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Control of Redox Homeostasis in Tick Blood Feeding*
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ABSTRACT

Introduction: Ticks are hematophagous ectoparasites that cause significate economical losses. Acaricide application is the 
main method to tick control. However, it causes environmental contamination and selects resistant ticks. The immunologi-
cal control represents a suitable method to replace or complement acaricide application. During its life cycle, female ticks 
ingest large amounts of blood, which contains toxic components able to damage biomolecules. Understanding which mo-
lecular mechanisms and proteins are involved in avoid damages caused by blood intake in ticks and other hematophagous 
arthropods could help to found potential candidate antigens to compose an anti-tick vaccine.  
Review: Hemoglobin comprises almost 20% of mammalian blood proteins, its hydrolysis during tick digestion increases 
total free heme that can potentially generate reactive oxygen species (ROS), which easily oxidize lipids, proteins and DNA, 
modifying they structure and function. Lipids are more susceptible to high ROS levels. It can lead to membrane instability 
and cell death. Protein modifications caused by ROS can promote the protein loss of function and cell disturbance, however, 
it can also work as post-translational modifications, acting in cell signaling processes. DNA presents more efficient protec-
tive mechanisms against ROS, but damages can lead to double helix rupture. Oxidative stress is defined as a disturbance in 
the balance between the production and elimination of ROS, in favor of ROS production, leading to a disruption in redox 
homeostasis and/or molecular damage. Despite the well-recognized heme oxidative power and its already demonstrated 
cytotoxicity, ticks are able to feed on blood, controlling the redox homeostasis without causing oxidative stress. This oc-
curs because ticks developed physiological adaptations to transport, store, metabolize and secrete toxic components from 
the diet. The strategies, such as heme compartmentalization in specialized organelles, and heme and iron carrying proteins 
are shared with most of other hematophagous. Interesting, heme degradation, a mechanism commonly described in hema-
tophagous arthropods, showed to be absent in ticks. Moreover, there is a lack of key enzymes from the heme degradation 
pathway in tick genomes. As expected, antioxidant enzymes are often involved in homeostasis redox control. They act 
in a convenient way, eliminating physiological and non-physiological produced ROS. Despite their essential role in non-
hematophagous organisms, antioxidant enzymes were associated with blood ingestion during arthropod hematophagous 
process, demonstrating their role in avoiding oxidative stress caused by blood intake. Catalase showed to be essential to 
heme detoxification in Rhipicephalus microplus tick, and diverse antioxidant enzymes are up-regulated after blood intake 
in a variety of hematophagous parasites. If in one hand ROS is responsible to cell damage and oxidative stress, on the other 
hand, several works revealed the fundamental role of ROS in cell signaling and function, demonstrating the sophisticated 
regulation that is necessary to redox homeostasis control.
Conclusions: In the course of arthropods evolution, blood-feeding life style represent a special strategy to acquire en-
ergy and biosynthetic precursors. Together with this advantage, hematophagous organisms needed to develop molecular 
mechanisms to control toxic components ingested with blood. In this context, several works reviewed here identified the 
role of proteins and enzymes in the control of free heme released during hematophagy and in redox homeostasis, in order 
to avoid oxidative stress caused by blood intake. This knowledge represents an important contribution in the search for 
new candidate targets to develop efficient tick control methods.
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I. INTRODUCTION

Ticks are hematophagous ectoparasites that 
infest a diverse number of vertebrate hosts. The glob-
ally distributed Rhipicephalus microplus tick has 
special importance for veterinary, since it has cattle as 
preferential host and causes several economical losses 
in livestock [32]. During blood feeding, this tick stays 
attached to the host for weeks, causing direct dam-
ages to animal health, and indirect damages due to its 
vector competence in transmit pathogens. Acaricide 
application is the most commonly used method to 
control tick in livestock, however, besides causing 
environmental contamination, the constant use of the 
same chemical induces the selection of tick resistant 
populations. Considering these drawbacks, new meth-
ods of tick control need to be developed. After recurrent 
infestations, it was observed that cattle develop some 
degree of immune resistance against ticks [4]. From 
this observation, large number of studies demonstrated 
the use of vaccines as a convenient method against 
ticks [19,79,90]. Although much knowledge has been 
generated in this scenario, the contribution to under-
stand tick, as well as other arthropods, physiology, 
genetics and behavior is still necessary to the research 
progress for vaccines and other alternative methods to 
tick control.

Among hematophagous arthropods, female 
ticks have a special ability to blood intake between 
50-200 times their initial adult weight [49]. In this way, 
some works focused on how ticks could handle with 
this huge amount of ingested blood [15,41,48], since 
there are toxic components (mainly heme) that can 
act as an important oxidant agent, damaging biologi-
cal molecules. Diverse adaptations to blood feeding 
were described in other hematophagous arthropods, 
as Rhodnius prolixus [57,58] and Aedes aegypti [66]. 
Some antioxidant strategies were revealed also in 

non-hematophagous arthropods, which could help 
to understand how hematophagous parasites control 
oxidative damages. In this context, this review intends 
to highlight the aspects of oxidative molecules and 
antioxidant systems in biological models and clarify 
the physiological adaptations used by ticks and others 
hematophagous parasites to redox homeostasis control, 
avoiding possible oxidative stress caused by the blood 
feeding lifestyle. 

II. THE HEMATOPHAGY PROCESS AND THE CONTROL 

OF REDOX HOMEOSTASIS IN TICKS AND OTHER 

HEMATOPHAGOUS

More than 800,000 species of arthropods have 
been identified and approximately 15,000 have hema-
tophagous habits. It is estimated that hematophagy 
appeared between 145-65 million years ago in the 
Jurassic and Cretaceous eras, a strategy that emerged 
independently at least six times during the arthropods 
evolutionary course [45]. Blood is a rich source of 
nutrients: in addition to proteins, it contains sugars, 
salts, lipids, amino acids and hormones, supplying the 
arthropod nutritional needs as well as its embryos [35]. 
Since ticks are able to ingest large amounts of blood, 
morphological, behavioral, and physiological adapta-
tions of these arthropods in the course of evolution 
have become essential for the hematophagy success 
[31,71,74].

Hemoglobin is one of the most abundant pro-
teins in mammalian blood , together with albumin, they 
comprise about 80% of blood proteins [82]. During 
hematophagy, hemoglobin hydrolysis results in the 
release of large amounts of heme [41], which is the 
prosthetic group of hemoglobin, as well as heme en-
zymes [50]. Heme consists of a porphyrin ring formed 
by an iron (Fe) atom bounded to four nitrogen atoms. 
Fe is a transition metal, which may exist in the ferrous 
(Fe2+) or ferric (Fe3+) form, and this transient property 
permits oxidation-reducing catalysis by heme enzymes 
[70]. On the other hand, heme has a potentially toxic 
nature: because it is a lipophilic molecule, free heme 
tends to interact with cell membranes and organelles, 
destabilizing the cytoskeleton and membrane perme-
ability [76]. Cell lysis was observed after addition of 
10 mM of heme to Plasmodium falciparum cell culture 
[60]. Moreover, due to its reductive nature, free Fe 
can easily react with reactive oxygen species (ROS) 
physiologically produced during metabolic processes. 
These ROS induce the Fenton reaction, a chain reaction 
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that leads to lipid peroxidation and the formation of 
more ROS [39], which interact with cellular structures 
damaging proteins [2], lipids [85] and DNA [1]. To 
avoid such damages, hematophagous arthropods have 
molecular mechanisms that prevent the triggering of 
these reactions and the consequent oxidative stress.

A first defense line against heme toxicity in 
hematophagy consists of physically isolate heme from 
cellular molecules, reducing its potential reactivity 
[58]. To do this, during the hemoglobin digestion, re-
leased heme molecules are aggregated into organelles 
that physically separate them from cell molecules. This 
aggregation mechanism has already been described 
in several organisms. In P. falciparum it was referred 
to as malaric pigment [63]. In R. prolixus most free 
heme derived from hemoglobin digestion are accu-
mulated in hemozoins, heme aggregates organized as 
crystals, which result in the reduction of free radical 
formation [57,58]. This mechanism was also observed 
in Schistosoma mansoni helminth and the protozoan 
Haemoproteus columbae [13]. In the R. microplus tick, 
where digestion is intracellular and occurs in digestive 
vesicles, hemoglobin is internalized by receptors en-
docytosis and, after hemoglobin digestion, the heme is 
accumulated in organelles called hemosomes, also or-
ganized in clusters, but not in the form of crystals [41]. 
The mosquito Aedes aegypti also aggregates heme into 
non-crystalline vesicles called hemozoins, and these 
structures are associated with the peritrophic matrix, 
a midgut extracellular layer composed of proteins and 
polysaccharides [66].

Heme-carrying proteins (HCP) is another 
mechanism that prevents heme to freely react with 
cell molecules. Diverse arthropods, such as ticks, 
mosquitoes and hemipters, express HCP [23,48,59,66].  
Two HCP were well characterized in R. prolixus 
and R. microplus named RHBP [20] and HeLp [48], 
respectively. Although having analogous functions, 
these proteins have different mechanisms of action, 
structure and composition, suggesting they evolved 
independently among these organisms [31]. Besides 
acting as a defense mechanism against oxidative stress, 
HCP are also heme transporters and reservoirs. In R. 
prolixus, RHBP is synthesized in fat body during all 
stages of development. This protein is secreted into 
the hemolymph and binds to heme to transport it to the 
oocytes, where heme plays a key role in embryo devel-
opment [44]. In R. microplus tick, it has been shown 

that heme acquisition through diet is essential for the 
complete embryo development [68]. Heme carrier and 
storage and transporter proteins are also essential in this 
process [42,86]. Unlike most eukaryotes, ticks lack es-
sential heme biosynthetic enzymes, acquiring all heme 
by the blood intake [8]. For this reason, heme-carrying 
proteins play an important role in tick reproduction 
and development [68]. In vertebrates, hemepoxin, a 
protein with high heme affinity, play an antioxidant 
role through the inhibition of heme oxidative reactions 
[33,77], highlighting the importance of this mechanism 
even in organisms with low evolutionary relationship.

Hematophagous and non-hematophagous 
organisms developed adaptations to control free radi-
cals. Non-enzymatic antioxidants are physiologically 
produced or acquired through the diet. These molecules 
can act as enzymatic cofactors, as glutathione (GSH), 
or autonomously, as vitamins. The antioxidant property 
is due to the ability of donate electrons to oxidized 
molecules, and so stabilizing reactive species and pre-
venting that these uncontrolled reactions to propagate. 
Due to electrochemical properties, these antioxidants 
do not become reactive even after donating electrons. 
Some arthropods acquired antioxidants through plant 
sap feeding, which contains tocopherol, carotene and 
flavonoids, for example [69]. 

Heme degradation comprises another control 
mechanism described in hematophagous [83,92]. The 
heme oxygenase (HO) enzyme catalyzes the heme 
oxidation into biliverdin, carbon monoxide (CO) and 
Fe2+, an oxygen and NADPH dependent reaction [40]. 
In hematophagous, the ferritin enzyme is described 
as essential for the removal of Fe2+ released from 
this reaction, avoiding the formation of ROS through 
Fenton reaction [72]. In contrast, Braz et al. [8] in 
1999, showed that R. microplus does not synthesize 
its own heme and relies solely on the recovery of 
heme present in the diet. Moreover, it was observed 
an absence of HO gene in tick genome, transcriptome 
and proteome analyses [17,93,94]. On the other hand, 
in D. melanogaster, a non-hematophagous arthropod, 
heme oxygenase (HO) catabolism also plays a role in 
tissue formation [18]. 

Antioxidant enzymes are oxidoreductases with 
different mechanisms of action, strategically located 
in specific tissues and cellular microenvironments, 
responsible to degrade specific reactive species. These 
enzymes play a key role against ROS and in mainte-
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nance of redox cell homeostasis [80], and since they 
are found in all animals, they are supposed to play a 
fundamental role also in non-hematophagous organ-
isms. In R. microplus catalase and GST activities were 
related with oxygen consumption, lipid peroxidation 
and oxidative stress during egg and larvae development 
[28], however, their relationship with hematophagy 
was also observed. For example, it was demonstrated 
a role of catalase in the control of hydrogen peroxide 
(H2O2) levels in R. microplus adult females during 
blood feeding. By inhibiting catalase activity, it was 
observed an increase in H

2
O

2
 concentration in diges-

tive cell and an impairment in heme detoxification. In 
vivo, these effects reduced survival and a diminished 
the oviposition rate [15]. In Ixodes ricinus tick, it has 
been reported that there are more sulfotransferase tran-
scripts in tick midgut after blood feeding than before 
[67]. The same pattern was observed with catalase 
transcripts in Aedes aegypti [56]. In Dermacentor 
variabilis tick, blood intake promotes the up-regulation 
of glutathione-S transferase (GST) transcription in 
midgut and ovary [24]. In A. aegypti, GST transcrip-
tion increases only after blood feeding, which does not 
occur after sugar feeding [7]. Moreover, GST was used 
as a protective vaccine antigen against ticks in diverse 
works [55,64,65,73], showing its potential to compose 
an efficient vaccine. In R. prolixus, it was described an 
intense production of H

2
O

2
 and increased expression of 

superoxide dismutase and catalase enzymes after blood 
feeding [62]. Inhibition of catalase and synthesis of 
GSH leads to an increased H

2
O

2
 levels in midgut [62]. 

Together, these data suggest that antioxidant enzymes 
act in a network in hematophagous animals, cooperat-
ing to control reactive species and preventing increased 
levels of oxidative stress, which could be caused by 
large amounts of ingested blood.

III. FREE RADICALS IN REDOX HOMEOSTASIS AND IN 

THE CONTROL OF OXIDATIVE STRESS

Mitochondria is the main source of free radi-
cals in eukaryotic cell, where most of the oxygen (O

2
) 

is reduced to water. A small part of these O
2
 molecules 

is converted into the superoxide anion (O
2-
) by the 

electron transport chain complexes I and III [43]. 
O

2- 
results from a single electron reduction of O

2
 and 

can damage proteins that contain clusters made up of 
iron and sulfur metals. High levels of O

2-
 are more as-

sociated with oxidative stress than with cell signaling 
[75]. It is important to note, however, that O

2-
 does not 

damage proteins indiscriminately: there is a specific set 
of metalloproteins that are sensitive to inactivation by 
O

2-
, which then promotes the activation of mechanisms 

adapted to high levels of O
2-
 or initiate cell death [14].

The hydroxyl radical (OH) is the most reactive 
element among all free radicals, since it indiscrimi-
nately oxidizes lipids, proteins and DNA, which results 
in biomolecules damage or genomic instability [21]. 
This radical is usually generated from H

2
O

2
 in the pres-

ence of Fe+2 or Fe+3 ions, triggering the Fenton reaction. 
Therefore, in addition to free radicals’ control, cells 
also have mechanisms to maintain Fe homeostasis, 
avoiding the formation of this super reactive radical.

Lipids are the most oxidation susceptible bio-
molecules, especially the polyunsaturated ones, since 
the electrons are more exposed, making them vulner-
able to free radicals attack. When attacked, phospholip-
ids propagate an oxidative chain reaction in the others 
plasma membrane phospholipids, promoting the lipid 
peroxidation propagation and generating different reac-
tive species that are able to attack proteins and DNA. 
Oxidative damage to these phospholipids, therefore, 
can lead to cell death not only due to alterations in the 
plasma membrane, but to functional modifications in 
proteins and DNA [87]. Malondialdehyde and 4-hy-
droxynonenal are products of lipid peroxidation and 
may cause DNA mutations [46] and functional protein 
alterations [6,10], respectively. These protein oxidative 
modifications can affect JNK and caspase-3 kinases, 
activating the mechanisms of cell death induced by 
lipid peroxidation [6,10].

Proteins are attacked by reactive species in a 
reversible or irreversible way. Although virtually all 
amino acids can react with free radicals, lysine, argi-
nine, histidine, proline, threonine and cysteine are es-
pecially susceptible due to their biochemical properties 
[87]. High oxidative stress can induce disulfide bonds 
formation between cysteines, or secondary oxidative 
modifications such as oxidized proteins conjugation 
(protein adducts), which may lead to the accumula-
tion of protein complexes that inactivate proteasomes, 
leading to cell death [37].

In comparison to proteins and lipids, DNA is 
less susceptible to oxidative modifications due to its 
compartmentalized double-helix structure, histone 
proteins and other DNA-bound proteins that protect 
its nucleophilic centers. DNA susceptibility to damage 
occurs in highly electronegative O and N atoms from 
purines and pyrimidines. In addition, its double bonds 
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are the primary targets of OH radical. Reactions are 
mainly directed to C5 and C6 in pyrimidines and C4 
and C8 in purines. The oxidative damage caused by 
subtraction of H causes a rupture in the double strand 
[9]. On the other hand, mitochondrial DNA is more 
susceptible to oxidative damage, since it is closer to the 
ROS produced in mitochondria and does not have so 
effective repair mechanisms as the nuclear DNA [36].

Although highly reactive, free radicals have 
some substrate specificity, as previously mentioned. 
In addition, compartmentalization of ROS production 
in the cell is an important determinant of cell signal-
ing or oxidative stress production [38]. Proteins that 
act on redox signaling pathways need to be closer to 
radicals’ production. For example, the targets of H

2
O

2 

generated from plasma membrane NADPH oxidases 
are also located on the plasma membrane, allowing 
these signaling pathways to be activated, and the same 
can be observed in mitochondria [3].

IV. THE ROLE OF ANTIOXIDANT ENZYMES IN THE 

REGULATION OF REDOX HOMEOSTASIS

Although it was first observed that free radi-
cals cause cell damage, it has been reviewed that, in 
moderate concentrations, reactive species are involved 
in physiological responses, such as cell signaling and 
immune response [47,75]. In fact, a new perspective 
shows that an anti/pro-oxidant balance is required for 
cellular homeostasis, and a number of mechanisms 
evolved to regulate reactive species [25]. In this sense, 
antioxidant enzymes act as one of the main reduction 
systems in the organisms, controlling oxidative dam-
ages and regulating cell signaling.

Damages caused by free radicals are conse-
quence of its chemical nature. Due to a higher elec-
tronegativity, oxygen and nitrogen strongly attract 
electrons from nearby molecules. Since molecules 
with unpaired electrons are reactive species, they tend 
to sequester electrons from other compounds in order 
to become stable, triggering oxidative chain reactions. 
Antioxidants are molecules that act by donating elec-
trons necessary to stabilize these reactive species, and 
then the antioxidant itself becomes a reactive specie. 
The antioxidant enzymes act through oxidation-
reduction (redox) reactions, reducing the reactive 
species through the oxidation of another compound 
and keeping this compound in a non-reactive form.

Catalase is an enzyme involved in ROS regula-
tion, it is a tetrameric heme peroxidase (degrades H

2
O

2
) 

mostly present in peroxisomes [29], which are multi-
functional organelles involved in oxidation of various 
biomolecules and are essential to fatty acid β-oxidation 
long chain, purine catabolism and biosynthesis of glyc-
erolipids, steroids and bile acids [27]. Because these 
metabolic activities are a powerful ROS source, the 
enzymatic antioxidant activity in this organelle has a 
central role. Catalases directly dismutate two H

2
O

2
 on 

two H
2
O and one O

2
 molecules. This activity depends 

essentially on three components: the active site heme 
portion, a reduced NADPH bound to the NADPH-
binding domain and a structure formed by long peptide 
loops that interact when it is in tetrameric form [95]. 
Its catalytic activity occurs in a two-stage mechanism 
dependent on the versatile iron states, e.g. ferrous 
(Fe+2), ferric (Fe+3), compound I (Fe4+ O), compound 
II (Fe4+–OH) and compound III (Fe3+–OOH). In the 
first stage, the Fe+3 bounded to the heme group acts 
as a reducing agent, reducing a molecule of H

2
O

2
 into 

water, generating Fe+4, which bounds to an oxygen 
atom. This intermediate product is called compound I. 
In the second stage, another H

2
O

2
 molecule is used as a 

reducing agent to regenerate the Fe+3, using Fe+4 from 
the catalytic center, also producing another molecule 
of H

2
O and O

2
 [95]. NADPH possibly has a protection 

role during catalase activity, preventing the formation 
of enzyme inactivated forms [30].

Superoxide dismutase (SOD) is an antioxidant 
metalloenzyme that dismutes O

2-
 (superoxide) to the 

less reactive products O
2
 and H

2
O

2
. Superoxide is the 

product of some signaling enzymes, as well as the 
byproduct of various metabolic processes, including 
mitochondrial respiration. All aerobic organisms pres-
ent SOD located in different cellular and subcellular 
locations, reflecting the multiple O

2-
 sources in the cell. 

Four classes of SOD have evolved in these organisms 
and possess different catalytic metal ions: Cu/Zn-SOD, 
Mn-SOD, Fe-SOD and, the most recently discovered in 
bacteria, Ni-SOD [51]. Eukaryotic organisms’ express 
Cu/Zn-SOD in the cytoplasm and secrete it into the 
extracellular medium. Mn/Fe-SODs is typically present 
in mitochondria, one of the largest sources of O

2-
 in 

the cell [91]. The evolutionary reason for the existence 
of SODs coupled with different metal ions could be 
related to the different availability of these metal com-
pounds in the biosphere during different geological eras 
[11]. They all perform a similar mechanism, in which 
an O

2-
 molecule acts reducing the transition metal to 

form O
2
, and then another O

2
 oxidizes the transition 
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metal to generate H
2
O

2
. In this reaction, a source of 

hydrogen from an adjacent H
2
O molecule is required 

for O
2
 reduction into H

2
O

2
[11].

Peroxidases comprise a group of enzymes 
that reduce H

2
O

2
 based on different catalytic mecha-

nisms. Two essential peroxidases that work on 
redox homeostasis are glutathione and thioredoxin 
peroxidases. These enzymes use, respectively, GSH 
and thioredoxin (Trx) as cofactors for reducing 
power sources. Electrons are transferred from these 
cofactors to the reactive species through peroxidase 
catalysis, and then are restored by reductase enzymes 
that use electrons from NADPH. In this mecha-
nism, enzymes act in a coupled form (peroxidase-
reductase), maintaining an active system capable of 
self-recycling [26]. Glutathione peroxidase (GPx) 
has an active selenocysteine residue at its catalytic 
center, which can reduce both H

2
O

2
 in H

2
O and 

O
2
, and lipid hydroperoxides (LOOH) in H

2
O

2 
and 

lipid alcohols (LOH), using two GSH molecules as 
electron donors. Oxidized glutathione (GSSG) is 
formed in this reaction, which can be regenerated to 
GSH through the activity of glutathione reductase or 
exported to the extracellular medium [34]. GPx acts 
in different compartments: cytosol, nucleus [54] and 
mitochondria [89], which suggest its wide cellular 
distribution. It has a special function related to the 
reduction of LOOH [12,88], due to their conforma-
tion and monomeric structure, which confer easy 
access to larger hydroperoxides that could not be 
catalyzed by tetrameric peroxidases. In this sense, it 
plays a fundamental role in the maintenance of mem-
brane integrity, avoiding lipid peroxidation [16,78].

Transferases are another class of enzymes 
that act in the elimination of xenobiotics, drugs and 
endogenous components. GST and sulfotransferases 
act in the conjugation of GSH [5] and sulfate [22], 
respectively, to toxic compounds. Therefore, they have 
a virtual infinite variety of substrates, facilitating their 

excretion after this modification. Although most studies 

correlate GSTs activity with drug resistance in several 

organisms [52], more recent works still reveal a non-

classical GST activity, such as peroxidase [61,81,96]. 

The sulfotransferases are also related to the inactiva-

tion of hormones in mammals [53,84], a mechanism 

commonly found in other eukaryotes. 

V. CONCLUSIONS

The data presented in this review highlight that 

the understanding of how hematophagous arthropods 

maintain redox cellular homeostasis can help in the 

development of parasites’ control methods. Several 

mechanisms were developed along with evolution to 

adapt the blood feeding habit and, despite the higher 

amounts of ingested blood and its potentially toxicity, 

hematophagous parasites can handle it, maintaining the 

physiological balance between ROS production and 

elimination and avoid oxidative stress. Despite antioxi-

dant enzymes have a certain substrate specificity, their 

numerous isoforms present in hematophagous organ-

isms suggest that they can act on several substrates, 

possibly located in various subcellular compartments, 

which demonstrates the sophisticated ROS control 

methods by these organisms. Moreover, these enzymes 

are part of fundamental cellular processes, not only 

related with ROS detoxification and redox homeostasis, 

but also with cell signaling, acting as compensatory 

or complementary systems within biological systems.
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