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Abstract

Background Angiostrongylus cantonensis is a metastrongylid nematode that has a heteroxenous cycle, where snails act as
intermediate hosts and the rodents Rattus rattus and Rattus novergicus are the definitive hosts. However, humans may act as
accidental hosts presenting an atypical form of parasitism. This fact has motivated research to better understand systems of
relationships involving A. cantonensis, targeting the control of species of gastropods that act as intermediary hosts.
Methods For this, six groups were formed: three control groups (uninfected) and three infected groups, exposed to approxi-
mately 1200 L1 larvae of A. cantonensis. At the end of each week (1, 2, and 3 weeks), snails were dissected without anes-
thesia and the gonad—digestive gland (DGG) complex was separated for determination of oxygen consumption through
high-resolution titration-injection respirometer (Oroboros, Oxygraph; Innsbruck, Austria).

Results The results indicate suppression of mitochondrial oxidative metabolism of the host and compromised in different
mitochondrial respiratory states. This effect, mainly observed in the group exposed to 1 week of infection, showed a decrease
of approximately 38% (2.78 + 0.37 pmol O2/mg of tissue; P < 0.05), 41% (2.76 + 0.34 pmol O2/mg of tissue; P < 0.05) e
46% (2.91 £ 0.36 pmol O2/mg of tissue; P < 0.05) in the basal oxygen consumption after sequential addition (P + M), suc-
cinate and (ADP) in the respiratory medium, differing significantly from the control group.

Conclusion The results presented indicate that the prepatent infection by this metastrongylid impairs the aerobic oxidative
metabolism of its host, causing a reduction in basal oxygen consumption. This effect, observed at the start of development of
the parasites, indicates that this stage is the most critical for the success of the infection, and can be explained by a reduction
of the mitochondrial density of the tissue analyzed, or also by suppression of enzyme centers related to the oxidative reactions.
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Introduction

Angiostrongylus cantonensis is a metastrongylid nematode
that has a heteroxenous cycle, where snails act as intermedi-
ate hosts and the rodents Rattus rattus and Rattus norvegicus
are the definitive hosts [27]. Although rodents are the natural
hosts of this nematode, humans can accidentally become
infected, causing a serious pathological process called neural
angiostrongyliasis [20]. In recent years, cases of this disease
have been notified in various countries, including Brazil,
where it is classified as an emerging disease [18].

According to Caldeira et al. [4], one of the factors con-
tributing directly to the rapid spread of the disease is the
parasite’s low specificity in relation to intermediate host.
Epidemiological studies have confirmed the involvement of
different land snail species as natural hosts of A. cantonensis
[15, 18], including the participation of the planorbid Biom-
phalaria glabrata [10, 23, 24]. This is cause for concern
because studies have noted the excellent adaptation of this
planorbid species to tropical regions like Brazil [19], height-
ening the risk of transmission of diseases, including human
eosinophilic meningoencephalitis [8].

This situation has motivated studies to better understand
the A. cantonensis—B. glabrata relationship, to allow identi-
fying the different pathways by which the parasite acts on the
host’s metabolism and how the host reacts to the parasite’s
influence [23-26]. The results of these studies demonstrate
that infection by A. cantonensis induces significant changes
in the carbohydrate metabolism of B. glabrata, character-
ized by a decrease in the glucose content in the hemolymph
and of polysaccharide reserves stored in the digestive gland
and cephalopedal mass, besides variations in the protein,
lipid and mineral profiles. Those alterations occur along
with the superposition of important enzyme centers, such
as aminotransferases and lactate dehydrogenase, indicating
that infection by A. cantonensis results in an increase in the
rate of deamination of amino acids as well as activation of
their anaerobic metabolism. However, the precise mecha-
nism through which infection by A. cantonensis affects the
oxidative metabolism of the intermediate host has not yet
been characterized.

Previous studies have demonstrated that experimental
infection by Schistosoma mansoni in B. alexandrina not only
reduces the oxygen consumption rate, but also compromises
the host’s aerobic and anaerobic metabolism, inhibiting oxi-
dation of the intermediaries of the tricarboxylic acid cycle
and stimulating the production of lactic acid and other final
products of anaerobic metabolism in infected snails [11, 17].
This condition, also observed in other host—parasite systems,
allows the host snail to maintain its redox balance, while at
the same time assuring the production of energy [21].
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Therefore, with the aim of complementing the data pre-
viously published by Tunholi-Alves et al. [23, 24], which
demonstrate the participation of fermentation pathways in
the redox balance of the host, here we report the effect of
prepatent infection by A. cantonensis on some protein com-
plexes that integrate the mitochondrial respiratory chain of
B. glabrata, focusing on the host’s digestive gland (DGG),
because it is the main site for development of the nematode.

Materials and Methods
Maintenance of the Snails and Formation of Groups

The snails were kept in aquariums containing 1500 ml of
dechlorinated water, to which 0.5 g of CaCO; was added,
in the Laboratério Laboratério de Biologia e Parasitologia
de Mamiferos Silvestres Reservatérios—LABPMR (I0C/
FIOCRUZ). The water was replaced once a week. Six groups
were formed: three control groups (uninfected) and three
infected groups. Each aquarium contained 5 snails, reared in
the laboratory from hatching, to be certain of their age and
that the snails were free of infection by other parasites. The
entire experiment was conducted in duplicate, using a total
of 60 snails, 30 snails formed the control groups (uninfected)
and 30 snails formed the infected groups. The aquariums
were kept in a room with controlled temperature of 25 °C
throughout the experiment. The study was made in 3 weeks,
period that corresponds to the prepatent development of A.
cantonensis in B. glabrata [25].

The snails were fed with dehydrated lettuce (Lactuca
sativa L.) ad libitum. The lettuce leaves were changed every
day to prevent their fermentation, at which time the number
of dead snails was also noted.

Parasites

Third-stage larvae (L;) of A. cantonensis, obtained from
specimens of A. fulica collected in the municipality of
Olinda, Pernambuco, Brazil in 2008, in the area surround-
ing the home of a patient diagnosed with eosinophilic
meningoencephalitis, were inoculated in Rattus norvegicus
in the Laboratério of Patologia do Instituto Oswaldo Cruz
(Fiocruz), where the cycle was maintained. The first-stage
larva (L)) utilized in this study were obtained from this
experimental cycle maintained in the Laboratory de Biologia
e Parasitologia de Mamiferos Silvestres Reservatérios—
LABPMR (I0C) (Fiocruz).

Infection of the Snails

The feces of parasitized R. norvegicus were collected and
used to obtain the larvae by the technique of Baermann,
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employed to separate and decant the L, larvae [28]. After
processing the fecal samples, specimens of B. glabrata
(812 mm) at 90 days of age on average were exposed indi-
vidually to approximately 1.200 L, larvae on plates with
24 holes. After 48 h, the snails from each group were indi-
vidually examined under a stereomicroscope to detected
larvae (L, stage) in the plates [22]. The absence of larvae
in the plates ensured the infectivity and susceptibility of
snails under laboratory conditions. Posteriorly, snails were
removed from the plates and transferred to the aquariums
for formation of the experimental groups. The susceptibil-
ity of B. glabrata during the experimentally infection by A.
cantonensis has been showed as 100% infection rate [24].
The snails were grouped according to their infection stage
(1, 2, and 3 weeks post exposure). In each period analyzed,
5 infected and 5 uninfected snails (control) were dissected.

Dissection of the Snails to Collect Tissues

Each week snails from each experimental group (n=>5) were
dissected without anesthesia and the gonad—digestive gland
(DGG) complex was separated for analysis. Mechanical per-
meabilization of the tissue was performed as described by
[12], adapted by our group for this snail’s DDG complex.

Oxygen Consumption in the Permeabilized DGG
Measured by High-Resolution Respirometry

Oxygen consumption was measured with a high-resolution
titration-injection respirometer (Oroboros, Oxygraph; Inns-
bruck, Austria) [7]. The tissues were incubated in 2.0 ml of
a MiRO05 solution, and the chamber was closed immediately
before the start of the experiments. The basal respiration
was evaluated after addition of the mitochondrial substrates
(5 mmol 17! of pyruvate and 5 mmol/l of malate for complex
I and 10 mmol 17! of succinate for complex II). The phos-
phorylation respiration rate (state 3) was measured with the
addition of 0.5 mmol 17! of ADP. In turn, state 4° (proton
leak) and state 3u (uncoupled state) were reached with the
addition of 1 pg/ml of oligomycin and 0.4 pmol 1! of FCCP
(fluorocarbonyl-cyanide phenylhydrazone), respectively.
Pulses of 2.5 pM-5 pM were added to the experiment to
check mitochondrial permeability (outer membrane). Rote-
none and antimycin (1 pM and 5 pM, respectively) were
used to reveal non-mitochondrial respiration. The use of
these drugs was adapted from Kuznetsov et al. [12] and
Lemieux et al. [13].

Histological Analyses
Three snails from each experimental group (control and

infected) were dissected and transferred to Duboscq-Brasil
fixative [6]. The soft tissues were processed according to

routine histological techniques [9]. The sections (5 um) were
stained using hematoxylin and eosin and observed under a
Zeiss Axioplan light microscope; images were captured with
an MRc5 AxioCam digital camera and processed with the
Axiovision software.

Statistical Analyses

The results obtained were expressed as mean =+ standard
deviation and the Tukey test and ANOVA were used to com-
pare the means. (P <0.05) (InStat, GraphPad, v.4.00, Prism,
GraphPad, v.3.02, Prism, Inc.).

Results

The values of the variables of interest observed in the con-
trol group did not differ significantly in the 3 weeks of the
experiment; so, we grouped them in an average value, called
time zero, or week zero, of infection.

In the present study, significant changes in mitochondrial
system of Biomphalaria glabrata experimentally infected
by A. cantonensis were shown. The results indicate sup-
pression of mitochondrial oxidative metabolism of the host
and compromised in different mitochondrial respiratory
states. This effect, mainly observed in the group exposed
to 1 week of infection, showed a decrease of approxi-
mately 38% (2.78 +0.37 pmol O,/mg of tissue; P <0.05),
41% (2.76 = 0.34 pmol O,/mg of tissue; P <0.05) e 46%
(2.91+0.36 pmol O,/mg of tissue; P <0.05) in the basal
oxygen consumption after sequential addition (P + M), suc-
cinate and (ADP) in the respiratory medium, differing sig-
nificantly from the control group (Fig. 1a). Similar condition
was observed for mitochondrial state 3u (uncoupled state).
In this circumstance, the addition of the FCCP in the res-
piratory medium induced a significant decrease in oxygen
consumption in infected snails, differing in relation to the
average of the control group (7.39+0.69 pmol O,/mg of
tissue; P <0.05).

In snails exposed to 2 weeks of infection, changes in
mitochondrial respiratory status were demonstrated only to
the state 3u (uncoupled state). In this case, infection by A.
cantonensis induced a decrease of 63% (2.9 +£0.57 pmol O,/
mg of tissue; P <0.05) in oxygen consumption after addition
of FCCP in the respiratory medium, in relation to the control
group (7.87 +0.84 pmol O,/mg of tissue; P <0.05) (Fig. 1b).

In contrast, a contrary variation profile occurred in the
later periods of infection, suggesting a mitochondrial bio-
genesis process. In all analyzed mitochondrial states, infec-
tion by this metastrongylid did not result in significant
decreases in oxygen consumption in relation to the control
snail (Fig. 1c). This trend of mitochondrial plasticity was
maintained when we compared the different profiles among
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Fig. 1 Mitochondrial physiol-
ogy of B. glabrata after the first
(a), second (b) and third (c¢)
week of infection by Angios-
trongylus cantonensis. Rela-
tionship established between
the consumption of oxygen,
expressed by O2 pmol/mg tissue
after sequential additions of
malate (5 mM) and pyruvate

(5 mM), Succinate (10 mM),
ADP (0.5 mM), cytochrome ¢
(2.5-5 pM), oligomycin (1 pg/
ml), FCCP (0.4 pM), rotenone
(1 pM) and antimycin (5 pM).
Note: for cytochrome c, experi-
ments were very little or no
responsive to this drug. *Means
differ significantly (mean + SE).
Control group (n=6 snails);
infected group (n=10 snails)
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Fig.2 Influence of the pre-patent development of A. cantonensis on
mitochondrial physiology of B. glabrata. Relationship established
between the consumption of oxygen, expressed by O2 pmol/mg of tis-
sue after sequential additions of malate (5 mM) and pyruvate (5 mM),
Succinate (10 mM), ADP (0.5 mM), cytochrome ¢ (2.5-5 pM), oli-
gomycin (1 pg/ml), FCCP (0.4 pM), rotenone (1 pM) and antimycin
(5 pM). *Means differ significantly (mean + SE) (n= 10 snails)

the infected groups. In this case, snails exposed to 3 weeks
of infection presented a significant increase in basal oxygen
consumption after sequential addition of succinate, ADP,
FCCP and rotenone, differing from the other groups exposed
to 1 and 2 weeks of infection (Fig. 2).

The histochemical results revealed the presence of lar-
vae stages in the DGG (A) and muffle (B-C) of the A.
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cantonensis-infected snails, showing severe cellular disor-
ganization, characterized by the formation of a hemocyte
infiltrate and by the presence and proliferation of collagen
fibers and fibrous connective tissue, resulting in the loss of
organ function. In the control snails, the absence of larval
stages of the parasite was observed in sections of digestive
gland tissue, with their integrity and functioning reserved
(Fig. 3).

Discussion

Under physiological conditions, snails’ oxidative metabo-
lism is predominantly based on aerobic pathways, in which
the Krebs cycle assumes a central role in the process of
energy generation [21, 22]. However, when subjected to
physiological stress conditions, like those induced by infec-
tion by helminth larvae, these organisms can redirect their
metabolic flow, resulting in activation of enzyme centers
related to fermentation pathways [1]. This process was
recently documented by Tunholi-Alves et al. [23, 24] study-
ing the B. glabrata/A.cantonensis interface, who observed
the transition of the host’s oxidative metabolism in response
to the ontogenetic development of the nematode. Despite the
findings of that study, the possible changes resulting from
infection by A. cantonensis on the mitochondrial physiology
of B. glabrata have not yet been determined, limiting the
understanding of this relationship.

The data presented in this study indicate that prepatent
infection by A. cantonensis induces substantial alterations
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Fig. 3 Histological section of
the digestive gland (a) and muf-
fle (b, ¢) of B. glabrata infected
by A. cantonensis stained with
hematoxylin—eosin showing a
region characterized by intense
cellular disorganization induced
by an inflammatory infiltrate.
Scale bar=20 pm. d Unin-
fected snails section showing
the region functional digestive
gland. Scale bar=40 pm

in the mitochondrial physiology of B. glabrata, character-
ized by suppression of the aerobic oxidative metabolism and
consequent reduction of the basal oxygen consumption rate
in relation to the control group. These alterations were more
pronounced in the initial stage of the parasite development
(first and second weeks), with partial reestablishment of
the original rate in the third week of infection. The results
demonstrate impairment in respiratory states 2 (basal) and
3 (phosphorylation) of B. glabrata at the start of infection,
causing a lesser response after addition of succinate and
ADP, respectively. Similar conditions were reported by
Mohamed and Ishak [17], studying the B. alexandrina/s.
mansoni interface. According to them, the reduction of the
oxygen consumption rate in the mitochondrial system of
infected snails can be partly explained by the direct action
of the larvae in different stages in the host’s tissue, resulting
in relevant tissue changes, especially in the gonad—digestive
gland complex, or can also be mediated by the action of the
parasite’s secretion and excretion products, which inhibit
the oxide reduction reactions that integrate the Krebs cycle,
and consequently mitochondrial phosphorylation process.
In this circumstance, the maintenance of the host’s redox
balance is seriously compromised, favoring the activation
of complementary mechanisms [16], as has been described
in other studies involving the relation between snails and
helminth larvae [21].

Studying the interrelationship of B. glabrata/A.cantonen-
sis [26], demonstrated significant tissue changes in the host’s
digestive gland as a consequence of parasitic development.

According to the authors, the occurrence of tissue lesions in
visceral organs of B. glabrata was demonstrated by a strong
inflammatory reaction together with significant increase in
the activities of L-aspartate: 2 oxoglutarate aminotransferase
(AST) and L-alanine: 2 oxoglutarate aminotransferase (ALT)
in the infected snails’ hemolymph. This process was still
accompanied by areas of metastatic calcification as a com-
plementary reaction during encapsulation of A. cantonensis
and by diffuse proliferation of hemocytes and expansion of
the extracellular matrix, leading to the formation of areas
of fibrosis. These changes, which result in the loss of struc-
tural and functional viability of the cells that make up this
organ, contribute to reduction of the mitochondrial density
in the digestive gland of infected B. glabrata snails, favoring
diminished oxygen consumption.

In this study, we observed significant changes in the 3U
mitochondrial state (uncoupled state) after the addition of
FCCP (carbonyl cyanide 4-(trifluoromethoxy) phenylhy-
drazone). This compound is characterized by its liposolu-
ble nature, acting to dissipate the electrochemical gradient
generated during oxidative phosphorylation through the
internal mitochondrial membrane. This result in a loss of
respiratory control that leads to an increase in the consump-
tion of oxygen not coupled to ATP synthesis. Therefore, the
lower oxygen consumption, and hence the lower respiration
rate, of snails infected by A. cantonensis (1 and 2 weeks),
in the presence of the uncoupling agent, suggests a reduc-
tion in the number of protein complexes that integrate the
respiratory chain, or a smaller number of mitochondria, as
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a consequence of the destructive action of the parasite on
the host’s tissue. Another explanation is the reduction in the
speed of the oxidation reactions of the tricarboxylic acid
cycle in infected snails in relation to uninfected ones. As a
consequence, a decrease in the rate or production and reoxi-
dation of NADH and FADH, is expected, directly impair-
ing the conversion of electromotive force into proton-motive
force. These results complement those presented by Tunholi-
Alves et al. [23, 24] and suggest that under such conditions,
maintenance of the host’s redox balance depends directly on
the fermentation pathways, in which lactate dehydrogenase
assumes a central role in the process.

Interestingly, a contrary variation profile occurred in the
group 3 weeks after exposure to L, larvae. At this stage
of parasitic development, infection does not induce signifi-
cant changes in the aerobic oxidative metabolism studied,
suggesting a mitochondrial biogenesis process [3, 14].
Such results can be explained by the dynamics of para-
site development, since in the third week of infection, the
second-stage larvae have abandoned the gonad—digestive
gland complex, and through the hemolymph system have
migrated toward the ducts of the mucus-producing glands
located in the cephalopedal mass, completing their develop-
ment. Another possibility is the participation of mechanisms
involved in the plasticity process of the mitochondrial func-
tion [5]. This effect was documented by Bishop et al. [2]
studying the effect of starvation on the mitochondrial system
in gastropod Helix aspersa. According to the authors, the
reduction in the aerobic oxidative metabolism of metaboli-
cally depressed snails is due to the temporary down-regula-
tion of enzyme centers related with the Krebs cycle (citrate
synthase) and the electron transport chain (cytochrome and
oxidase), which is reestablished with the return of the meta-
bolic capacity. Hence, the increase in the oxidative capacity
presented by the snails 3 weeks after the start of infection in
relation to those in the initial phase of parasite development
can also be related to intrinsic mitochondrial factors, whose
activity is normalized together with the migration of the
larval stages to the final development site.

This article reports for the first time the effect of infec-
tion by A. cantonensis on the mitochondrial physiology of
B. glabrata. The results presented indicate that the prepatent
infection by this metastrongylid impairs the aerobic oxida-
tive metabolism of its host, causing a reduction in basal oxy-
gen consumption. This effect, observed at the start of devel-
opment of the parasites, indicates that this stage is the most
critical for the success of the infection, and can be explained
by a reduction of the mitochondrial density of the tissue
analyzed, or also by suppression of enzyme centers related
to the oxidative reactions. These findings complement those
reported by Tunholi-Alves et al. [23, 24] and emphasize the
importance of the fermentation pathways involved in the
reestablishment of the host’s redox balance.
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