite development and survival [52].

To demonstrate the link between hepatic stage parasite development, plasmodium replica-
tion and increased glucose uptake, fluorescent glucose analogue, 2-deoxy-2-[(7-nitro-2,1,3-
benzoxadiazol-4-yl)amino]-D-glucose (2-NBDG) [68, 69], has been used. At 30 hpi set point 
and onward, significant glucose uptake by the hepatocyte and the parasite increases in cells 
infected by viable parasites as compared to non-infected cells and infected cells with non-
replicating cells [52, 66].

Glucose uptake depends on several influences that include feeding and fasting status, 
exposure to heat or cold [70], physical activity [71], oxidative stress [72], hepatic diseases 
(steatosis, non-alcoholic fatty acid liver disease, hepatitis C virus infection) [73]. However, 
none of the stress-inducing factors contribute to the increase in glucose uptake besides the 
presence of malaria parasites in infected hepatocytes in any comparable measure which indi-
cate Plasmodium parasite has a specific and unique way for handling glucose homeostasis. 
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Actually, experiments carried out have invariably shown that the malaria parasites induce 
glucose uptake that is not a non-specific response to stress or to infection but a specific and 
enhanced marked glucose uptake with a calculated end. Other intracellular organisms have 
been reported to have a dissimilar effect on glucose uptake which makes the Plasmodium glu-
cose metabolism rather inimitable. Toxoplasma gondii does not depend on glucose uptake from 
the host [74]. On the other hand, cellular glucose uptake is suppressed through downregula-
tion of cell surface glucose transporters expression during active hepatitis C virus replication 
[75]. This, then, characterises Plasmodium infection as an exceptional intracellular parasite 
glucose homeostasis machinery whose aetiology and mechanism of action has insidious con-
notations to human survival seeing that the parasites life cycle is intimately associated to and 
manipulates human biology at will.

3.2. Specific indications of GLUT1 implication in malarial parasite-infected-cell 
glucose uptake

In experiments that sought to ascertain by which specific glucose transporter was uptake 
enhancement possible, genes for the expression of 5 transmembrane glucose transporters 
were sequentially down-regulated and the effect of this measured in Huh& cell lines. Class I 
GLUT genes (GLUT1-4) and GLUT9, which is a HepG2 hepatoma cells (and Huh7 equivalent) 
glucose influx regulator [76], were screened for their influence of glucose uptake in malaria 
parasite-infected cells through silencing each gene at a time and determining the parasite load 
[52]. The GLUT1 gene knock down (KD) resulted in the most significant decrease in malaria 
parasites in these experiments. This did not only show that glucose uptake was important 
for parasite development but also that GLUT1 was responsible for the glucose uptake that 
causes enhanced parasite growth in the liver cells. Down-regulation of GKUT2, which the 
major glucose transporter in hepatocyte did not affect the glucose uptake in cells holding 
actively replicating parasites as it was observed that GLUT1 KD did not affect glucose uptake 
in non-infected cells [52]. Chemical inhibition of GLUT1 (adding 100 μM WZB117 to cell cul-
ture) in both hepatoma cells and primary hepatocytes has been reported as having the same 
decreased effect on glucose uptake, parasite development and replication as does GLUT1 KD.

3.3. Glucose transporter 1 expression in Plasmodium-infected cells

A hypothesis that the enhanced glucose uptake in Plasmodium-infected cells may due to an over 
expression of the GLUT1 in malaria is an intruding and tempting approach to explaining the 
increased glucose uptake that is associated with malarial hypoglycaemia. However, Meireles et al. 
[52] monitored the expression of the GLUT1 in infected Huh7 cells, at increasing time periods hpi, 
revealed a different and amazing phenomenon contrary to the hypothesis. No significant increase 
in GLUT1 mRNA was observed between infected and non-infected cells using fluorescence- 
activated cell sorting (FACS) technique [77] and analysing with quantitative real-time polymerase 
chain reaction (qPCR) and GLUT1 specific primers. This, therefore, means that the amplified glu-
cose uptake by Plasmodium parasite-infected cells does not emanate from genetically induced 
GLUT1 synthesis but from the circulating pool of already existing glucose transporters.

As Plasmodium parasites increase in number in the infected cell, there is a proportional deple-
tion of cytoplasmic ATP overall. It is necessary that GLUT1 to remain inactive during normal 
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tion. However, regardless of the hepatocyte source, parasite proliferation depends greatly on 
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or reduced cellular energy demands or else it will derive hypoglycaemia. This necessary regu-
lation occurs through the binding of ATP by GLUT1 cytoplasmic pockets [78] which causes 
conformational changes to the molecule inhibiting glucose transportation [79]. In a com-
petitive binding principle, Adenosine monophosphate (AMP) and Adenosine diphosphate 
(ADP) counteract the ATP-induced conformational modulation by binding to the same site 
activating the glucose GLUT1-mediated transportation [78]. True enough, intracellular ATP 
has been reported to be significantly decreased in Plasmodium parasite-infected cells as com-
pared to non-infected cells validating presumably decreased ATP/ADP/AMP ratio of malaria 
infection that drives conformational changes in GLUT1 [78–80]. The sequence of events in 
GLUT1 metabolism in malaria infection tends to follow a transcendence guided by the deple-
tion of intracellular ATP, which activates the GLUT1 proteins and subsequent translocation 
to the infected cell membrane where it enhances glucose uptake driving the hypoglycaemia 
pathophysiology of malaria.

4. Comparison of GLUT1 and GLUT2 involvement in glucose 
uptake in malaria

The significant increase in infected liver cells through an enhanced action and translocation of 
GLUT1 to the surface membrane looks like the key mechanism by which Plasmodium parasites 
acquire the source of energy that is obligatory for their replication and survival. The ability to 
transport glucose across plasma membranes is a feature in most cells that make the hexose a 
ubiquitous common currency of metabolism [50]. Whereas GLUT2 represents the major glu-
cose transporter, (uptake and release, in hepatocytes during the fed and starved state, respec-
tively [50, 81], GLUT1 is also transcribed and expressed in the liver cells of the periportal and 
perivenular hepatic areas [82].

There are disparities between GLUT1 and GLUT2 in terms of their capacity to handle and 
affinity for glucose. GLUT2’s capacity and affinity for glucose are inversely related, i.e. high 
capacity and low affinity shown by a Km value (glucose concentration at which transport is 
half of its maximum value) of 17 mM [83]. The Km value of GLUT1 is higher and much closer 
to that of the PfHT at 3 mM [83] as compared to 1 mM [23]. Therefore, GLUT1 may be bet-
ter matched for hexose supply to the Plasmodium parasite in malarial hypoglycaemia where 
glucose concentration decreases towards the Km of the solute transporter.

There is a restriction of GLUT1 to membrane of liver cells that are proximal to the hepatic ven-
ule during basal states, although the transporter is expressed by all hepatocytes [50, 51, 82].  
There is a decreasing gradient of oxygen and glucose as blood flows from the portal to hepatic 
venule due to the unidirectional perfusion of the hepatocyte plate [84]. This environment 
of reduced circulating glucose concentration [85] and hypoxia [86] are instrumental and 
conducive to the enhanced membranous expression of GLUT1. Hypoxia boosts liver stage 
malarial infection as much as does an activator of hypoxia inducible factor-1α (HIF-1α) or the 
hypoxia mimetic CoCl2 [87]. On the other hand, increased concentrations of HIF-1α have been 
shown to upregulate GLUT1 expression [88] and CoCl2 is known to enhance the transloca-
tion of the hexose transporter to the plasma membrane [52, 89]. Overall, GLUT1-mediated 
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glucose transport seems to provide the important linkages defining the preferred tendency 
of Plasmodium parasites in infecting hypoxic hepatocytes and red blood cells or inducing 
hypoxia as a driver of enhanced infectivity.

5. Mode of action of GLUT1 in glucose transport

Consequent to the extensive replication of the Plasmodium parasite in hepatocyte is the 
depletion of intracellular glucose concentration and subsequently concentration of ATP as 
well. The compensatory mechanism is an increase in glucose uptake. This may either result 
from activation of GLUT1 transporters at cell membrane as a result of AMP-dependent con-
formational alterations or from the GLUT1 translocation to the plasma membranes towards 
parasite final development stages [52]. The resultant momentous increase in glucose uptake 
during malarial infection does not only affect Plasmodium infected cells. Non-infected cells 
within the immediate environ of the infected cells also experience a glucose and energy 
deficit that tends to trigger similar glucose uptakes, albeit at inferior response. A comparable 
slight decrease in intracellular ATP and increase in translocation of GLUT1 with concomitant 
slight increase in glucose uptake in non-infected cells although it is still not clear what mecha-
nisms are involved in the regulation of GLUT1’s translocation or activation [52]. Activation 
of pre-existing GLUT1 on the plasma membranes which enhance glucose uptake has been 
shown to be associated with stimulation of AMP-activated kinase activity [90]. Also, GLUT1 
translocation to the plasma membrane has been shown to be prompted by insulin and isch-
aemia (GLUT4 too) [91] in a manner dependent on a phosphoinositide 3-kinase (PI3K) [92]. 
Captivatingly, down-regulation of the α1 and α2 subunits does not seem to affect parasite 
development and glucose uptake by parasite-infected cells [52]. Furthermore, insulin addi-
tion or inhibition of PI3K with Wortmannin [93] did not seem to have a negative effect on 
infection and infected cell glucose uptake [52]. Protein kinase C phosphorylation of GLUT1 
generated rapid glucose uptake and heightened plasma membrane localization of GLUT1 
[94]. Speculation that the same mechanism may be at play in malarial glucose transported 
is well supported as the inhibition of GLUT1 result in reduced parasite replication parasite 
general infectivity.

The liver should be considered as a major site for postprandial glucose removal seeing that it 
holds a volume to remove 30–40% of glucose existing after ingestion [95] which could mean a 
huge glucose supply necessitating uptake that will support parasite growth. The association 
between increased risk from malaria infection with P. falciparum and diabetes type 2 (DM 2)  
is emerging [96] which may link GLUT1 glucose uptake as a possible instigator in these dis-
ease common trajectory. Sub Saharan Africa has seen an upsurge in DM 2 [97] in an area 
where malaria has been endemic for several years. Plasmodium parasites from infected DM 
2 individuals have also been shown to have a higher infective capacity than those from non-
DM 2 individuals [98] showing possibly the uptake of glucose by parasite infected cells plays 
a critical role in rendering the parasites more potent in transmission of the disease. As such, 
GLUT1 may be a druggable target for the treatment of malaria. The modulation of GLUT1 in 
cells that contain the malaria parasite provides leads towards the use of energy supply inhibi-
tion as a potential weaponry in the arsenal to combat malaria.
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or reduced cellular energy demands or else it will derive hypoglycaemia. This necessary regu-
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translocation to the plasma membrane has been shown to be prompted by insulin and isch-
aemia (GLUT4 too) [91] in a manner dependent on a phosphoinositide 3-kinase (PI3K) [92]. 
Captivatingly, down-regulation of the α1 and α2 subunits does not seem to affect parasite 
development and glucose uptake by parasite-infected cells [52]. Furthermore, insulin addi-
tion or inhibition of PI3K with Wortmannin [93] did not seem to have a negative effect on 
infection and infected cell glucose uptake [52]. Protein kinase C phosphorylation of GLUT1 
generated rapid glucose uptake and heightened plasma membrane localization of GLUT1 
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6. Interactions of glycosylphosphatidylinositol glucose homeostasis 
in malaria

The molecular interactions that brings about the activation of GLUT1 either on the plasma 
membrane or in the cytoplasm has been directly linked to the decrease of glucose and 
subsequently ATP from within the cell. Depletion of either glucose or ATP is associated 
with an increase in parasite replication and maturation. However, the triggering of the 
events in the decrease in glucose and ATP should a Plasmodium parasite initiative as other 
intracellular parasites discussed do not have such an inherent mechanism of glucose 
homeostasis.

Glycosylphosphatidylinositol (GPI) belongs to a class of glycolipids that are ubiquitous in 
eukaryotes where they display a number of biological effects [99]. In parasites, GPI’s are par-
ticularly abundant as free lipids or as anchors of proteins. The GPI also formulate the majority 
of glycoconjugates in the intraerythrocytic P. falciparum where it anchors to the cell membrane 
functionally important parasite proteins like the merozoite surface proteins (MSP-1, MSP-2, 
MSP-4) [100]. P. falciparum GPI synthesis is a developmental stage-specific manner which is 
crucial for development and survival of the parasite [101] in the same way GLUT1 recruit-
ment has been discussed elsewhere. The parasite GPI mediates hypoglycaemia through an 
insulin mimetic activity in a manner that increases GLUT1 population of the molecule on 
the surface membrane of Plasmodium infected cells via a tyrosine kinase dependent signal 
transduction [102] which puts this molecule at the centre of the processes leading to glucose 
and ATP depletion in the infected cell.

The GPI has also been reported to drive the pathophysiology of malaria through the ability to 
induce proinflammatory cytokines in the host which include tumour necrosis factor (TNF-α), 
interleukin-1β (IL-1β), nitric oxide (NO), interferon-γ (IFN-γ) [19, 103]. There is an up-regu-
lation of intercellular adhesion molecule-1, vascular cell adhesion molecule-1, and e-selectin 
expression in vascular endothelial cells and increases leukocyte and parasite cytoadherence 
via tyrosine kinase dependent signal transduction that has been observed [104]. Most of these 
synthetic processes where GPI is involved are energy dependent and expend ATP whose 
source is glucose thereby indivertibly upregulate demand for the hexose by most cells inter-
active with the anchoring molecule. There are structural similarities between insulin second 
messengers (phosphatidylinositol-PI) and Plasmodium GPI which makes the insulin memetic 
effect of the membrane anchored glycolipid induce hypoglycaemia [105, 106]. The structural 
similarity will entail the activation of steps for glucose uptake by-passing the insulin receptor 
(IR) position of insulin signal transduction system. With the numerous GPI production capac-
ity of the Plasmodium parasite, there arises a multitude of cellular GLUT1 activation that give 
increased glucose uptake into the cells. This brings about increased glucose availability to the 
growing parasites.

To bring this into perspective the relationship between the GLUT1 transporters and the sub-
sequent uptake of glucose uptake by the parasite, the glucose transporter in the parasite’s role 
in final glucose utilisation by the parasite needs be explored.
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7. Glucose transport in the intraerythrocytic Plasmodium parasites

With blood being a steady and abundant source of glucose, Plasmodium parasites find a 
haven and shelter of protection in the intraerythrocyte where they multiple and grow utilis-
ing glucose as the main energy source. When malarial parasites are deprived of glucose, ATP 
concentrations drop drastically and their hydrogen ion activity increased (pH drop) [107]. 
Parasite plasma membrane tend to depolarize with reduction in glucose concentration or 
reduced glycolysis or reduction of anaerobic fermentation of pyruvate to lactate, which are 
the systems by which parasites main sources of ATP [108]. Glycolysis provide faster ATP, 
although less efficient, than does oxidative phosphorylation at rates hundred times faster 
than the latter [109]. The malarial parasite does possess a glycolysis functionally disconnected 
branched TCA cycle which does not contribute to the Plasmodium energy homeostasis [110].

GLUT1, as mentioned elsewhere, delivers glucose to the cytoplasm of the RBC from the plasma 
in a passive down-a-concentration gradient facilitative process [111]. From the cell cytoplasm, 
the glucose has to transcend parasitophorous food vacuole (PFV) membrane which is highly 
porous to the solutes with molecular weights <1400 Da through high-capacity, low selectivity 
channels [112]. Uptake of glucose from the PFV is through a facilitative transport system 
carried out by, for P. falciparum, Plasmodium falciparum hexose transporter (PfHT) [PlasmaoDb 
accession number:PFB0210c] [24, 113].

There PfHT gene is a putative gene to the human glucose transporter gene with a homol-
ogy to GLUT1. The predicted topology of PfHT protein has 12 transmembrane helices with 
both of its carboxy and amino terminals positioned in the cytoplasm of the cell (Figure 4). 
Functional characterisation of PfHT has shown that the parasite sugar transporter is a 
sodium-independent, saturable, facilitative hexose transporter [113] with a mechanistic dif-
ference with GLUT1 in the way it interacts with substrates [109]. Whereas PfHT transports 
D-glucose (Km-1 mM) and D-fructose (Km-11.5 mM), GLUT1 is selective for D-glucose  
(Km-2.4 mM). The affinity for glucose by PfHT, therefore means that the parasite may be 
acquire the hexose at very low plasma concentrations. This is also corroborated by the low 
Km of GLUT1, which transporter increases activity in infected cells, providing an efficient 
linkage between the infected and the parasite for glucose uptake. As shown in Figure 4, the 
unidirectional glucose uptake is favourable for parasite survival and maturation and can 
drive severe hypoglycaemia of severe malaria.

There has been a critical observation of hyperglycaemia occurring during severe malaria which 
has a penchant for fatal outcomes. In unpublished data, it has been observed that animals that 
develop hyperglycaemia with or without treatment or intervention tended to have adverse 
outcomes and hyperglycaemia in malaria was determined to be an end-point marker which 
required intervention. The molecular basis of hyperglycaemia development in a disease that 
hypoglycaemia is more of the norm than the exception finds its basis on a number of factors 
that include parasite infection, inflammatory host response and hormonal aberrations. These 
factors revolve around the gluconeogenesis and glycogenesis-glycogenolysis-glycolysis axis 
and how these play-out in malaria pathophysiology.
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8. Production of glucose in malaria

Malaria has been associated with reduced glucose emanating from increased glucose utilisa-
tion by the growing intracellular parasites, especially towards the schizogony. Just as it has 
been shown that increased glucose trafficking is not as a result increased synthesis of GLUT1 
but increased activation of the hexose transporter brought about depletion of ATP, there is no 
considerable doubt that there is increased glucose production in P. falciparum malaria which 
could be driven by the plasma hypoglycaemia. This same phenomenon was shown in adults 
infected with malaria that displayed increased glucose production [115].

Stimulation of gluconeogenesis is attributed to be the underlying reason for the increase in 
glucose production is severe malaria which leads to increased plasma glucose concentration. 
Concomitant with the rise in plasma glucose concentration is the rise in concentration of 
a hormone milieu comprising of plasma cortisol, glucagon and adiponectin. Surprisingly, 
the rise in the glucogenic hormones is not the cause of the increase in plasma glucose 
concentration.

In malaria, there is an increase in cytokine activities with TNF-α and IL-6 [116] which are 
known to have a stimulatory effect on glucose production indirectly through their influence 
on the secretion of glucose counter regulatory hormones [117]. Moreover, TNF-α stimulates 
the synthesis of prostaglandin synthesis by Kupffer cells and in turn, to complicate the pic-
ture somewhat, glucose production is inhibited by prostaglandin [117] showing an intricate 
mechanism involving glucose utilisation and production in severe malaria.

Figure 4. Hexoses uptake in Plasmodium-infected red blood cell shown in a schematic representation A. The EPM 
(erythrocyte plasma membrane), the PVM (parasitophorous vacuole membrane), the PPM (parasite plasma membrane) 
are shown. GLUT1, mammalian glucose transporter; GLUT5, mammalian fructose transporter; NPP, new permeability 
pathways (do not contribute significantly to the uptake of glucose [114]). B is the predicted topology of Plasmodium 
falciparum hexose transporter (PfHT) [113].
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8.1. Malaria-related glucose clearance

Plasma glucose concentration is a balance between production and uptake or clearance 
which assist in the maintenance of the hexose within physiologic range. In cerebral malaria, 
showing severe malaria, there is an increase of glucose clearance rate by 42% and to a lesser 
extent in uncomplicated malaria increased by 9%. However, the overwhelming determinant 
of plasma glucose concentration in malaria is not through increased or decreased produc-
tion but it is presumed to be through increased peripheral glucose uptake [115]. In theory, 
infected red blood cells have an increased glucose consumption of between 30 and 75 times 
than non-infected erythrocytes up to the time of trophozoite development of the parasite 
[118]. Increased glucose and lactate kinetics [6] and alanine metabolism have been reported 
in acute falciparum malaria [119]. The environmental stressor phenomenon brought about 
malarial illness impinges negatively on glucose utilisation with the overt outcome of glucose 
impaired metabolic processes like glycogenolysis and gluconeogenesis.

8.2. Malarial glycogenolysis

The glycogen mass in muscle and liver of infected animals has been observed to be much less 
as compared to control animals exposed to the same amount of food and water. Generally, the 
rate of glycogenesis in malaria is slow to absent as it is overridden by the quest to maintain 
euglycaemia in the face of hypoglycaemic threats and pressures. Glycogenolysis or glycogen 
breakdown to yield plasma glucose has more capacity than glycogenesis in both the liver and 
the muscles, however this occurrence may not cause hypoglycaemic tendencies of malaria. 
There is a hepatic autoregulation in as far as glycogen content is concerned in malaria, but its 
contribution to malarial hypoglycaemia is limited as compared to the increased clearance of 
glucose in malaria. Furthermore, glycogen, although lower in content in infected cases as com-
pared to non-infected cases, is always present and not depleted completely in malaria [120].

8.3. Malarial gluconeogenesis

There has been a remarkable observation that, gluconeogenesis tends to increase with sever-
ity of the disease in P. falciparum infection and the more severe the disease the higher the 
stimulation degree. The previous consensus has been to the contrary of this observation in 
both pregnant and non-pregnant women with impaired gluconeogenesis as a recognised 
paradigm in malaria [121, 122]. The increased gluconeogenic stimulation is premised on the 
very important gluconeogenic precursor, the amino acid glutamine [123]. Children with acute 
malaria tend to have low concentrations of the amino acid [124] and will result in an increase 
rate of gluconeogenesis in a negative feedback mechanism rather than cause impairment. 
Furthermore, glycerol metabolism remains intact in malaria [125] and making the increase 
in gluconeogenic activity an perpetual enigma as fatty acid metabolism is also of no conse-
quent in the aetiology of the glucose production process. Supply of gluconeogenic precur-
sors, soluble chemical mediators and counterregulatory hormones remain key protagonists 
in the increases gluconeogenesis of malaria although none of these is directly involved in the 
process. The paracrine hormones overture seems also a critical but complicated avenue in 
explaining the increased gluconeogenic activity seen in malaria as there have a close influence 
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infected red blood cells have an increased glucose consumption of between 30 and 75 times 
than non-infected erythrocytes up to the time of trophozoite development of the parasite 
[118]. Increased glucose and lactate kinetics [6] and alanine metabolism have been reported 
in acute falciparum malaria [119]. The environmental stressor phenomenon brought about 
malarial illness impinges negatively on glucose utilisation with the overt outcome of glucose 
impaired metabolic processes like glycogenolysis and gluconeogenesis.

8.2. Malarial glycogenolysis

The glycogen mass in muscle and liver of infected animals has been observed to be much less 
as compared to control animals exposed to the same amount of food and water. Generally, the 
rate of glycogenesis in malaria is slow to absent as it is overridden by the quest to maintain 
euglycaemia in the face of hypoglycaemic threats and pressures. Glycogenolysis or glycogen 
breakdown to yield plasma glucose has more capacity than glycogenesis in both the liver and 
the muscles, however this occurrence may not cause hypoglycaemic tendencies of malaria. 
There is a hepatic autoregulation in as far as glycogen content is concerned in malaria, but its 
contribution to malarial hypoglycaemia is limited as compared to the increased clearance of 
glucose in malaria. Furthermore, glycogen, although lower in content in infected cases as com-
pared to non-infected cases, is always present and not depleted completely in malaria [120].

8.3. Malarial gluconeogenesis

There has been a remarkable observation that, gluconeogenesis tends to increase with sever-
ity of the disease in P. falciparum infection and the more severe the disease the higher the 
stimulation degree. The previous consensus has been to the contrary of this observation in 
both pregnant and non-pregnant women with impaired gluconeogenesis as a recognised 
paradigm in malaria [121, 122]. The increased gluconeogenic stimulation is premised on the 
very important gluconeogenic precursor, the amino acid glutamine [123]. Children with acute 
malaria tend to have low concentrations of the amino acid [124] and will result in an increase 
rate of gluconeogenesis in a negative feedback mechanism rather than cause impairment. 
Furthermore, glycerol metabolism remains intact in malaria [125] and making the increase 
in gluconeogenic activity an perpetual enigma as fatty acid metabolism is also of no conse-
quent in the aetiology of the glucose production process. Supply of gluconeogenic precur-
sors, soluble chemical mediators and counterregulatory hormones remain key protagonists 
in the increases gluconeogenesis of malaria although none of these is directly involved in the 
process. The paracrine hormones overture seems also a critical but complicated avenue in 
explaining the increased gluconeogenic activity seen in malaria as there have a close influence 
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on classical counterregulatory hormones and as well as on themselves. When prostaglandins 
synthesis, for instance, is inhibited, there is a subsequent rise in glucose production in healthy 
individuals [126].

In the liver, Kupffer cells the major producer of prostaglandins [117], have high concentra-
tions of the malaria pigment which elicit prostaglandin synthesis, tend towards hyperplastic 
production of the inflammatory mediators synthesis [127] in subjects with severe malaria 
[128]. This impairment of Kupffer cell function brings about the concomitant intrahepatic 
autoregulation loss of the glucose homeostasis. The severity of Kupffer cells dysfunctionality 
will determine the degree of disturbances in gluconeogenesis. Maximum stimulation of glu-
coneogenesis is invariably inhibited by intrahepatic factors in uncomplicated malaria cases. 
As a result, changes in the rate of gluconeogenesis become paramount in chronic adaptation 
to glucose demand while glycogenosis rates carter for adaptations to acute changes in glucose 
utilisation of developmental trophozoite stages.

Gluconeogenesis is much more stimulated in cerebral malaria as compared to non-complicated  
malaria. Therefore, the Kupffer cell-liver parenchymal cell interaction functions at a dual level 
comprising of an acute stage for emergency situations which regulates the glycogen content 
while the chronic level monitors gluconeogenesis. The glucose homeostasis regulating hor-
mones respond to the either the acute effects, i.e. insulin, glucagon catecholamines, or the 
chronically following a delay, i.e. cortisol and growth hormone. With these hormonal con-
trols, the duality of acute-chronic effects within the Kupffer cell-hepatocyte interactions are 
under the influence of wider and complex products that are produced by both cell types. In 
essence the hormonal interactions in the Kupffer cell influences the closely related functions 
in the hepatocyte and vice versa.

The synthesis of glucose by the liver involves the delivery of substrates and a gluconeogen-
esis pathway that is intact and functional. Gluconeogenesis may be selectively impaired by 
alanine supply to the liver. In severe malaria, decreased blood flow to the liver [129] as well 
as hepatocyte dysfunction [130] may play a role in the impairment of alanine delivery to 
the liver consequently affecting gluconeogenesis [119]. There is a difference in the ability of 
reduced alanine supply to the liver in influencing gluconeogenesis that is not experienced 
with glycerol or glutamine [21]. This is mainly due to two of many possible causes, one which 
is physiological and another analytical. Glutamine and glycerol are converted to glucose may 
occur in the liver and the kidney as well while glucose synthesis from alanine is mainly con-
fined to the liver. Furthermore, the measurement of glucose metabolism using stable isotopes 
does not discriminate hepatic and kidney gluconeogenesis [123]. Regardless, the complexity 
of these interactions is further intricated by the endocrinological function of the adipose tissue 
and its influence on both liver and muscle cell types but the increase in gluconeogenesis in 
malaria remains a fundamental fact.

9. Free fatty acids (FFAs) in malarial glucose regulation

While data in literature about FFAs in malaria seem conflicting, elevated plasma concentra-
tion of FFAs and triacylglycerols have been reported in acute malaria amongst adult subjects 
[131, 132] and in children too [128]. However, evidence exists on the absence of change in 
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plasma concentrations of FFAs over prolonged fast in malaria patients [133]. Actually, in vitro 
data has shown a stimulation of lipogenesis and inhibition of lipolysis by malaria products 
[134]. In normal human beings an increase in glucose concentration has a tendency to sup-
press adipocytes lipolysis [135]. However, it is still not clear whether an increase of glucose 
in malaria will have the same effect. There has been a constant finding that high-density and 
low-density lipoproteins were lower in malaria cases as compared to controls and triacylg-
lycerols were higher as compared to normal controls but without statistical significance when 
compared to controls displaying some symptoms e.g. fibrillations [135]. In acute malaria, 
plasma glucose has been shown to remain significantly elevated even when plasma FFAs 
are no longer increased [132]. Hepatic autoregulation is defined by an acute increase in FFAs 
which stimulates gluconeogenesis, to replenish depleted glycolysis intermediates, [136] and 
decrease glycogenesis [137, 138] with glucose production remaining the same [136, 138–140]. 
Hepatic autoregulation of glucose metabolism is attributed to both intrahepatic and extrahe-
patic. Ultimately, the autoregulatory mechanism rest on the decrease of liver glycogenolysis 
facilitated by insulin secretion to counteract FFAs stimulatory effects on glucose production 
during fasting. Hepatic glycogen content plays a regulatory role in glycogenolysis such that 
in malaria, where there is a low glycogen content, it is expected that there is no effect of FFAs 
on extrahepatic regulation [141].

10. Malaria treatment and glucose metabolism

Paroxysms of fever are usually the classical presentation of P. falciparum induced malaria. 
The febrile paroxysms are generally associated with shaking chills, profuse sweating, head-
ache, rigours, fatigue, arthralgia, back ache, abdominal pain, nausea with vomiting, diarrhoea 
and at times prehepatic jaundice [142]. Atypical manifestations of malaria are more common 
as most classical symptoms are observed in a section of the malaria infected individuals 
(50–70%). In severe cases of malaria (SM) patients may present with cerebral malaria (CM), 
cerebellar ataxia or multiple seizures, hypoglycaemic seizures, cerebral malaria, acute kidney 
injury, severe malaria anaemia (SMA), thrombocytopaenia, haemoglobinuria, noncardiogenic 
pulmonary oedema, acute respiratory disease syndrome/ acute respiratory lung injury and 
other related conditions [143]. Hyperglycaemia is also a prominent finding, although usu-
ally missed, in malaria through increased glucose production and possibly insulin resistance 
driven by the proinflammatory mediatory common in malaria [144]. The hyperglycaemia 
may invariably lead to non-ketotic hyperosmolar hyperglycaemia state shock with higher 
fatal outcomes as compared to normoglycaemic individuals [26]. Therefore, treatment should 
be aimed at alleviating these manifestations more in malaria as well as the parasite. However, 
major treatment regimens are anti-parasitic than they are anti-disease. An association of 
hyperglycaemia, severe malaria and CM has been observed to have more fatal outcomes as 
there is a high glucose production stimulation [145]. However, the hyperglycaemic cases have 
been staccato in nature with reports of one or two cases out of many cases [146].

Various anti-malarial agents have been used for the treatment of malaria with some having 
negative effect on glucose homeostasis. These include the use hydroxychloroquine, hydroqui-
nolones, artemisinin and its derivatives. Experimental malaria treatment has been reported 
with a range of phytochemicals coming into use which showed preservation of glucose 
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on classical counterregulatory hormones and as well as on themselves. When prostaglandins 
synthesis, for instance, is inhibited, there is a subsequent rise in glucose production in healthy 
individuals [126].

In the liver, Kupffer cells the major producer of prostaglandins [117], have high concentra-
tions of the malaria pigment which elicit prostaglandin synthesis, tend towards hyperplastic 
production of the inflammatory mediators synthesis [127] in subjects with severe malaria 
[128]. This impairment of Kupffer cell function brings about the concomitant intrahepatic 
autoregulation loss of the glucose homeostasis. The severity of Kupffer cells dysfunctionality 
will determine the degree of disturbances in gluconeogenesis. Maximum stimulation of glu-
coneogenesis is invariably inhibited by intrahepatic factors in uncomplicated malaria cases. 
As a result, changes in the rate of gluconeogenesis become paramount in chronic adaptation 
to glucose demand while glycogenosis rates carter for adaptations to acute changes in glucose 
utilisation of developmental trophozoite stages.

Gluconeogenesis is much more stimulated in cerebral malaria as compared to non-complicated  
malaria. Therefore, the Kupffer cell-liver parenchymal cell interaction functions at a dual level 
comprising of an acute stage for emergency situations which regulates the glycogen content 
while the chronic level monitors gluconeogenesis. The glucose homeostasis regulating hor-
mones respond to the either the acute effects, i.e. insulin, glucagon catecholamines, or the 
chronically following a delay, i.e. cortisol and growth hormone. With these hormonal con-
trols, the duality of acute-chronic effects within the Kupffer cell-hepatocyte interactions are 
under the influence of wider and complex products that are produced by both cell types. In 
essence the hormonal interactions in the Kupffer cell influences the closely related functions 
in the hepatocyte and vice versa.

The synthesis of glucose by the liver involves the delivery of substrates and a gluconeogen-
esis pathway that is intact and functional. Gluconeogenesis may be selectively impaired by 
alanine supply to the liver. In severe malaria, decreased blood flow to the liver [129] as well 
as hepatocyte dysfunction [130] may play a role in the impairment of alanine delivery to 
the liver consequently affecting gluconeogenesis [119]. There is a difference in the ability of 
reduced alanine supply to the liver in influencing gluconeogenesis that is not experienced 
with glycerol or glutamine [21]. This is mainly due to two of many possible causes, one which 
is physiological and another analytical. Glutamine and glycerol are converted to glucose may 
occur in the liver and the kidney as well while glucose synthesis from alanine is mainly con-
fined to the liver. Furthermore, the measurement of glucose metabolism using stable isotopes 
does not discriminate hepatic and kidney gluconeogenesis [123]. Regardless, the complexity 
of these interactions is further intricated by the endocrinological function of the adipose tissue 
and its influence on both liver and muscle cell types but the increase in gluconeogenesis in 
malaria remains a fundamental fact.

9. Free fatty acids (FFAs) in malarial glucose regulation

While data in literature about FFAs in malaria seem conflicting, elevated plasma concentra-
tion of FFAs and triacylglycerols have been reported in acute malaria amongst adult subjects 
[131, 132] and in children too [128]. However, evidence exists on the absence of change in 
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plasma concentrations of FFAs over prolonged fast in malaria patients [133]. Actually, in vitro 
data has shown a stimulation of lipogenesis and inhibition of lipolysis by malaria products 
[134]. In normal human beings an increase in glucose concentration has a tendency to sup-
press adipocytes lipolysis [135]. However, it is still not clear whether an increase of glucose 
in malaria will have the same effect. There has been a constant finding that high-density and 
low-density lipoproteins were lower in malaria cases as compared to controls and triacylg-
lycerols were higher as compared to normal controls but without statistical significance when 
compared to controls displaying some symptoms e.g. fibrillations [135]. In acute malaria, 
plasma glucose has been shown to remain significantly elevated even when plasma FFAs 
are no longer increased [132]. Hepatic autoregulation is defined by an acute increase in FFAs 
which stimulates gluconeogenesis, to replenish depleted glycolysis intermediates, [136] and 
decrease glycogenesis [137, 138] with glucose production remaining the same [136, 138–140]. 
Hepatic autoregulation of glucose metabolism is attributed to both intrahepatic and extrahe-
patic. Ultimately, the autoregulatory mechanism rest on the decrease of liver glycogenolysis 
facilitated by insulin secretion to counteract FFAs stimulatory effects on glucose production 
during fasting. Hepatic glycogen content plays a regulatory role in glycogenolysis such that 
in malaria, where there is a low glycogen content, it is expected that there is no effect of FFAs 
on extrahepatic regulation [141].

10. Malaria treatment and glucose metabolism

Paroxysms of fever are usually the classical presentation of P. falciparum induced malaria. 
The febrile paroxysms are generally associated with shaking chills, profuse sweating, head-
ache, rigours, fatigue, arthralgia, back ache, abdominal pain, nausea with vomiting, diarrhoea 
and at times prehepatic jaundice [142]. Atypical manifestations of malaria are more common 
as most classical symptoms are observed in a section of the malaria infected individuals 
(50–70%). In severe cases of malaria (SM) patients may present with cerebral malaria (CM), 
cerebellar ataxia or multiple seizures, hypoglycaemic seizures, cerebral malaria, acute kidney 
injury, severe malaria anaemia (SMA), thrombocytopaenia, haemoglobinuria, noncardiogenic 
pulmonary oedema, acute respiratory disease syndrome/ acute respiratory lung injury and 
other related conditions [143]. Hyperglycaemia is also a prominent finding, although usu-
ally missed, in malaria through increased glucose production and possibly insulin resistance 
driven by the proinflammatory mediatory common in malaria [144]. The hyperglycaemia 
may invariably lead to non-ketotic hyperosmolar hyperglycaemia state shock with higher 
fatal outcomes as compared to normoglycaemic individuals [26]. Therefore, treatment should 
be aimed at alleviating these manifestations more in malaria as well as the parasite. However, 
major treatment regimens are anti-parasitic than they are anti-disease. An association of 
hyperglycaemia, severe malaria and CM has been observed to have more fatal outcomes as 
there is a high glucose production stimulation [145]. However, the hyperglycaemic cases have 
been staccato in nature with reports of one or two cases out of many cases [146].

Various anti-malarial agents have been used for the treatment of malaria with some having 
negative effect on glucose homeostasis. These include the use hydroxychloroquine, hydroqui-
nolones, artemisinin and its derivatives. Experimental malaria treatment has been reported 
with a range of phytochemicals coming into use which showed preservation of glucose 
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homeostasis bearing in mind that some of the phototherapeutics have anti-inflammatory 
activities that may influences insulin resistance of malaria [147]. The effect of quinine and 
other quinolones on hypoglycaemia has been reported by many investigators and will not be 
covered here. The use of asiatic acid and other triterpenes is an area that is emerging in the 
fight against malaria. Glucose homeostasis during administration of the phytochemicals in 
malaria is given below:

10.1. Asiatic acid (AA) and glucose homeostasis in malaria

In streptozotocin (STZ)-induced diabetic rats, AA has been shown to have an anti-diabetic  
effect where it mediates glycogenolysis and release of glucose for glycolysis [148]. Hypo-
glycaemia development in malaria has been attributed to anti-malarial agents like quinine and 
hydroxychloroquine which displays hyperinsulinemia effects [149]. The triad of hypoglycae-
mia, hyperlactaemia and non-respiratory acidosis (nRA) are associated with elevated concomi-
tantly in diseases that are not associated with malaria and AA has been shown to alleviate such 
conditions through inhibition of pro-inflammatory mediators like TNF-α [150]. The causal 
relationship that exists between deranged glucose homeostasis and malaria is linked through 
TNF-α [151]. Even in diseases such as Borrelia recurrentis, the triumvirate of hypoglycaemia, 
nRA and hyperlactaemia is present showing that the inflammatory response is involved [152]. 
AA has both an anti-parasitic and anti-disease effect in malaria [5, 8, 9, 13]. It has been shown 
that AA influences glucose metabolism and this could be through its effect on the inhibition 
of soluble inflammatory mediators such TNF-α [8]. Associated with this glucose homeostasis 
attenuation by AA was also an observable effect of the phytochemical on the hormonal milieu 
in malaria [8]. Together with an anti-parasitic activity, AA has anti-hyperglycaemic, antioxi-
dant, pro-oxidant properties that are essential for glucose metabolism and has been shown 
to attenuate key glycolytic enzymes in diabetes mellitus as well as in murine malaria [8, 153].

On the hormonal modulation aspect, AA influences glucagon effects on food and water intake 
and weight in that it terminates the satiate and anorexic effect of the hormone when in high 
concentrations as in malaria [154]. AA oral administration has also been shown to ablate 
hyperlactaemia, which is a product of malaria induced-hypoxia, resulting in the wellbeing of 
the experimental animals not seen in the malaria infected non-treated animals [155].

The carbohydrate metabolic influence and anti-inflammatory effect of AA has been 
observed and this makes the phytopharmaceutical’s ability to attenuate nRA, hyperlacta-
temia and hypoglycaemia in malaria possible [8]. The transient and fatal hyperglycaemia 
observed in end-stage malaria and driven by inflammation-induced insulin resistance may 
be ameliorated by the administration of AA through its anti-hyperglycaemic and immu-
nologic effect.

11. Conclusion

Malaria syndrome vacillates between different events occurring concurrently or in episodes 
of dissimilar presentations of which glucose homeostatic dysfunction is a prominent one. 
Hypoglycaemia is driven by an increased consumption of energy which causes the activation 
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of GLUT1 glucose transporters causing increased glucose uptake into both the infected and 
uninfected cell. PfHT supplies glucose to growing parasite exacerbating hypoglycaemia. 
Hyperglycaemia, hypoglycaemia, hyperlactaemia and hyperinsulinemia are facets of the 
syndrome in contention for supremacy in malaria which other forms of malarial treatment 
tend to promote. Asiatic acid and other similar phytochemical with known pleiotropic effects 
promise to provide anti-parasitic and anti-disease effect in malaria.
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homeostasis bearing in mind that some of the phototherapeutics have anti-inflammatory 
activities that may influences insulin resistance of malaria [147]. The effect of quinine and 
other quinolones on hypoglycaemia has been reported by many investigators and will not be 
covered here. The use of asiatic acid and other triterpenes is an area that is emerging in the 
fight against malaria. Glucose homeostasis during administration of the phytochemicals in 
malaria is given below:

10.1. Asiatic acid (AA) and glucose homeostasis in malaria

In streptozotocin (STZ)-induced diabetic rats, AA has been shown to have an anti-diabetic  
effect where it mediates glycogenolysis and release of glucose for glycolysis [148]. Hypo-
glycaemia development in malaria has been attributed to anti-malarial agents like quinine and 
hydroxychloroquine which displays hyperinsulinemia effects [149]. The triad of hypoglycae-
mia, hyperlactaemia and non-respiratory acidosis (nRA) are associated with elevated concomi-
tantly in diseases that are not associated with malaria and AA has been shown to alleviate such 
conditions through inhibition of pro-inflammatory mediators like TNF-α [150]. The causal 
relationship that exists between deranged glucose homeostasis and malaria is linked through 
TNF-α [151]. Even in diseases such as Borrelia recurrentis, the triumvirate of hypoglycaemia, 
nRA and hyperlactaemia is present showing that the inflammatory response is involved [152]. 
AA has both an anti-parasitic and anti-disease effect in malaria [5, 8, 9, 13]. It has been shown 
that AA influences glucose metabolism and this could be through its effect on the inhibition 
of soluble inflammatory mediators such TNF-α [8]. Associated with this glucose homeostasis 
attenuation by AA was also an observable effect of the phytochemical on the hormonal milieu 
in malaria [8]. Together with an anti-parasitic activity, AA has anti-hyperglycaemic, antioxi-
dant, pro-oxidant properties that are essential for glucose metabolism and has been shown 
to attenuate key glycolytic enzymes in diabetes mellitus as well as in murine malaria [8, 153].

On the hormonal modulation aspect, AA influences glucagon effects on food and water intake 
and weight in that it terminates the satiate and anorexic effect of the hormone when in high 
concentrations as in malaria [154]. AA oral administration has also been shown to ablate 
hyperlactaemia, which is a product of malaria induced-hypoxia, resulting in the wellbeing of 
the experimental animals not seen in the malaria infected non-treated animals [155].

The carbohydrate metabolic influence and anti-inflammatory effect of AA has been 
observed and this makes the phytopharmaceutical’s ability to attenuate nRA, hyperlacta-
temia and hypoglycaemia in malaria possible [8]. The transient and fatal hyperglycaemia 
observed in end-stage malaria and driven by inflammation-induced insulin resistance may 
be ameliorated by the administration of AA through its anti-hyperglycaemic and immu-
nologic effect.

11. Conclusion

Malaria syndrome vacillates between different events occurring concurrently or in episodes 
of dissimilar presentations of which glucose homeostatic dysfunction is a prominent one. 
Hypoglycaemia is driven by an increased consumption of energy which causes the activation 
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of GLUT1 glucose transporters causing increased glucose uptake into both the infected and 
uninfected cell. PfHT supplies glucose to growing parasite exacerbating hypoglycaemia. 
Hyperglycaemia, hypoglycaemia, hyperlactaemia and hyperinsulinemia are facets of the 
syndrome in contention for supremacy in malaria which other forms of malarial treatment 
tend to promote. Asiatic acid and other similar phytochemical with known pleiotropic effects 
promise to provide anti-parasitic and anti-disease effect in malaria.
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A prospective study was carried out from 2010 to 2012 at the Hôpital Général d’Abobo 
(HGA) in Abidjan, in order to determine the impact of infectious and parasitic diseases 
on child cognitive development. Blood samples were examined by means of drop thick 
and blood smear, as for stool by direct examination and concentration by formalin-ether 
method. We evaluated the prevalence and the parasite load of malaria and gastrointes-
tinal parasites and then investigated the risk factors for these disorders. Overall, 331 
pregnant women in the last trimester of their pregnancy were enrolled. The plasmodic 
index was 3.9% with an infestation specific rate for P. falciparum of 100%. Concerning 
digestive protozoa, it has been observed 71.3% of nonpathogenic, against 9.7% of patho-
gens, either an overall prevalence of 51.4% of digestive parasites. The calculated average 
parasitic loads revealed 3089.2 tpz/μl of blood (95% CI, 591.1–5587.3) for malaria, 6.5 
eggs per gram of stool (95% CI, 0.4–13.4) for intestinal helminths, and one (1) parasite by 
microscopic field for protozoa (common infestation). It has been shown that the occur-
rence of malaria has been linked to the nonuse of impregnated mosquito nets (χ2 = 0.012, 
p = 0.018) to age. No link could be established between the presence of digestive para-
sites and the age of pregnant women or socioeconomic conditions (level of education, 
profession, type of toilet). Malaria is less common in pregnant women, while the rate of 
digestive parasites remains high.
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1. Introduction

Intestinal parasitosis and malaria remain the most important diseases in sub-Saharan Africa 
[1, 2]. With hundreds of millions of sick people every year and about three million deaths 
per year, intestinal parasites and malaria remain the most important diseases in sub-Saharan 
Africa and mainly affect children and pregnant women [3, 4].

In pregnant women, these parasitic infections cause maternity accidents such as premature 
births, maternal-fetal death, and malformations [5–7].

In Côte d’Ivoire, malaria is the main cause of morbidity (40%) and mortality (10%) in the 
general population. Children under 5 years and pregnant women are the most affected. In 
addition to malaria, Côte d’Ivoire is facing other diseases such as intestinal parasitosis.

Long rural the tropical countries are confronted with the urban growth, with the biggest 
upheavals of the lifestyles of its history. Urbanization rate increased from 27.3% in 1975 to 
49% in 2000 according to the United Nations estimates [8]. This represents an increase of about 
1.3 billion people. Cities on the African continent are currently experiencing the strongest 
growth. The urbanization rate, which was only 13.2% in 1950, exceeded 37% in 2000, i.e., 270 
million more urban dwellers [9]. This was the case for the city of Abidjan, the economic capital 
of Côte d’Ivoire, and more precisely in the municipality of Abobo. The urbanization of this 
town, which began in the 1970s, is so fast that nowadays Abobo already has more than one 
million inhabitants. However, infrastructure development has not kept pace with these rapid 
changes. In this context, precarious housing areas focus on pathologies linked to promiscu-
ity, insalubrity, lack of drinking water supply, and/or poverty; these diseases are intestinal 
parasitosis and malaria [10, 11]. Moreover, it must be noted that few studies have been carried 
out on these parasites and particularly on pregnant women in this municipality. As part of a 
research project on the impact of infectious and parasitic diseases on the physical and mental 
development of children, pregnant women were followed up. The work consisted of evaluat-
ing the prevalence, parasite load of malaria, and digestive parasites and then determining risk 
factors of these parasitic infections in pregnant women in Abobo district in Abidjan.

2. Materials and methods

2.1. Study area and population

Our prospective study, which took place from May 2010 to June 2012 at the General Hospital 
of Abobo (GHA) in Abidjan, involved 331 pregnant women recruited in the last quarter of 
pregnancy; these future mothers all provided informed consent before being included in the 
study. They were aged 18–46 years. The mothers were recruited during antenatal clinic visits 
by gynecologists. Detailed explanations of the study were given by them in local languages 
if necessary.

The fact sheets on the socioeconomic status and study of risk factors have been met by com-
munity health workers (CHWs) in an interview with the mother following the signing of 
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informed consent. It includes information on factors favoring the transmission of these para-
sites, namely, age, type of neighborhood, level of education, occupation, type of toilet, and 
use or not of impregnated mosquito nets.

2.2. Laboratory procedures: sample collection and parasitological analyzes

A blood sample of 5 ml was taken from patients by nurses, in a labeled EDTA tube (patient 
ID number) by venipuncture in the antecubital fossa, after disinfection of the sampling region 
by ethyl alcohol. Blood samples were stained in a solution of 10% Giemsa and microscopic 
reading of immersion oil at a magnification of 100. In the positive case, the parasitic identifica-
tion was carried out on thin film, and parasite densities were evaluated from the thick drop 
of 200 or 500 leukocytes. Individual values obtained for parasitemia were finally reduced to 
microliter (1 μl) of blood on the basis of 8000 leucocytes by taking the product of the number 
of parasites obtained by 40 or 16, respectively, for 200 or 500 erythrocytes [12, 13].

A box for the stool sample was given to the mothers, and they were asked to return the next 
morning at the hospital with the boxes containing feces. The stools collected in the morning 
were labeled with the patient ID and were the subject of a direct microscopic examination 
between slide and cover glass. In addition, 1–1.5 g of stool was placed into a falcon tube 
containing 10 ml of sodium acetate–acetic acid formalin (SAF) solution, broken and homog-
enize with a wooden spatula and vigorously shaken. Within 1 month of stool collection, the 
SAF-fixed samples were subjected to an ether concentration method [14]; the SAF-fixed stool 
samples were re-suspended and filtered through medical gauze placed in a plastic funnel 
into a centrifuge tube. The first centrifugation is made at 2000 towers/min for 1 min. After 
centrifugation, the supernatant was discarded, and 7 ml of 0.9% NaCl plus 2–3 ml of ether 
was added to the remaining pellet. After shaking for 10–30 s, the tube and its content were 
centrifuged for 4–5 min at the same speed. Finally, from the four layers formed, the three 
top layers were discarded. The bottom layer, including the sediment, was examined under 
a microscope. With regard to the parasite load, the exact number of eggs of each species of 
helminth was marked; the presence of a species of protozoan was mentioned by a positive (+) 
sign. The number of + ranges from 1 to 3 depending on the intensity of the parasite. Indeed, 
1+ corresponds to 1–5 parasites per analyzed microscopic slide, 2+ 1 parasite per microscopic 
field, and 3+ more than 1 parasite per microscopic field.

2.3. Statistical analysis

MS Excel software was used for entering data collected (parasitological data and those fact 
sheets) and perform figures.

Descriptive analysis was done to describe the data as counts, percentages, averages, using 
tables and figures. Statistical tests were carried out with the Stata software 11.0.

The chi-square test (χ2) allowed us to appreciate the link between the occurrence of malaria 
and/or helminth infections and exposure factors (age, use of non-treated nets, socioeconomic 
conditions). The value of the probability (p) showed the degree of significance of the links at 
the 0.05 level. The Fisher exact test was used for small numbers (more than 5% of the theoreti-
cal frequencies less than 5).
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2.4. Ethical considerations

The study conditions have been reviewed and approved by the National Ethics and Research 
Committee of Côte d’Ivoire (N ° 4169/MSHP). Detailed explanations of the study were given 
to mothers in local languages, if necessary. The participation was voluntary. When the mother 
consented, she signed or affixed a fingerprint on the informed consent sheet.

3. Results

3.1. Characteristics of study population

The study included 331 pregnant women from 13 neighborhoods in Abobo commune. The 
average age was 28.9 years old. The largest group of women was between 28 and 32 years old 
(31.7%) (Figure 1).

After the blood and stool examinations, 157 (47.4%) women presented no parasite. Four (4) 
women (1.2%) presented plasmodium, 161 (48.6%) digestive parasites, and nine (9) (2.7%) 
both parasites (Table 1).

3.2. Prevalence, parasite density, and risk factors of malaria

In total 13 women presented a positive thick smear of Plasmodium sp., with a parasite rate of 
3.9%. Parasite mean of Plasmodium falciparum is 3089.2 trophozoїtes/μl of blood with a mini-
mum of 360 trophozoїtes/μl and maximum of 13,400 trophozoїtes/μl. The highest prevalence 
(12.5%, 2/16) was recorded with the age group of 38 years and older and the lowest (1.2%, 
1/83) with that of 23–27 years. The differences in prevalence observed between age groups are 
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3.3. Prevalence, infection intensities, and risk factors of intestinal parasites

After stool examinations, eight (8) species of intestinal protozoa belonging to six (6) differ-
ent kinds were diagnosed in Abobo. These are Entamoeba histolytica/dispar, Giardia lamblia, 

Blood tests Coprological analyzes Total

Negative digestive 
parasite

Positive digestive parasite

Negative thick drop/blood smear 157 (47.4%) 161 (48.6%) 318 (96.1%)

Positive thick drop/blood smear 4 (1.2%) 9 (2.7%) 13 (3.9%)

Total 161 (48.6%) 170 (51.4%) 331 (100%)

Table 1. Distribution of participants according to the results of blood tests and stool.

Using of treated mosquito nets χ2 p

Oui Non

Number of participants 131 200

Infected 1 12

Prevalence (%) 0.8 3.9 0.012 0.018

Table 2. Prevalence of malaria according to the use or non-use of insecticide-treated bed nets.

Parasites species Infected Prevalence (%)

Protozoa

Entamoeba coli 104 31.4

Endolimax nana 56 16.9

Blastocystis hominis 38 11.3

Entamoeba histolytica/dispar 23 7

Iodamoeba butschlii 15 4.5

Entamoeba hartmanni 12 3.6

Chilomastix mesnili 11 3.3

Giardia lamblia 9 2.7

Helminths

Schistosoma mansoni 9 2.7

Trichuris trichiura 4 1.2

Ascaris lumbricoїdes 1 0.3

Table 3. Prevalence of intestinal parasites species.
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Endolimax nana, Entamoeba coli, Iodamoeba butschlii, Chilomastix mesnili, Entamoeba hartmanni, 
and Blastocystis hominis. The term “Entamoeba histolytica/dispar” was used because the method 
used for stool examinations did not allow to distinguish the species Entamoeba histolytica and 
Entamoeba dispar.

In addition to these protozoa, three species of helminths were observed: Schistosoma 
mansoni, Trichuris trichiura, and Ascaris lumbricoides. Of the 331 women screened, 170 
were carriers of digestive parasites, with an overall prevalence of 51.4%. The prevalence 
of species of digestive parasites (pathogenic and nonpathogenic protozoa of digestive 
and intestinal helminths) is presented in Table 3. With protozoa, the highest prevalence 
was observed with Entamoeba coli (31.4%, 104/331) and Endolimax nana (16.9%, 56/331). 
Concerning intestinal helminths, in the three species, Schistosoma mansoni was the most 
abundant with a prevalence of 2.7%. In terms of parasite load protozoa, the trend observed 
in our study was 2+, namely, 1 parasite per microscope field, the latter being described as 
frequent infestation. As regards the helminths, the average worm burden was 7.8 eggs/
gram of feces. The most infested age group is that of 23–27 years (59%, 49/83), while 
the least infested was that of 18–22 years (45.1%, 23/51). Age had no significant associa-
tion with gastrointestinal parasites (χ2 = 3.77, p = 0.438). These parasites infest all age 
groups. No significant binding was recorded between the digestive parasites and level 
of schooling (χ2 = 6.88, p = 0.76), occupation (χ2 = 2.66, p = 0.103) (Table 5), and the type 
of toilets (χ2 = 1.57, p = 0.456). The occurrence of intestinal parasites is not related to the 
socioeconomic conditions.

4. Discussion

We examined 331 pregnant women of which 13 showed positive thick smear, with a parasite 
rate of 3.9%. Menan et al. [15] had reported in 1996 had a higher prevalence of 18.8% among 
the population of Abidjan. Our low rate could be explained by the fact that pregnant women 
receive intermittent preventive treatment (IPT) with sulfadoxine-pyrimethamine (SP) against 
malaria during pregnancy.

P. falciparum has been the only species identified during our work with a specific index of 100%. 
During these works in Côte d’Ivoire [16, 17], all cases of infection were also due to P. falciparum.  
By cons, it was highlighted at Taї southwestern Côte d’Ivoire the coexistence of P. falciparum, 
P. malariae, and P. ovale with specific rates of 84, 14, and 2% [18]. These studies highlight the 
prevalence of P. falciparum in Côte d’Ivoire (80–97% of infections) [19, 20].

The minimum parasitemia is 360 tpz/μl and the maximum 13,400 tpz/μl of blood. The average 
parasite density was 3089.2 tpz/μl of blood during the study. Our low parasite density could 
be explained by the fact that we have a gradual reduction in parasite densities with age [19]. 
Furthermore, it was suggested that the gradual decline in parasite densities with age is associ-
ated with the acquisition of immunity [21].

Our study revealed that the incidence of malaria is not related to age of the pregnant woman. 
This observation is similar to that of Menan et al. [15] in 1996 at the Abidjan population.
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It appears from our study that there is a link between malaria and the use or non-treated nets. 
Women using treated nets are much less infested than those not using bed nets. Furthermore, 
the use of treated nets is a means of prevention against malaria [22].

During our study, slightly more than half of pregnant women were carriers of digestive para-
sites (pathogenic and nonpathogenic protozoa and intestinal helminths), with a rate of 51.4%. 
This rate is similar to that reported in pregnant women from Abidjan and its suburbs (53.6%) 
[23]. This demonstrates that the digestive parasites remain in pregnant women in Abidjan and 
maintain their level of infestation. The most common species of protozoa in our study area 
are nonpathogenic species E. coli (31.4%) and E. nana (16.9%). This same predominance was 
observed in 1993 among pregnant women in Abidjan [23]. The both pathogenic species of 
digestive protozoans (E. histolytica/dispar, G. lamblia) have a cumulative rate of 9.7%, which is 
substantially equal to that commonly found in children of school age (9.1%) [24], which demon-
strated that this pathogenic protozoa infest either the mothers or the children in our study area.

Overall, helminths are not often found in our study. The predominant species is Schistosoma 
mansoni (2.7%), followed by Trichuris trichiura (1.2%) and Ascaris lumbricoides (0.3%). The 
prevalence of Schistosoma mansoni (2.72%) is in the prevalence interval (0.1–7.5%) indicated 
in Ivorian urban areas [25]. Prevalence close to that obtained in this study, namely, 3.1 and 
3.9%, has been reported in Abidjan [26, 27]. This rate is higher than that observed (0.8%) 
among school age children in Abidjan [28]. This prevalence is low compared to those found 
in Moapé (Adzopé) (75%) [29] and Azaguié (Agboville) (88%) [30]. It must be emphasized 
that Agboville and Adzopé are schistosomiasis endemic areas [29, 31]. Trichuris trichiura was 
found at a rate of 1.2%. This rate is superimposed on that of Raso et al. [30] in 2005 in Man 
(1.3%). A much higher rate than ours was obtained in Agboville (15%), in a study in schools 
[32]. Furthermore, it is clear that the prevalence of trichuriasis is significantly higher than in 
the forest zone savanna [25, 33]. However, our very low prevalence could be explained by 
the analysis technique (method of concentration by formalin-ether) used. The prevalence of 
Ascaris lumbricoides was 0.3%. In a survey in Toumodi, no cases of roundworm porting have 
been reported [34]. A prevalence of 31.2% of roundworm porting was noted in Bondoukou; 
they felt it was the most common parasite in north-western Côte d’Ivoire [35].

This situation of frequent infestation (one parasite per field) to protozoa may be explained 
by the fact that the clean Abobo has many shortcomings, namely, unhealthiness linked to the 
failure of systems’ sewage and promoting fecal peril.

Regarding helminths, the low-average parasite burden (7.8 eggs/g of stool) could be the fact 
that we used direct examination and SAF technique for stool examination. These techniques 
are very sensitive for the detection of helminth species compared to the Kato-Katz technique. 
Furthermore, the technique of concentration by formalin-ether remains one of the most suited 
for the identification of intestinal protozoa techniques.

Our study reveals that the parasite carriage is not related to age. However, the age group most 
affected is that of 23–27 years (59%). This is consistent with that of N’Guemby and Le Bigot 
[36] in Libreville in Gabon which have found a high prevalence among participants from 21 to 
31 years in 1981. This finding could be justified by the fact that this age range is very involved 
in the household.
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Our study showed that there is no significant link between the species of digestive parasites 
and socioeconomic conditions (level of education, occupation, type of toilet). This same obser-
vation was made in adults residing in Bangkok, Thailand [37].

5. Conclusion

We noted a decrease in the rate of malaria in pregnant women compared with previous 
studies; the rate of digestive parasites remains high. These results appear in connection 
with the effectiveness of the policy against malaria despite the poor hygiene of these 
populations.

6. Summary

Intestinal parasitosis and malaria diseases, among others, remain the largest problem in 
sub-Saharan Africa; they mainly affect children (under 5 years) and pregnant women. Our 
study objective was to identify species of malarial and digestive parasites and to estimate 
the prevalence and intensity of infestation of these parasites and clarify the risk factors for 
these infections in pregnant women from the commune of Abobo. Our study was conducted 
at the General Hospital of Abobo (HGA) in Abidjan. This is a prospective study (2010–2012). 
Overall, 331 pregnant women in the last trimester of gestation, antenatal clinic goers, were 
recruited. They were aged 18–46 years. Blood samples were examined by thick film tech-
niques and blood smears; stool samples were collected for direct examination, and method 
of concentration is formalin-ether. Intermittent treatment against malaria with sulfadoxine-
pyrimethamine has contributed significantly to the reduction of malaria among pregnant 
women. The rate of digestive parasites remains high, indicating poor hygiene practice in 
these women.
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Abstract

Currently, it is estimated that more than 11 million humans in the world are infected by
helminth parasites of Trichinella species, mainly by Trichinella spiralis (T. spiralis), responsi-
ble for causing Trichinellosis disease in both animals and humans. Trichinellosis is a
cosmopolitan parasitic zoonotic disease, which has direct relevance to human and animal
health, because it presents a constant and important challenge to the host’s immune
system, especially through the intestinal tract. Currently, there is an intense investigation
of new strategies in pharmacotherapy and immunotherapy against infection by Trichinella
spiralis. In this chapter, we will present the most current aspects of biology, epidemiology,
immunology, clinicopathology, pharmacotherapy and immunotherapy in Trichinellosis.

Keywords: Trichinellosis, immune response, pharmacotherapy, resiniferatoxin,
immunotherapy

1. Introduction

Over 2 billion people are infected with helminth parasites worldwide [1, 2], making them one
of the most prevalent infectious agents, responsible for many diseases in both animals and
humans [3], thus being a public health problem throughout the world [4]. Research in these
parasitic infections is of direct relevance to human and animal health [5], due to its capacity to
cause great morbidity and socioeconomic loss [1]. In both humans and animals, helminth
parasites establish chronic infections associated with significant downregulation of the
immune response [6, 7], inducing a broad spectrum of pathological responses and clinical
manifestations, which result in increased morbidity in affected individuals [1].
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Trichinellosis is the parasitic disease caused by the parasitic helminth species of the genus
Trichinella [8], which is a zoonotic parasitic disease, resulting from the consumption of meat
from infected animals [9]. Currently, 12 species have been identified, which are classified into
two clades: (1) the clade of the encapsulated species: T. spiralis (Figure 1), T. native, T. britovi, T.
nelsoni, T. murrelli and T. patagoniensis, T6, T8 and T9 and (2) the clade of non-encapsulated
species T. pseudospiralis, T. papuae and T. zimbawensis [11–13].

2. Epidemiological aspects of Trichinellosis

Trichinellosis is a parasitic disease, which is characterized by a wide range of hosts, including
humans, mammals and birds, as well as a cosmopolitan disease because it has a wide geo-
graphical distribution [14–16]. Trichinellosis probably originated in wild animal populations of
the Arctic and subarctic regions; later, it was extended to the animal populations of the
temperate and tropical zones [17].

According to the World Health Organization (WHO) until the year 2009, there were more than
65,000 cases of Trichinellosis in the world, with more than 42 fatal cases [18] in the regions of
Africa, South Asia, Europe [12, 19] and America, mainly United States, Mexico, Chile and
Argentina [20], because of its high infectivity. However, it is estimated that currently 11 million
humans in the world are infected by the Trichinella species, mainly by T. spiralis [18]. In 2014,
Food and Agriculture Organization of the United Nations (FAO), together with the WHO,
published a list of the top 10 food-borne parasites that affect the health of millions of people

Figure 1. Infective larvae of T. spiralis. Photomicrograph of infective larvae of T. spiralis, from artificial digestion, observed
at a 10� objective under the light optical microscope [10].
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every year worldwide, infecting muscle tissues and organs and causing serious health prob-
lems. T. spiralis occupied the seventh place, below parasites of medical importance such as
Taenia solium (T. solium), Toxoplasma gondii (T. gondii) and Entamoeba histolytica (E. histolytica);
therefore, currently Trichinellosis remains a food-borne parasitic disease of great medical
importance worldwide [21], and its impact and magnitude of the problem that this parasitic
disease represents become evident only in the appearance of epidemic outbreaks [22].

In recent years, the reported rates of Trichinellosis in Mexico have been reduced to levels that
are comparable to those of the United States. In fact, Canada now reports one of the highest
rates in North America [23]. In Mexico, human Trichinellosis frequently occurs from the
ingestion of raw or undercooked pork [9, 24]. In general, in Mexico, there is little knowledge
of the disease, and in existing epidemiological studies by post-mortem histopathology of
humans, prevalence of 50% has been observed, while in hospitals it is from 4 to 15% [25]. Since
1990 to date, more than 1122 cases of human Trichinellosis have been reported in at least 17
states of the country such as Aguascalientes, Chihuahua, Mexico City, Colima, Durango, State
of Mexico, Guanajuato, Guerrero, Jalisco, Michoacán, Nuevo León, Oaxaca, Querétaro, San
Luis Potosí, Veracruz and Zacatecas [25–27]. In Zacatecas, it has been considered as a zoonosis;
since 1976, more than 100 cases have been reported in humans, pigs, dogs and domestic rats
[28–30].

3. Biology of Trichinella spiralis

James Paget, a medical student at St. Bartholomew’s Hospital in London, England, observed a
parasite in the diaphragm muscle of a 51-year-old Italian patient who had died from tubercu-
losis. Subsequently, the British zoologist Richard Owen in 1835 studied portions of muscle
tissue of the Paget case and gave it the name of T. spiralis [31]. The adult parasites of T. spiralis
were discovered by Rudolf Virchow in 1859 and Friedrich Zenker in 1860, who finally recog-
nized the clinical importance of the infection and concluded that humans become infected by
eating raw meat infected with the parasite [32].

The epidemic of this zoonosis is very particular, since the “domestic” and “wild” cycles of the
T. spiralis have been clearly studied. But between them is the synanthropic cycle. In the
domestic cycle (Figure 2), the main transmission vector to humans is the pig, through the
ingestion of meat infected with T. spiralis. In the wild cycle, T. spiralis is kept in the environment
by predatory and scavenger animals and can enter the domestic cycle accidentally. While in the
synanthropic cycle, animals such as rats, cats, dogs, foxes, mustelids, among others, act as
transmission vectors for the different Trichinella genotypes involved in any of the two men-
tioned cycles [33].

The main characteristic of the epidemiology of T. spiralis is its obligatory transmission by
ingestion of infected meat [34, 35]. When a host ingests meat infected with L1 of T. spiralis
(T. spiralis-L1), the digestive juices of the stomach dissolve the collagen capsule [36], also called
nurse cell (NC), releasing the T. spiralis-L1, which travel to the small intestine, where they invade
the columnar epithelium [37], giving rise to the intestinal phase of the infection (Figure 2).
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ingestion of infected meat [34, 35]. When a host ingests meat infected with L1 of T. spiralis
(T. spiralis-L1), the digestive juices of the stomach dissolve the collagen capsule [36], also called
nurse cell (NC), releasing the T. spiralis-L1, which travel to the small intestine, where they invade
the columnar epithelium [37], giving rise to the intestinal phase of the infection (Figure 2).
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After 10–30 hours post-infection (pi), T. spiralis-L1 mature to female and male adult worms
(AD). Approximately 7 days pi, copulation occurs between female and male AD. Embryogen-
esis lasts about 90 hours, since the newborn larvae (NBL) of T. spiralis are released [38, 39].
These NBL of T. spiralis possess a stylet in their oral cavity, which they use to internalize within
the epithelial cells of the host [36], penetrating the submucosa of the small intestine, migrating
mainly through the circulatory system to various organs and subsequently invading the
musculoskeletal cells, causing tissue damage (Figure 2). Only the NBL of T. spiralis that invade
the musculoskeletal cells can survive and grow [15], giving rise to the muscle phase of the
infection. During the muscular phase (Figure 2), the NBL of T. spiralis are in the muscle fibers,
destroying them partially, and begin a period of post-embryonic development, growing and
developing exponentially [36, 38, 39]. Approximately at 15 days pi, the formation of NC is
induced with a fusiform or elongated aspect, containing in its interior one or several L1-T.
spiralis, forming the NC-L1 complex [40]. The NC formation process is a complex process and
includes the cellular response of the infected muscle (from differentiation with a complete loss
of the myofibrillar organization, re-entry and arrest of the cell cycle in G2/M) and the responses
of the NC (cells undergo activation, proliferation, redifferentiation and fusion processes with
each other or with the infected muscle cell). Since the satellite cell is a progenitor cell located
within the capsule wall, a new cell can be continuously delivered from the myoblast, even if
the present NC dies. This explains why CN seems intact and active for years despite intracel-
lular parasitism. In this way, the parasites use the muscular mechanisms of cellular repair of
the host to establish parasitism [41]. T. spiralis develops its infectious stage approximately
between days 21 and 30 pi, and six months after infection, the deposit of calcium begins in

Figure 2. Life cycle of Trichinella spiralis. (1) Ingestion of meat infected with L1-T. spiralis. Intestinal phase: (2) Release of
L1-T. spiralis in the stomach. (3) Migration of T. spiralis-L1 to the small intestine and maturation to female and male adult
worms of T. spiralis. (4) Reproduction of adult worms of T. spiralis and release of newborn larvae (NBL) of T. spiralis.
Muscle phase: (5) Migration of NBL T. spiralis and invasion of skeletal muscle cells to develop to infective stage of T.
spiralis forming the complex nurse cell (NC) and L1-T. spiralis.
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the NC walls, calcifying in 1 year. L1-T. spiralis can be retained for several years, depending on
the host species. L1-T. spiralis appears to be non-pathogenic for natural hosts except for
humans [15, 42]. The main striated muscles where the L1-T. spiralis is implanted are the most
active such as the diaphragm, masseters, intercostals, eye muscles, muscles of the tongue, and
anterior and posterior extremities (Figure 2) [43, 44].

4. Clinical pathology of Trichinellosis

The severity of the clinical disease is strongly dependent and directly correlated with the
number of L1-T. spiralis ingested, age, sex, invaded tissue, nutritional, hormonal and immune
status. Likewise, the infection can give rise to a wide spectrum of clinical forms, from asymp-
tomatic to mortality [14, 17, 45].

The clinical pathology of Trichinellosis can be divided based on the phases of the T. spiralis life
cycle (Figure 3). Infections with low parasite burden can remain asymptomatic, while high
parasite burden can cause gastroenteritis associated with diarrhea and abdominal pain,
approximately 24–48 hours pi (acute phase of infection) [46]. The intestinal phase of Trichi-
nellosis is clinically manifested by the presence of signs, symptoms and gastrointestinal disor-
ders, such as malaise, mild transient diarrhea, nausea, vomiting, abdominal pain, chills and
fever, due to the invasion of L1-T. spiralis and AD worms in the intestinal mucosa (Figure 3).
These signs and symptoms usually persist from the first to the third week pi, depending on the
dose of L1-T. spiralis and the severity of the disease. From 2 to 6 weeks pi, the intestinal phase is
still present, but the signs and symptoms that correlate with the intestinal disease decrease and
the signs and symptoms of the migration phase appear [14, 38, 42, 47].

During the migration of NBL of T. spiralis, which starts approximately 1 week pi and may last
for several weeks [36], the first signs and symptoms to be clinically detected usually include
myalgia, high fever, chills, a state like paralysis, periorbital and/or facial edema, conjunctivitis,
pain, skin rashes, etc. (Figure 3) [14, 38, 42]. Other signs and symptoms are conjunctivitis
including subconjunctival hemorrhages, headache, dry cough, petechial hemorrhages and
painful movement disorder of the eye muscles. Some patients present urticaria, maculo-
papular rash and subungual hemorrhages, caused by vasculitis, the main pathological process
of Trichinellosis [14]. Laboratory studies reveal a moderate increase in white blood cells
(12,000–15,000 cells/mm3), and circulating eosinophilia ranging from 5 to 50% [35, 45].

During the muscular phase of Trichinellosis, signs and symptoms such as myalgias, arthralgia,
headache, periorbital and facial edema appear (Figure 3) [42]. The damage of the muscular cell
stimulates the infiltration of inflammatory cells, mainly eosinophils. A correlation between
levels of eosinophils and serum muscle enzymes, such as lactate dehydrogenase (LDH) and
creatine phosphokinase (CPK), has been observed in patients with Trichinellosis, suggesting
that muscle damage may be mediated indirectly by these activated granulocytes [14]. Thus,
progressive eosinophilia is the most relevant clinical finding of the muscular phase of
Trichinellosis [42]. The invasion of the diaphragm and accessory muscles of respiration by the
parasite results in dyspnea [36]. In the chronic phase of the Trichinellosis after 4 weeks pi, a
series of complications such as encephalitis, bronchopneumonia and sepsis arise. Chronic

Current Aspects in Trichinellosis
http://dx.doi.org/10.5772/intechopen.80372

69



After 10–30 hours post-infection (pi), T. spiralis-L1 mature to female and male adult worms
(AD). Approximately 7 days pi, copulation occurs between female and male AD. Embryogen-
esis lasts about 90 hours, since the newborn larvae (NBL) of T. spiralis are released [38, 39].
These NBL of T. spiralis possess a stylet in their oral cavity, which they use to internalize within
the epithelial cells of the host [36], penetrating the submucosa of the small intestine, migrating
mainly through the circulatory system to various organs and subsequently invading the
musculoskeletal cells, causing tissue damage (Figure 2). Only the NBL of T. spiralis that invade
the musculoskeletal cells can survive and grow [15], giving rise to the muscle phase of the
infection. During the muscular phase (Figure 2), the NBL of T. spiralis are in the muscle fibers,
destroying them partially, and begin a period of post-embryonic development, growing and
developing exponentially [36, 38, 39]. Approximately at 15 days pi, the formation of NC is
induced with a fusiform or elongated aspect, containing in its interior one or several L1-T.
spiralis, forming the NC-L1 complex [40]. The NC formation process is a complex process and
includes the cellular response of the infected muscle (from differentiation with a complete loss
of the myofibrillar organization, re-entry and arrest of the cell cycle in G2/M) and the responses
of the NC (cells undergo activation, proliferation, redifferentiation and fusion processes with
each other or with the infected muscle cell). Since the satellite cell is a progenitor cell located
within the capsule wall, a new cell can be continuously delivered from the myoblast, even if
the present NC dies. This explains why CN seems intact and active for years despite intracel-
lular parasitism. In this way, the parasites use the muscular mechanisms of cellular repair of
the host to establish parasitism [41]. T. spiralis develops its infectious stage approximately
between days 21 and 30 pi, and six months after infection, the deposit of calcium begins in

Figure 2. Life cycle of Trichinella spiralis. (1) Ingestion of meat infected with L1-T. spiralis. Intestinal phase: (2) Release of
L1-T. spiralis in the stomach. (3) Migration of T. spiralis-L1 to the small intestine and maturation to female and male adult
worms of T. spiralis. (4) Reproduction of adult worms of T. spiralis and release of newborn larvae (NBL) of T. spiralis.
Muscle phase: (5) Migration of NBL T. spiralis and invasion of skeletal muscle cells to develop to infective stage of T.
spiralis forming the complex nurse cell (NC) and L1-T. spiralis.

Parasites and Parasitic Diseases68

the NC walls, calcifying in 1 year. L1-T. spiralis can be retained for several years, depending on
the host species. L1-T. spiralis appears to be non-pathogenic for natural hosts except for
humans [15, 42]. The main striated muscles where the L1-T. spiralis is implanted are the most
active such as the diaphragm, masseters, intercostals, eye muscles, muscles of the tongue, and
anterior and posterior extremities (Figure 2) [43, 44].

4. Clinical pathology of Trichinellosis

The severity of the clinical disease is strongly dependent and directly correlated with the
number of L1-T. spiralis ingested, age, sex, invaded tissue, nutritional, hormonal and immune
status. Likewise, the infection can give rise to a wide spectrum of clinical forms, from asymp-
tomatic to mortality [14, 17, 45].

The clinical pathology of Trichinellosis can be divided based on the phases of the T. spiralis life
cycle (Figure 3). Infections with low parasite burden can remain asymptomatic, while high
parasite burden can cause gastroenteritis associated with diarrhea and abdominal pain,
approximately 24–48 hours pi (acute phase of infection) [46]. The intestinal phase of Trichi-
nellosis is clinically manifested by the presence of signs, symptoms and gastrointestinal disor-
ders, such as malaise, mild transient diarrhea, nausea, vomiting, abdominal pain, chills and
fever, due to the invasion of L1-T. spiralis and AD worms in the intestinal mucosa (Figure 3).
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Figure 3. Clinical pathology of Trichinellosis. Main clinical signs and symptoms of Trichinellosis. Intestinal phase
(green), migration phase (blue) and muscular phase (red). This figure was made by the authors based on the references
cited in the text.
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Trichinellosis can cause persistent tingling, numbness and excessive sweating, as well as
deterioration of muscle strength and conjunctivitis, which can persist up to 10 years in people
who had not been treated early in the acute phase of the infection [14].

5. Immune response against Trichinella spiralis

In each phase of the life cycle of T. spiralis, different antigenic components are produced,
which directly influence the host’s immune response [48] and are very useful in the diagnosis
of Trichinellosis in both humans and animals. These antigens, T. spiralis larvae group (TSL)-1,
are secreted and/or excreted by the L1-T. spiralis at the beginning of the intestinal phase and
again in the muscular phase of the infection when the NC is formed [49–51]. The antigens
TSL-1 are glycoproteins 43 [52–55], 53 [56–59] and 45 [60, 61] kDa, which are targets of
antibodies that mediate humoral immunity against T. spiralis, which recognize their residues
of tivelosa [51, 59, 62]. These TSL-1 antigens induce the maturation and activation of dendritic
cells, which leads to the presentation of antigen, through the expression of the major histo-
compatibility complex (MHC) class II [63, 64], promoting the development of the Th1 type
immune response [48], with the subsequent predominance of a Th2 type immune response,
resulting in a mixture of both Th1/Th2 immune responses, dependent on the CD4+ T cells
(Figure 4) [65, 66].

The Th1 type immune response against T. spiralis is characterized by a significant increase in
Th1 cytokines such as IL-12 [67–69], INF-γ [48, 67–70], IL-1β [69, 71] and TNF-α (Figure 4) [67–
69, 72]. In recent years, studies have shown that the production of Th1 cytokines is directly
associated with the development of the inflammatory response and intestinal pathology,
which favors the infection by T. spiralis. IL-12 and INF-γ participate in the polarization of the
Th1 immune response [48, 67, 68]. IL-12 promotes the differentiation of naive T cells to a Th1
phenotype that produces INF-γ [73], which induces the expression of MHC II molecules in
dendritic cells [74], increases the development and differentiation of Th1 cells, induces the
expression of transcription factors such as nuclear factor (NF)-κB [75] and regulates the pro-
duction of proinflammatory cytokines [76, 77]. However, exogenous administration of IL-12 in
T. spiralis infection suppresses intestinal mastocytosis, delaying the expulsion of the parasite
and increasing the parasitic muscle burden [78]. TNF-α is a potent proinflammatory cytokine
[79], which plays a key role in the pathogenesis of inflammatory diseases, since it participates
in the activation of a cascade of proinflammatory cytokines, such as IL-1β [79–81]. Studies
have shown that the production of TNF-α during infection by T. spiralis is associated with the
development of intestinal pathology [72, 82–84]. TNF-α also induces the expression of iNOS
and consequently NO production [85–88], which acts mainly as an effector molecule in against
both extracellular and intracellular parasites [89]. Studies have shown that TSL-1 antigens are
capable to induce the expression of iNOS with the consequent production of NO [90]. How-
ever, NO production is also associated with the development of intestinal pathology in T.
spiralis infection [72, 91]. Finally, IL-1β is a proinflammatory cytokine [92, 93], which is pro-
duced during infection by T. spiralis, participating in the inflammatory bowel response. How-
ever, until now, its function is not well known [69, 71].
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On the other hand, TSL-1 antigens are capable of activating dendritic cells and CD4+ T cells
[63, 94], inducing the synthesis of Th2 cytokines such as IL-4, IL-5, IL-10 and IL-13 (Figure 4)
[48, 67, 68, 70, 95–97]. IL-4 and IL-5 [98] are a critical factor in the terminal differentiation and
proliferation of eosinophils, which are involved in the development of intestinal pathology,
thus promoting the inflammatory response during infection by T. spiralis [14, 99]. IL-4 plays a
central role in regulating the differentiation of antigen-stimulated naïve T cells, causing such
cells to develop into Th2 cells capable of producing IL-4 and several other Th2 cytokines
including IL-5, IL-10 and IL-13. In addition, it suppresses potently the production of INF-γ
[100, 101]. IL-10 is a cytokine of great importance during infection by T. spiralis, which decreases
the production of IL-12, IFN-γ and the proliferation and presentation of antigens of dendritic
cells, polarizing the immune response to Th2 type [65, 102]. Since the absence or decrease of
IL-10 significantly delays the intestinal expulsion of T. spiralis, increasing the muscular parasite
burden [78]. IL-13 is also a cytokine produced by Th2 cells, which has direct effects on eosino-
phils, including the promotion of their survival, activation and recruitment [103–105]. The
synthesis and release of IL-4 and IL-13 induce B cell proliferation and the expression of surface
antigens, including the CD23 receptor (FcεRII) of low affinity to IgE and MHC class II mole-
cules, stimulating the production of IgE [106, 107]; inducing hyperplasia of mast cells and
eosinophils, which triggers immediate hypersensitivity reactions [108–110]; rapidly expanding
in the mucosa, predominantly within the epithelium [63], where the TSL-1 antigens can directly
induce their degranulation; and promoting the expulsion of T. spiralis from the intestine [51].
Studies in mice deficient in IL-4/IL-13 showed a reduction in the expulsion of T. spiralis and
mastocytosis, showing development of intestinal pathology [82, 83, 111].

Figure 4. Immune response against Trichinella spiralis. TSL-1 antigens of T. spiralis induced the dendritic cells maturation,
polarizing initially a Th1 immune response, which is mainly characterized by the release of IL-12, INF-γ, NO, IL-1β and
TNF-α, and developing inflammatory intestinal response, which results in the development of intestinal pathology.
Moreover, the TSL-1 antigens of T. spiralis can also induce a Th2 immune response, characterized by the release of IL-4,
IL-5, IL-10 and IL-13, eosinophil and mast cells hyperplasia, favoring T. spiralis expulsion.
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6. Diagnosis of Trichinellosis

The early clinical diagnosis of Trichinellosis is quite difficult due to the lack of symptoms and
pathognomonic signs. In addition, chronic forms of the disease are not easy to diagnose [14].
When the infection occurs in epizootic or outbreak form, its diagnosis is easier. However, it is
difficult in low-level or sporadic infections, since the clinical picture is usually common to
many other enteric diseases. This makes it necessary to carry out a differential diagnosis [34].
The diagnosis of Trichinellosis must be based on three main criteria: (1) clinical findings—
recognition of signs and symptoms; (2) laboratory parameters, such as eosinophilia and mus-
cle enzymes, detection of antibodies and/or detection of L1-T. spiralis in muscle biopsy and
(3) epidemiological research—identification of the source and origin of the infection and
outbreak studies [14].

Identification of L1-T. spiralis in muscle tissue is the positive diagnosis of the disease; any
technique used for this purpose is included within the so-called Direct Diagnostic Methods
[42], which performed post-mortem and includes four main techniques: (1) plate compression
[72], (2) polymerase chain reaction (PCR) [14, 36], (3) artificial or enzymatic digestion [72] and
(4) histology [24]. The detection of antibodies against T. spiralis in the host represents a solid
evidence of contact with the parasite, and the techniques developed for that purpose are
included among the Indirect Diagnostic Methods [42], through which they are detected anti-
bodies against T. spiralis antigens. Among which we find (1) indirect immunofluorescence
[112], (2) enzyme-linked immunosorbent assay (ELISA), (3) Western blot [113] and 4) micro-
immunodiffusion double [40].

7. Treatment of Trichinellosis

7.1. Pharmacotherapy

Pharmacotherapy used in Trichinellosis includes the use of antiparasitic and steroidal anti-
inflammatory drugs [114]. Currently, the antiparasitic treatment used for Trichinellosis is the
administration of benzimidazoles, mainly albendazole and mebendazole, which are effective
against the parasite [40, 115]. In addition, different antiparasitic drugs such as ivermectin,
nitazoxanide, quinfamide and flubendazole have been evaluated, and favorable results have
been observed [40, 116]. These drugs are the most effective therapies at the beginning of the
disease, since they kill the adult parasites. Although albendazole is better tolerated, a recent
research showed that thiabendazole was a potent and curable drug because its efficacy was
almost 100% to eliminate intestinal worms [117].

Respect to pharmacotherapy with steroidal anti-inflammatory drugs, glucocorticoids (GC) are
the most used for the treatment of signs and symptoms of the inflammatory response pro-
duced by the T. spiralis infection [118, 119]. GC are potent anti-inflammatory drugs, which
regulate transcriptional pathways in diverse cellular contexts such as development, homeosta-
sis, metabolism and inflammation [120]. GC exert their anti-inflammatory activity primarily
in two ways: (1) induce the expression of several genes that encode proteins that exert
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sis, metabolism and inflammation [120]. GC exert their anti-inflammatory activity primarily
in two ways: (1) induce the expression of several genes that encode proteins that exert
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anti-inflammatory effects such as the leukocyte-inhibitory secretory protein, the inhibitor of
NF-κB (IκB-α), IL-10 and the IL-1 antagonist receptor [121, 122]; (2) inhibit the expression of
proinflammatory genes by suppression of transcription factors, such as NF-κB [123] and
activating protein (AP)-1 [120], through the protein-protein interaction [124], regulating the
inflammatory cytokines expression, such as TNF-α, IL-1α, IL-1β, IL-8, IFN-α and IFN-β, and
inflammatory enzymes such as iNOS, cyclooxygenase (COX)-2, inducible phospholipase A2
(cPLA2), adhesion molecules and inflammatory receptors [125, 126].

Although GCs are potent anti-inflammatory drugs, their therapeutic use in Trichinellosis is
limited [127], since research in recent years has shown that treatment with betamethasone
[128] and dexamethasone [129] increases the parasitic load at the muscular level. Recently,
studies showed that treatment with dexamethasone in the intestinal phase of T. spiralis infec-
tion inhibited the production of inflammatory mediators, such as PGE2, NO, TNF-α, IL-1β, IL-
12 and INF-γ, decreasing the number of eosinophils in the blood and the development of
intestinal pathology. However, in the muscular phase, the implantation and parasite burden
of L1-T. spiralis increased significantly [69, 72].

Given this therapeutic problem, new pharmacological strategies have been developed in the use
of new anti-inflammatory drugs, which help to inhibit the inflammatory response during
Trichinellosis, without the GC side effects. Resiniferatoxin is a vanilloid derived from the cactus
plant Euphoria resiniferous, an agonist of the transient receptor potential vanilloid (TRPV)-1 [130],
which activates and then desensitizes the TRPV1 receptor producing an analgesic effect [131,
132]. Studies in both models in vitro and in vivo have shown that resiniferatoxin has an important
anti-inflammatory activity, inhibiting the expression of NF-κB [133], iNOS and COX-2 [134], and
the synthesis of PGE2, NO and TNF-α [135, 136]. Finally, recent studies showed that treatment
with resiniferatoxin during the intestinal phase of infection by T. spiralis decreased the levels of
PGE2, NO, TNF-α, Il-1β, IL-12 and INF-γ, as well as the number of eosinophils in blood. While in
the muscular phase of T. spiralis infection, treatment with resiniferatoxin significantly decreased
implantation and parasite burden of L1-T. spiralis [69, 72]. These findings suggest that
resiniferatoxin may be a potential drug in the treatment of inflammatory diseases.

7.2. Immunotherapy

In immunotherapy during Trichinellosis, total and immunodominant antigens have been used,
which activate the immune system of the host, causing a decrease in parasite burden in the
intestine, affecting the fecundity of adult female worms, thus impacting the parasite burden on
muscle tissue [137, 138]. Studies have shown that immunotherapy with T. spiralis total soluble (TS)
antigen in murine experimental models induces protection, since a decrease in muscle parasite
burden was observed [139]. In a study based on pig model infected with T. spiralis, to which
immunotherapy was applied with T. spiralis TS antigen, antigens were identified in a molecular
weight range of 14–97 kDa. Immunotherapy with T. spiralis TS antigen provoked a primary
immune response, with a reduction in parasite burden, as well as damage to CN in the muscular
phase of the infection, compared with the control group (without immunotherapy) [140].

On the other hand, TS and 45 kDa antigens of T. spiralis have been used [141], obtaining a
greater protective effect on the part of the 45 kDa antigen, since it was observed alteration of
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the NC. Thus, 45-kDa immunodominant antigen has been shown to be the most effective
antigen against T. spiralis infection [142]. However, research with this immunodominant anti-
gen continues to be viable as a vaccine in the future.

Immunization with 45 kDa antigens of T. spiralis has produced important effects on the
immune response in the murine model, such is the case of immunization applied in rats
with different nutritional conditions, which showed decreased parasite burden compared
to controls becoming null in the nourished rats. In this study, T. spiralis TS antigen was
applied in nourished and malnourished rats, which decreased the parasite burden in com-
parison with controls without treatment, observing lower parasite burden in nourished
rats. T. spiralis TS antigen provoked an immune response against the L1-T. spiralis, since
not only decreases the parasite burden but also causes changes at the histological level of
the NC and prevented the implant, as occurred in the immunization with the 45-kDa
antigen in nourished rats, conferring a high level of protection [141]. Similarly, in another
study applying immunotherapy with TS and 45 kDa antigens of T. spiralis, a reduction in
parasite burden was observed [16, 112].

A study in a rat model, in which the sublingual immunization treatment was applied with T.
spiralis TS antigen, vehicle for sublingual immunotherapy (VSIT) and polyvalent bacterial vac-
cine, a protection against the infection of T. spiralis was observed [143]. Currently, adjuvants are
substances that stimulate or improve the immune response against an antigen, without having a
specific antigenic effect by themselves. The function of the adjuvant is determinant to achieve an
adequate immune response. Encouraging results have been obtained in immunotherapy with
the 45 kDa antigen adding an adjuvant. For what is believed to be a good therapeutic alterna-
tive through the sublingual route for the treatment of Trichinellosis.

8. Conclusion

Currently, Trichinellosis is a reemerging zoonotic parasitic disease that continues to affect the
health of both animals and humans worldwide. For this reason, it is important to know well
the biology of its etiological agent Trichinella, as well as its mechanisms of evasion of the host’s
immune system, with the purpose of making a timely and differential diagnosis, to achieve a
good treatment. Simultaneously, it is necessary to continue investigating therapeutic strategies
that, through pharmacotherapy and immunotherapy, develop specific treatments directed to
the parasite, avoiding collateral effects to the host.
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