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ARTICLE INFO ABSTRACT

We investigated the effect in vitro and in vivo of doxycycline hyclate (Dx), a broad-spectrum antibiotic inhibitor
of matrix metaloproteinases (MMPs), on adult Schistosoma mansoni worms and granulomatous liver inflamma-
tion in infected mice. Adult S. mansoni worms in culture treated with different concentrations of Dx (50-180 pg/
mL) were studied for eight days to assess its morphology, eggs production, and mortality. Uninfected mice and
those infected with S. mansoni, untreated and treated with praziquantel (Pz; 200 mg/kg) or Dx (50 mg/kg), were
evaluated for 60 days. Our results indicated that Dx induced dose-dependent integumentary lesions (bubbles,
tubercle collapse, spicule disappearance, peeling, and erosion), reduced mating rate and eggs-laying in adult S.
mansoni worms. The effective lethal dose required to kill 50% of worms was 112.0 ug/mL Dx (DLsp). In mice, S.
mansoni infection induced hepatomegaly, intense IL-4, IL-10, TNF-a and TGF-f3 production, granulomatous in-
flammation and hepatic glycogen depletion. The number and size of the granulomas was similar in untreated and
Dx-treated animals. Untreated animals showed a predominance of productive granulomas, and intense MMP-2
and MMP-9 activities. Dx-treated mice exhibited a significant increase in IL-4 levels, tissue inflammation, pro-
portion of involutive granulomas, and hepatic collagenogenesis, as well as attenuated MMP-2 and MMP-9 ac-
tivities. Our findings indicated that Dx is toxic to adult S. mansoni worms in vitro. However, in vitro beneficial
effects were not reproduced in vivo, since Dx treatment increased liver granulomatous inflammation and col-
lagenogenesis in S. mansoni-infected mice by a process potentially associated with Dx-mediated hepatic MMP-2
and MMP-9 inhibition.
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1. Introduction

Schistosomiasis is a disease caused by trematodes of the genus
Schistosoma [1,2]. Considering all Schistosoma species, about 240 mil-
lion people in 78 countries are infected and 800 million people live in
areas endemic to the disease. In the world, the highest incidence and
prevalence of schistosomiasis occurs in regions of the Middle East,
South America, Southwest Asia and especially Africa [3,4]. The species
responsible for schistosomiasis in Brazil is Schistosoma mansoni, which
causes a chronic and debilitating disease [4]. In this country, about 25
million people live in an area with a risk of schistosomiasis and ap-
proximately 2.5 to 6 million individuals are infected, especially in poor

and rural areas where sanitation and quality of life are precarious [5,6].

The life cycle of S. mansoni is heteroxenic, passing one phase in the
mollusk, the intermediate host, and another phase in humans, the de-
finitive hosts [7,8]. Schistosomiasis develops in humans in acute and
chronic phases [9]. The acute phase is generally asymptomatic and
represents a mild form with hepatointestinal involvement. The chronic
phase, when symptomatic, manifests as hepatosplenomegaly and portal
hypertension and is recognized as an advanced hepatosplenic form
[10]. Acute schistosomiasis is characterized by the presence of nu-
merous periovular granulomas in multiple organs, especially in the
liver, intestines and lungs [10]. These granulomas are large, with a
predominantly exudative component rich in eosinophils, poorly
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delimited periphery and frequent periovular necrosis [11]. At the be-
ginning of the chronic phase, granulomas are observed at various stages
of evolution, including involutive forms with low cellularity and high
collagen density [10]. During this phase, the arrival of new viable S.
mansoni eggs in the tissues triggers concomitant granulomatous reac-
tions similar to those observed in the acute phase [12,13]. In general,
schistosomiasis granulomas are smaller in the chronic phase, since the
inflammatory reaction is counterbalanced by the destruction of older
granulomas [12]. The most advanced chronic phase is severe, being
predominantly characterized by periportal hepatic fibrosis (Amral
et al., 2017, [14]).

In general, fibrosis is the result of imbalance in the normal process
of synthesis and degradation of extracellular matrix components,
especially collagen [15]. Takahashi et al. [16] demonstrated that in-
creased collagen production occurs parallel to collagenase synthesis in
the liver during early-stage S. mansoni infection. According to Madala
et al. [17], fibrosis results from the imbalance between collagen
synthesis by interstitial cells and enzymatic degradation, especially by
matrix metalloproteinases (MMPs). Matrix metalloproteinases play an
essential role in extracellular matrix (ECM) remodeling by degrading
collagen and non-collagenous elements, such as glycosaminoglycans,
proteoglycans, cytokines, growth factors and their receptors [18,19]. In
vertebrates, MMPs consist of > 20 different types of enzymes that differ
in tissue expression, cell localization and substrate specificity. MMPs
determine ECM equilibrium in normal tissues, or the development of
fibrosis under pathological conditions [20]. Gomez et al. [15] demon-
strated by immunocytochemistry the participation of MMP-1 and MMP-
2 in the formation of active schistosomiasis granulomas, even during
prolonged infections. In schistosomiasis granulomas, the production of
MMPs is associated with macrophage activation by parasite antigens
[21,22]. In addition, elastase expression (MMP-12) is induced in var-
ious liver diseases, including cirrhosis and schistosomiasis [18,22,23].

Currently, there is limited evidence that MMPs are involved in the
pathophysiology of S. mansoni infection [21,22]. By modulating the
immune response induced by antigens of parasite eggs, it is possible
that MMPs interfere with granulomatous inflammation, mainly by
modulating the collagenogenesis and collagenolysis processes. By
modifying the evolution and organization of schistosomiasis granu-
lomas, MMPs can change the most serious pathological process related
to high morbidity and mortality rates in S. mansoni-infected hosts. Thus,
MMPs modulatory drugs may exert a relevant impact on schistoso-
miasis, with a particular effect on tissue inflammation and fibrosis. In
this context, doxycycline (Dx) has already been described as an in-
hibitor of MMPs activity, and its use has previously been proven in the
modulation of tissue levels of collagen in parasitic disease [24]. Al-
though Dx is effective in the treatment of Plasmodium falciparum in-
fections [24,25] and several filarial species [26], little is known about
the role of Dx in schistosomiasis. Thus, this study used in vitro and in
vivo experimental models to study the effect of doxycycline hyclate in
adult S. mansoni worms and on the development of hepatic granulo-
matous inflammation in S. mansoni-infected mice.

2. Materials and methods
2.1. Invitro assays

2.1.1. Culture of adult S. mansoni worms

Doxycycline toxicity was evaluated in cultures of adult S. mansoni
worms. Seven mice subcutaneously infected with 25S. mansoni cer-
cariae (LE strain, Rene Rachou Center, Brazil) were sacrificed 80 days
after infection by intraperitoneal administration of 3.0% sodium pen-
tobarbital (0.3 mL). Adult worms were recovered by retrograde liver
perfusion in infected mice according to Smithers and Terry [27]. The
worms were cultured in 6-well plates containing one pair of worms per
well (Ethical approval 26/2018). The culture was stabilized in a 5%
CO,, atmosphere in 1 mL RPMI-1640 medium supplemented with heat-
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inactivated fetal bovine serum, 1% penicillin (10,000 IU/mL) and
streptomycin (10.0 mg/mL) (Sigma, St Louis, MO, USA) [28].

2.1.2. In vitro doxycycline toxicity assay

Adult worms in culture were incubated at 37 °C in 5.0% CO, with
different concentrations of doxycycline hyclate (Dx; 50, 65, 80, 95, 110,
125, 150, 165 and 180 pug/mL). Worms incubated in RPMI-1640 culture
medium alone or treated with a cytotoxic reference dose of Pz (2.0 ug/
mL) were used as negative and positive controls, respectively [28].
Incubation with the drugs was performed for 24 h. The worms were
then washed with culture medium to remove the drugs and kept under
the same culture conditions for eight days.

On the first day of incubation, the worms were observed under an
inverted microscope (Eclipse ts100, Nikon, Tokyo, Japan) at 2 and 24 h
after addition of the drugs. After washing and changing the culture
medium, the worms were examined daily for seven days. During this
period, parameters such as (i) mating rate, (ii) eggs laying, (iii) egg
microstructure, (iv) contraction rate, and (iv) mortality rate of worms
were evaluated. The effective lethal dose required to kill 50% of worms
(LDsp) was calculated using GraphPad Prism software (La Jolla, CA,
USA). All experiments were performed using six independent replicates.

2.1.3. Evaluation of doxycycline-induced integumentary damage

Integumentary lesions in adult S. mansoni worms were evaluated by
scanning electron microscopy. After the toxicity test, the worms were
collected and fixed for 24h in 2.5% glutaraldehyde solution. The
worms were dehydrated in a series of increasing concentrations of
ethanol (50 to 99.5%) and in an oven at 60 °C for 12 h. Afterwards, they
were mounted on metallic supports, covered with gold (Modular
Balzers Union FDU 010, SCA 010, Oerlikon Balzers, Balzers,
Liechtenstein) and examined using a scanning electron microscope (Leo
1430VP; Carl Zeiss, Jena, Thuringia, Germany) [29,30]. The analysis of
worm integrity was based on the observation of morphological evi-
dence of integumentary erosion, peeling, bubbles, eruption, changes in
surface tubercle structure (collapse, fusion, presence and distribution of
spicules), as well as retraction of the worm's body [31,32].

2.2. In vivo assays: animal model of schistosomiasis

2.2.1. Infection and experimental groups

Forty Swiss mice were randomized into the following four groups
with 10 animals per group: (i) Control — uninfected; (ii) Infected control
- S. mansoni infected; (iii) Positive control (reference treatment) - in-
fected with S. mansoni and treated with Pz (200 mg/kg); (iv)
Doxycycline group - infected with S. mansoni and treated with Dx
(50 mg/kg). Infected animals were inoculated subcutaneously with 25
cercariae of S. mansoni (LE strain, Rene Rachou Center, Brazil). After
80 days of infection, the animals were treated orally with Pz as a single
dose [33] or Dx for 60 days. Considering the absence of a reference for
schistosomiasis, Dx was administered daily with a dose that was cap-
able of inducing immunomodulatory effect in a murine model of Try-
panosoma cruzi infection [34]. Throughout the experiment, the animals
were kept in an experiment room with controlled temperature
(22 = 2°C) and luminosity (12h/12h, light/dark cycles). Commercial
food and water were provided ad libitum. The study was approved by
the institution's Ethics Committee for Animal Research (protocol 26/
2018).

2.2.2. Euthanasia and necropsy

Twenty-four hours after the final treatment, the animals were eu-
thanized under anesthesia (100 mg/kg ketamine and 10 mg/kg xylazine
by i.p. injection) for collection of blood and liver samples. Blood was
centrifuged in the presence of anticoagulant (sodium heparin) at
3000 x g and 4 °C for 15 min. Blood plasma was collected for analysis
liver function enzymes and cytokines. The liver was weighed and the
hepatosomatic index was calculated by dividing the liver mass by the
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body mass [35]. Samples of liver tissue (300 mg) were frozen (—80 °C)
for subsequent determination of MMP-2 and MMP-9 activities. For the
histopathological and stereological analysis, liver fragments (median
lobe) were fixed in 4% buffered paraformaldehyde solution (pH = 7.4,
0.1 M) for 48h [35].

2.2.3. Analysis of hepatic function and systemic inflammation

Plasma samples were used for the biochemical analysis of the liver
function enzymes aspartate aminotransferase (AST), alanine amino-
transferase (ALT), and alkaline phosphatase (ALP) [36]. The analyses
were performed by a colorimetric method using a spectrophotometer,
according to the instructions provided by the manufacturer of the di-
agnostic kits used (Human in Vitro Diagnostics, Minas Gerais, Brazil). C-
reactive protein (CRP) was used as a biochemical marker of systemic
inflammation. CRP analysis was performed using spectrophotometry.
For this, a 96-well ELISA immunoenzymatic diagnostic kit was used
(analytical sensitivity < 10 pg/mL), according to instructions provided
by the manufacturer (ThermoFisher Scientific, Waltham, MA, USA).

2.2.4. Quantification of hepatic cytokine levels

Liver samples (median lobe) were homogenized in the presence of
protease inhibitor (Protease Inhibitor Cocktail; Sigma-Aldrich, USA)
and centrifuged at 3000 xg, 4°C for 15min. The supernatant was
collected for the quantification of interleukin-4 (IL-4), interleukin-10
(IL-10), tumor necrosis factor-o (TNF-a) and transforming growth
factor B (TGF-B). The analysis was conducted by flow cytometry bead
array (CBA) using a commercial kit according to the manufacturer's
instructions (BD Biosciences, San Diego, CA, USA). Data were collected
using a FACSVerse flow cytometer and analyzed using FCAP 3.0 soft-
ware. Standard curves were generated for each recombinant cytokine in
a concentration range 20 to 5000 pg/mL. According to the manu-
facturer, the lower limit of cytokine detection by CBA was 2.5 to
52.7 pg/mL, depending on the analyte [37].

2.2.5. Tissue processing for bright field and polarization microscopy

After histological fixation (4% formaldehyde (w/v) in 0.1 M phos-
phate buffer, pH 7.2 for 48 h), liver fragments were dehydrated in in-
creasing concentrations of ethanol (70 to 99.8%). They were then
diaphanized in xylene and embedded in paraffin. The blocks were cut
into semi-series at 5-um thickness [38]. Histological sections with a
distance of 100 um were collected to avoid analyzing the same histo-
logical area. The sections were stained by the hematoxylin and eosin
technique for general histopathological [39] and stereological analysis
[35]. Sections stained using the Sirius Red method were used for
identification and analysis of collagen fibers under polarization mi-
croscopy [40]. Liver sections were stained using the Periodic acid-Schiff
histochemical method for glycogen identification and analysis [41].
The sections were mounted with a coverslip and visualized using a
photomicroscope (Axioscope Al, Carl Zeiss, Germany). Ten histological
images were obtained for each animal and each staining method using
Axion Vision LE image capture and analysis software (Carl Zeiss, Ger-
many).

2.2.6. Liver histopathological analysis

Histopathological evaluation was carried out in a qualitative way,
observing evidence of tissue necrosis, cellular hypertrophy/hypo-
trophy, cytoplasmic glycogen inclusion pattern, organization and dis-
tribution of parenchymal and stromal cells, morphology and distribu-
tion of blood vessels and interstitial cells, as well as the presence and
distribution of inflammatory foci, Schistosomiasis granulomas and
areas of tissue fibrosis [40]. The analysis was performed in 10 random
histological fields for each animal using a x40 objective lens (x 400
magnification), with examination of 21.10 X 10° um? total histological
area for each group [40].
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Fig. 1. Cumulative mortality of adult Schistosoma mansoni worms untreated and
treated with different doses of doxycycline hyclate. (A) Daily mortality after
doxycycline treatment. (B) Accumulated mortality 216h after contact of
parasites with different doxycycline doses. RPMI: RPMI-1640 culture medium,
Dx: doxycycline hyclate (80, 95, 110, 125, 150, 165, and 180 pg/mL), Pz (po-
sitive control): praziquantel (2 pg/mL).

2.2.7. Stereological and histomorphometric analysis of hepatic granulomas

The number density of granulomas per unit of histological area
(QAG, n/mm?® was evaluated using the stereological formula
QA = XG/At; where XG represents the sum of the number of granu-
loma profiles and At corresponds to the size of the test area
(34 x 103 um?). The QAg was evaluated from 10 random non-coin-
cident histological fields for each animal obtained with a x5 objective
lens (X 50 magnification), in a 27.20 x 10”7 um? total histological area
for each group. Exudative-productive and organized granulomas (fi-
brotic) were quantified differentially according to a previously estab-
lished morphological characterization [42].

The area of the equatorial section of the granulomas was directly
determined by a histomorphometric method using the contour tool of
the Image-Pro plus 4.5 image analysis program (Media Cybernetics Inc.,
Silver Spring, Maryland, USA) [38]. Mean granuloma volume was es-
timated by the principle of prolate (P) spheroid, according to the for-
mula VP = (4/3) x wa2b; where a is the equatorial (smaller) radius and
b is the polar (larger) radius of the cross-sectional profile of a spheroidal
structure (JO et al., 2007). One hundred granulomas were analyzed per
group, within which an S. mansoni egg was clearly observed [42].

2.2.8. Stereological analysis of inter-granulomatous liver tissue
In areas of liver tissue that were remote from the granulomas, the
amplitude of hepatic microstructural remodeling was estimated by
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Fig. 3. Phase contrast photomicrographs of Schistosoma mansoni eggs accumulated at the end of 216 h (observation period) after administration of doxycycline
hyclate. RPMI: RPMI-1640 culture medium, Dx: doxycycline hyclate (50, 65, 80, 95, 110, 125, 150 pg/mL). No eggs were identified when parasites were cultured

with Pz or 165 and 180 pg/mL Dx. The images indicate dose-dependent degeneration of S. mansoni eggs. Arrow: Newly hatched miracidium separating from the
eggshell (star).
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Fig. 4. Scanning electron photomicrographs of adult Schistosoma mansoni worms untreated and treated with doxycycline hyclate. Images obtained 216 h (period of
observation) after the contact of parasites with different doxycycline doses. Control group (RPMI): RPMI-1640 culture medium, Dx: doxycycline hyclate (80, 95, 110,
125, 150, 165, and 180 pg/mL), Pz (positive control): praziquantel (2 pg/mL). Featured images: Dx 80, tegument erosion; Dx 110, bubbles and tegument erosion.

Arrows: areas of integument contraction.

using the stereological method [40,43]. The volume density (hepato-
cytes [parenchymal, connective tissue [stromal], sinusoidal capillaries
and cytoplasmic glycogen inclusions) and number density (hepatocytes
and interstitial/inflammatory cells) were estimated according to ste-
reological principles previously described [40]. The volume density
(Vv, %) was estimated by counting points according to the formula
Vv = XP/Pt; where XP represents the number of test points hitting the
structure of interest and Pt is the total number of points in the test
system. A quadratic test system with 100 points contained in a
42.21 x 10° urn2 test area (At) at tissue level was used. The number
density (QA, n/mm?) was evaluated by the same principle described
above for the quantification of the number of granulomas per unit of
liver area. The stereological analysis was performed in 10 random, non-
coincident, histological fields for each animal, obtained with a x40
objective lens (x 400 magnification) in a 21.10 X 10°um? total mi-
croscopic area for each group. All analyses were performed using
Image-Pro Plus 4.5 image analysis software (Media Cybernetics Inc.,
Silver Spring, Maryland, USA) [43].

2.2.9. Evaluation of MMP-2 and MMP-9 hepatic activity

For the evaluation of MMP-2 and MMP-9 activity, 200-mg samples
of the liver were homogenized in 1 mL of 5 mM Tris-HCI (pH 7.4) buffer
containing 0.15M NaCl, 10mM CaCl, and 0.02% NaNs. After cen-
trifugation at 10,000 x g for 30 min, the supernatant was collected for
analysis of MMP activity. For this, an ELISA commercial im-
munoenzymatic kit was used according to the manufacturer's instruc-
tions (ABCAM, Cambridge, MA, USA). The overall activity of each MMP
was determined by the difference between the general enzymatic
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activity and the enzymatic activity obtained after homogenate treat-
ment with specific inhibitors of MMP-2 (cis-9-Octadecenoyl-N-hydro-
xylamide) (Sigma-Aldrich, St. Louis, Missouri, USA) and MMP-9 (2-(N-
benzyl-4-methoxyphenylsulfonamido)-5-((diethylamino) =~ methyl)-N-
hydroxy-3-methylbenzamide) (ABCAM, Cambridge, MA, USA).

2.3. Statistical analysis

The results were expressed as absolute values, percentages, mean
and standard deviation (mean #+ SD), or median and interquartile
range. Normality in the data distribution was assessed using the
Kolmogorov-Smirnov test. The data variance was measured by one-way
ANOVA. Parametric data were submitted to the Student-Newman-Keuls
post-hoc test for multiple comparisons. Non-parametric data were
compared using the Kruskal-Wallis test. The results with P value <
0.05 were considered statistically significant.

3. Results

3.1. Doxycycline hyclate induces dose-dependent toxicity in vitro in adult S.
mansoni worms

In vitro assays indicated dose- and time-dependent Dx toxicity in S.
mansoni adult worms. No deaths were observed at 80 ug/mL and 91.7%
mortality was recorded at a dose of 180 ug/mL. The LDs, was de-
termined as 112.0 pg/mL Dx. All worms (100%) died after treatment
with Pz (Fig. 1).

Adult worms in culture medium had a high rate of mating and eggs
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Fig. 5. Scanning electron photomicrographs of the integument of adult Schistosoma mansoni worms untreated and treated with doxycycline hyclate. Images obtained
216 h (period of observation) after the contact of parasites with different doxycycline doses. (Control): RPMI-1640, Dx: doxycycline hyclate (80, 95, 110, 125, 150,
165 and 180 pg/mL), Pz (positive control): praziquantel (2 pg/mL). RPMI and Dx50: integument with preserved morphology, showing prominent tubers and well-
defined spicules; Dx80: tuber flattening and spike density reduction; Dx110: collapse of tubers, disappearance of spicules, and bubbles in the integument (highlighted
image); Dx180 and Pz2: tubercle collapse, spicule disappearance and integumentary contraction bands.

laying, and an absence of integumentary contraction. Mating rate and
eggs laying presented a significant dose-dependent reduction in Dx-
treated groups compared to control worms (P < 0.05). About 50% of
the dead worms remained mated in the group treated with Pz. In
contrast, the rate of worm contraction presented a significant and dose-
dependent increase compared to the control worms (P < 0.05; Fig. 2).
Phase-contrast microscopy indicated that, under control conditions
(worms grown in RPMI-1640 medium), S. mansoni eggs had a normal
structure with well-defined spicules and intense miracidium motility
within the egg. Empty eggshells and free miracidium were also ob-
served. Dx-induced eggs degeneration (smaller size, loss of the border
between the embryo and the eggshell, and embryo with lumpy ap-
pearance, vacuolated and without ciliary movement) showed dose-de-
pendent characteristics. No eggs were identified when the parasites
were cultured with Pz or with Dx at 165 and 180 pg/mL (Fig. 3).
Control worms kept in culture medium presented complete mor-
phological integrity. In Dx-treated worms, dose-dependent micro-
structural damage of the cephalic pole and integument were detected.
Microstructural changes of the integument, such as blistering, erosion,
desquamation and contraction bands, as well as retraction of the
worms' bodies and atrophy of the cephalic pole were more evident at Dx
concentrations higher than 80 ug/mL. At 180 pg/mL Dx and in worms
treated with Pz, these changes were more pronounced (Fig. 4).
Detailed morphological analysis of the S. mansoni integument re-
vealed a preserved structure in control worms and in worms treated
with the lowest Dx dose (50 ug/mL). At higher Dx doses, the micro-
structural integumentary alterations presented dose-dependent
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characteristics. The most important integumentary alterations were the
disappearance of the spicules; flattening, collapse and disappearance of
tubers; disappearance of inter-tubercular striae; erosion; blisters; con-
traction bands and integumentary folds (Fig. 5).

3.2. Doxycycline hyclate modulates granulomatous inflammation and
hepatic microstructural remodeling in S. mansoni-infected mice

At the end of the experiment, body mass of untreated and Dx-treated
infected animals was lower in relation to the control group and infected
animals treated with Pz (P < 0.05). All infected groups had a higher
absolute and relative liver mass compared to uninfected control animals
(P < 0.05). These parameters were higher in untreated and Dx-treated
infected animals compared to the Pz-treated group (P < 0.05; Fig. 6).

Uninfected animals presented normal hepatic microstructure, with
well-defined hepatocyte strings, well-delimited sinusoidal capillaries,
low interstitial cellularity, and absence of morphological evidence of
cellular degeneration. In the area that was remote from the granulomas,
all infected animals presented marked hepatic inflammation, with dif-
fuse leukocyte infiltrate and areas with well-defined inflammatory foci.
These animals also showed expansion of the connective stroma and
marked dilation of sinusoidal capillaries (Fig. 7).

All infected animals showed a significant increase in circulating
AST, ALT, ALP and CRP levels compared to control animals (P < 0.05).
In general, these parameters were similar in untreated and Dx-treated
infected animals (P > 0.05), but higher in relation to Pz-treated mice
(P < 0.05; Table 1).
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All infected animals showed a significant increase in IL-4, IL-10,
TNF-a and TGF-f} levels compared with uninfected animals (P < 0.05).
Dx-treated animals showed elevated IL-4 levels compared to untreated
infected animals (P < 0.05). Pz-treated animals had lower levels of all
cytokines than untreated and Dx-treated infected animals (P < 0.05;
Fig. 8).

Hepatocytes from uninfected animals showed marked glycogen ac-
cumulation. Evident cytoplasmic depletion of hepatic glycogen inclu-
sions was observed in all infected animals, especially in untreated and
Dx-treated infected animals (Fig. 9).

Quantitative microstructural analysis of the intergranulomatous
liver tissue corroborated the qualitative evidence of hepatic connective
stromal expansion, sinusoidal capillary dilation, increased
flammatory cell density and hepatic glycogen depletion in all infected
groups compared to uninfected animals (P < 0.05; Fig. 10). Capillary
volume density was similar in all infected groups (P > 0.05; Fig. 10).
Connective tissue expansion and leukocyte infiltration were more pro-
nounced in infected animals treated with Dx compared to the other
infected groups (P < 0.05). Pz-treated animals presented higher he-
patic glycogen distribution compared to untreated and Dx-treated in-
fected animals (P < 0.05; Fig. 10).

Quantitative microstructural analysis indicated that granuloma
number, mean diameter, cross-sectional area and volume were similar
in both untreated and Dx-treated infected animals (P > 0.05). All these
parameters were significantly lower in Pz-treated animals (P < 0.05;
Fig. 11).

All S. mansoni-infected animals presented marked granulomatous
inflammation. Untreated and Dx-treated infected animals showed in-
tense leukocyte infiltration and large granulomas with high cellularity,
with typical morphological characteristics of exudative-productive
granulomas. In Pz-treated animals, granulomas presented a less pro-
nounced cellularity and marked accumulation of eosinophilic amor-
phous material around S. mansoni eggs, indicating an involutive

in-
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morphological profile (Fig. 12).

Hepatic granulomas presented variable collagen accumulation. In
general, untreated infected animals presented collagen fibers at dif-
ferent stages of development (type I and III), with little compaction and
diffuse distribution. Pz-treated animals presented higher accumulation
of thick collagen fibers (type I) with a higher degree of compaction and
circumferential organization around S. mansoni eggs. In Dx-treated
animals, marked deposition of thicker collagen fibers with diffuse or-
ganization was observed (Fig. 12).

Untreated infected animals had a higher proportion of exudative-
productive granulomas compared with Dx- or Pz-treated groups. The
proportion of exudative-productive (53.25%) and involutive granu-
lomas (46.75%) in the Dx-treated animals was similar, whereas Pz-
treated animals had a higher proportion of involutive granulomas
compared to the other groups (P < 0.05; Fig. 13). The relative dis-
tribution of collagen per granuloma area was similar in Dx- or Pz-
treated animals (P > 0.05), which demonstrated higher collagen de-
position compared to untreated infected animals (P < 0.05; Fig. 13).

Immunoenzymatic analysis indicated that untreated and Pz-treated
infected animals had a significant increase in liver MMP-2 and MMP-9
activity compared to control mice (P < 0.05). MMP-2 activity was
reduced (P < 0.05) and MMP-9 activity was similar (P > 0.05) in Dx-
treated infected animals compared to uninfected animals (Fig. 14).

4. Discussion

The present study used an integrated in vitro and in vivo strategy to
evaluate the schistosomicidal potential of Dx and the impact of this
drug on the evolution of granulomatous inflammation induced by S.
mansoni in mice. Our in vitro findings indicated that Dx is potentially
toxic to adult S. mansoni worms. In addition to interfering with mating,
eggs laying and viability of these eggs, Dx was able to induce dose-
dependent integumentary morphological lesions, with similarities to Pz
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Fig. 7. Representative photomicrographs of remote liver areas (intergranulomatous tissue) in uninfected mice, and Schistosoma mansoni-infected animals untreated
and treated with doxycycline (Dx) and praziquantel (Pz). CNT: uninfected control, Sm: infected with S. mansoni, Sm + Pz: infected with S. mansoni and treated with a
single dose of Pz (200 mg/kg), Sm + Dx: infected with S. mansoni and treated for 60 days with Dx (50 mg/kg/day). Staining method: hematoxylin and eosin, bright-

field microscopy.

Table 1

Plasma biochemical markers of hepatic function and systemic inflammation in uninfected mice, and Schistosoma mansoni-infected animals untreated and treated with

doxycycline (Dx) and praziquantel (Pz).

Groups AST (IU/L) ALT (IU/L) ALP (IU/L) CRP (mg/L)
CNT 116.82 + 8.52 25.01 + 7.69 47.41 + 8.11 0.19 + 0.05
Sm 203.99 + 31.32* 68.43 + 11.16* 70.01 + 7.99% 0.67 = 0.17*
Sm + Dx 213.24 * 26.96* 75.92 + 17.91* 74.87 + 11.82* 0.75 = 0.12*
Sm + Pz 147.89 + 16.57*" 42.48 + 8.78*" 47.68 + 13.18 0.47 + 0.07*"

ALT: alanine aminotransferase; AST: aspartate aminotransferase; ALP: alkaline phosphatase; CRP: C-reactive protein. CNT: uninfected control, Sm: infected with S.
mansoni, Sm + Pz: infected with S. mansoni and treated with a single dose of Pz (200 mg/kg), Sm + Dx: infected with S. mansoni and treated for 60 days with Dx
(50 mg/kg/day). The results are represented as mean and standard deviation. Statistical difference (P < 0.05) in relation to the group *CG, Sm and Sm + Dx.

treatment that partially explain the high parasite mortality rates ob-
tained in response to higher Dx doses (> 110 pug/mL).

Due to its potent bacteriostatic properties, Dx has been effectively
used as a broad-spectrum antibiotic for the treatment of diseases such as
pneumonia, cholera, syphilis, leptospirosis and chlamydia infections
[44,45]. Although the impact of Dx on worms of the genus Schistosoma
is still poorly explored, this drug has a direct toxic effect against several
parasites with medical relevance. Dx is used in the treatment of malaria
in combination with quinine, exhibiting effective action against Plas-
modium falciparum [24]. In addition, it has been prominent among the
new antifilariae drugs, whose effects against bacteria of the genus
Wolbachia are considered to be an advance in filariasis treatment [83].
The antimicrobial effects of Dx are mainly mediated by the inhibition of
protein synthesis [46], as well as blocking embryogenesis in adult
Onchocerca volvulus nematode worms [26] and direct macrofilaricidal

properties in patients with lymphatic filariasis ([47], [84]). Corrobor-
ating the evidence of Dx toxicity in different pathogens, our in vitro
findings also indicated schistosomicidal activity, being able to kill 50%
of adult S. mansoni worms at 112 ug/mL. In addition to the effect of Dx
on S. mansoni mortality, the reproductive capacity of these worms was
also impaired, even at doses lower than the LDsq, with a significant
reduction in the mating rate, posture and/or viability of eggs from
50 ug/mL. Although Dx is a widely used, low cost and readily available
antibiotic, its schistosomicidal potential has been neglected for decades.
Thus, our findings of toxicity may represent the first evidence of S.
mansoni pharmacological sensitivity to Dx.

An interesting schistosomicidal potential has been attributed to
different antibacterial drugs. There is evidence that antimicrobial
compounds based on thiazole and phthalimide showed in vitro in-
hibitory effects on eggs laying in adult S. mansoni worms [48].
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Fig. 8. Hepatic cytokine levels in uninfected mice, and Schistosoma mansoni-infected animals untreated and treated with doxycycline (Dx) and praziquantel (Pz).
CNT: uninfected control, Sm: infected with S. mansoni, Sm + Pz: infected with S. mansoni and treated with a single dose of Pz (200 mg/kg), Sm + Dx: infected with S.
mansoni and treated for 60 days with Dx (50 mg/kg/day). The results are represented as mean and standard deviation. Statistical difference (P < 0.05) in relation to

the group *CG, ¥Sm, #Sm and Sm + Dx.

Secondary antibacterial metabolites derived from plants, such as Allium
sativum [85], [49] and Zingiber officinale [49,50], also presented toxic
effects in S. mansoni, with a negative impact on oviposition rates. Al-
though Dx is toxic to adult S. mansoni worms, the mechanisms of
toxicity caused by this drug are poorly understood. However, more
severe and heterogeneous integumentary alterations were detected in
the groups exposed to Dx doses that induced higher parasite mortality
rates (> 80.0 ug/mL). Thus, electron microscopy indicated a broad
spectrum of dose-dependent morphological lesions in S. mansoni, which
were predominantly characterized by the flattening or disappearance of
spicules and tubers, and by the presence of bubbles, desquamation,
erosion and contraction bands in the integument. As Dx-induced mi-
crostructural changes were similar to those observed in parasites
treated with the reference schistosomicidal drug (Pz), integumentary
damage cannot be ruled out as a potential mechanism associated with
Dx toxicity in S. mansoni worms. Similar integumentary effects were
also described in a previous study with Pz [51].

As integument integrity is essential for S. mansoni survival, the in-
tegument has been an important target for the development of schis-
tosomicidal drugs [52,53]. Most of the drugs currently used against
Schistosoma parasites, including Pz [54], [86], mefloquine [55] and
artemether [56], exhibit efficacy directly linked to the induction of
integumentary lesions in S. mansoni. Due to its morphological and
molecular complexity, the integument plays an important role during
the infection of the definitive host. The integument protects the parasite
against immune defense mechanisms of the host, which include the
action of antibodies, complement proteins, proteases, as well as reactive
oxygen (ROS) and nitrogen (RNS) species produced from the recruit-
ment and activation of leukocytes in the parasitized organs [53]. Al-
though integumentary alterations are linked to the efficacy of schisto-
somicidal drugs ([54,56], [86], [55]), S. mansoni mortality was also
detected with Dx doses unable to induce extensive integumentary
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lesions (< 80.0 ug/mL). Thus, it is possible that the mechanisms of Dx
toxicity are more complex than an action limited to the parasite in-
tegument, an issue that requires further study.

Despite in vitro schistosomicidal efficacy, our in vivo findings did not
indicate a similar benefit of Dx on hepatic granulomatous inflamma-
tion. Consistent with the typical clinical manifestations of schistoso-
miasis [2,4,57], untreated infected animals presented intense loss of
body mass, hepatomegaly, impaired liver function (transaminases) and
intense inflammatory processes (CRP and cytokines); these parameters
were attenuated by treatment with Pz but not with Dx. As expected, Pz
was effective in reducing inflammation and hepatic morphofunctional
remodeling, which were more severe and diffuse in the Dx-treated
group. In this group, intense leukocyte infiltration and cytokine pro-
duction was accompanied by marked parenchymal degeneration, ex-
pansion of the connective stroma and damage to the hepatocyte
membrane, which was evidenced by the elevated circulating levels of
AST and ALT.

Hepatic pathological remodeling is directly associated with regional
recruitment of leukocytes and the activation of an immune response by
antigens from S. mansoni eggs retained in the liver [2,13,58]. In fact,
intense interstitial cellularity was accompanied by elevated hepatic
levels of IL-4, IL-10, TNF-a and TGF-f in infected animals. In general,
intense pathological reaction of the liver parenchyma and stroma in
schistosomiasis is triggered by the secretion of Th2 inflammatory
mediators (i.e., IL-4, IL-5 and IL-6) and T regulatory cells (IL-10 and
TGF-f), as well as intense ROS and protease production by activated
leukocytes [59,60]. In addition to the recognized toxic effect of ROS
and RNS in hepatocytes [61,62], molecules such as IL-4, IL-6 and TGF-3
have been implicated in the development of hepatitis and activation of
cell death pathways in these cells [63,64]. Interestingly, IL-4 reached
higher levels in the Dx-treated animals. This molecule is the main in-
terleukin produced in schistosomiasis responsible for Th2
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Fig. 9. Representative photomicrographs of the distribution of cytoplasmic glycogen inclusions in hepatocytes in uninfected mice, and Schistosoma mansoni-infected
animals untreated and treated with doxycycline (Dx) and praziquantel (Pz). CNT: uninfected control, Sm: infected with S. mansoni, Sm + Pz: infected with S. mansoni
and treated with a single dose of Pz (200 mg/kg), Sm + Dx: infected with S. mansoni and treated for 60 days with Dx (50 mg/kg/day). Color: Schiff periodic acid, light
field microscopy. Star: hepatic granuloma. Arrow: S. mansoni eggs in the center of hepatic granulomas.

immunological polarization [65]. The role of IL-4 in S. mansoni-induced
parenchymal damage is still poorly understood; however, activation of
the IL-4 receptor in hepatocytes has been associated with degeneration
and cell death mediated by the caspase pathways in several liver dis-
eases, especially in cases of cirrhosis, autoimmune injury, chronic and
viral hepatitis [66-68]. In addition to the potential role of IL-4 in he-
patocyte degeneration, this interleukin is involved in the recruitment of
monocytes, eosinophils and mast cells [63,65], with a direct impact on
the organization of schistosomiasis granulomas [58,65]. Although
granulomas are essential for isolating S. mansoni eggs and attenuating
chronic antigenic stimulation, this protective response occurs at the
expense of extensive pathological hepatic remodeling [13,58], which
can progress to hepatic failure and host death [2,13].

In addition to hepatic morphological damage, all infected animals,
especially those untreated and treated with Dx, showed intense deple-
tion of cellular glycogen stores. This finding indicates that, in addition
to subverting the hepatic microstructure, granulomatous inflammation
also induced marked metabolic stress in hepatocytes. As treatment with
Pz attenuated inflammation and glycogen depletion, both events appear
to be related. Although tissue energy metabolism is poorly understood
in schistosomiasis, increased production of inflammatory mediators,
such as IL-6, TNF-a and prostaglandins, in hepatic inflammatory pro-
cesses is associated with the activation of glycogenolysis and glycogen
depletion in hepatocytes [69,70]. In this sense, in addition to attenu-
ating the production of these mediators and inflammation intensity,
steroidal agents such as dexamethasone are effective in restoring he-
patic glycogen reserves, corroborating the relationship between
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inflammation and hepatic energy metabolism [70]. This relationship
becomes evident considering that molecules such as glycogen synthase
kinase 3 (GSK3) share a central role in glycogen synthesis and regula-
tion of the immune response in eukaryotic cells, modulating the
synthesis of anti- (i.e., IL-10) and pro-inflammatory cytokines (i.e., IL-6,
IL-12, IFN-y, and TNF-a) from cell signaling pathways mediated by
serine-threonine kinase Akt and nuclear factor kappa B [71,72].

Although untreated and Dx-treated infected animals showed
marked differences in the amplitude of pathological liver remodeling,
the number and size of granulomas was similar in these groups. On the
other hand, reduced granuloma number and size was obtained by
treatment with Pz. As expected, these findings indicated reduced ovi-
position and hepatic retention of S. mansoni eggs in Pz-treated animals,
an aspect related to the efficacy of this drug in eliminating these
parasites [2,73]. In this sense, the predominance of small granulomas in
the involutive stage was already expected in Pz-treated animals, in-
dicating a longer period of organization of granulomas around eggs
deposited in the liver in the period prior to treatment [13]. On the other
hand, the ineffectiveness of Dx in eliminating adult S. mansoni worms
may partially explain the greater amount of exudative-productive
granulomas. In this case, continuous oviposition and eggs retention in
the liver can trigger immunological hyperstimulation and intense cel-
lular recruitment, events necessary for the organization of new granu-
lomas, which initially assume a great size due to their exudative-pro-
ductive aspect [13,42].

Interestingly, Dx- and Pz-treated animals exhibited a similarly high
collagen content in the granulomatous sheath compared to untreated
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Fig. 11. Number, diameter, area and volume of
hepatic granulomas in Schistosoma mansoni-in-
fected mice untreated and treated with doxycy-
cline (Dx) and praziquantel (Pz). Sm: infected
with S. mansoni, Sm + Pz: infected with S.
mansoni and treated with a single dose of Pz
(200 mg/kg), Sm + Dx: infected with S. mansoni
and treated for 60days with Dx (50 mg/kg/
day). The results are represented as median and
interquartile range. *Statistical difference
(P < 0.05) in relation to Sm and Sm + Dx
groups.
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Fig. 12. Representative photomicrographs of hepatic granulomas in Schistosoma mansoni-infected mice untreated and treated with doxycycline (Dx) and praziquantel
(Pz). Sm: infected with S. mansoni, Sm + Pz: infected with S. mansoni and treated with a single dose of Pz (200 mg/kg), Sm + Dx: infected with S. mansoni and treated
for 60 days with Dx (50 mg/kg/day). Upper images (first line): staining with hematoxylin and eosin, light field microscopy. Lower images (second and third lines):
Sirius red coloration, polarized light microscopy. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this

article.)

infected animals. As Pz-treated animals showed a predominance of in-
volutive granulomas, a high collagen accumulation was already ex-
pected [74,75]. However, intense fibrosis is not typical of exudative-
productive granulomas, indicating that Dx may be involved in col-
lagenogenesis modulation in the early stages of granuloma organiza-
tion. As animals treated with Dx, but not with Pz, showed intense in-
hibition of the two MMPs with greater hepatic expression and activity
(MMP-2 and MMP-9), the increase in collagen deposition may be re-
lated to the lower degradation rate of this molecule. Although hepatic
fibrosis is often attributed to the intense activation of fibroblast and
perisinusoidal cells by TGF-f3 in schistosomiasis [76-78], similar levels
of this molecule do not explain the greater collagen accumulation in Dx-
treated animals compared with untreated infected animals. Thus, our
findings suggest that inhibition of MMPs activity may represent an
important mechanism associated with hepatic fibrogenesis in response
to Dx.

The imbalance between collagen synthesis and degradation is a
common feature of schistosomiasis, culminating in hepatic fibrosis with
slow and diffuse development, progressive vascular obstruction and
portal hypertension [78,79]. As indicated by our findings, there is
evidence that S. mansoni-induced granulomatous inflammation is ac-
companied by increased MMP activity, although this enzymatic reac-
tion is unable to prevent hepatic fibrosis in chronic infections [15,79].

Vaillant et al. [80] observed a significant increase in expression of
MMP-2, —3, —9, —12 and — 13 in S. mansoni-infected C57BL/6 mice.
Sandler et al. [22] showed drastic induction of MMP-12 expression in
liver and lung tissue in animals exposed to S. mansoni eggs, and Madala
et al. [17] suggested that MMP-12 expression is related to the devel-
opment of fibrosis from a Th2-dependent immune response. In addition
to participating in granuloma remodeling throughout the infection,
increased MMPs production and activity indicates a protective reaction
that attenuates the progression of liver fibrosis [15,79]. As Dx exerts a
potent inhibitory effect on MMP activity [81,82], our findings corro-
borate the hypothesis that this drug is potentially harmful to the host,
modifying the collagen dynamics and granuloma organization in favor
of hepatic fibrosis.

5. Conclusion

Our findings indicated that Dx induced a dose-dependent schisto-
somicidal effect in vitro. At concentrations even below the LDsq value,
Dx induced morphological alterations in the S. mansoni integument si-
milar to those caused by Pz. As the increase in severity of in-
tegumentary damage was accompanied by a higher rate of parasitic
mortality, integument disorganization indicated a potential mechanism
of Dx toxicity in S. mansoni. Even in the absence of significant
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Fig. 13. Distribution of exudative-productive and involutive granulomas, and
collagen content normalized by granuloma area in Schistosoma mansoni-infected
mice untreated and treated with doxycycline (Dx) and praziquantel (Pz). Sm:
infected with S. mansoni, Sm + Pz: infected with S. mansoni and treated with a
single dose of Pz (200 mg/kg), Sm + Dx: infected with S. mansoni and treated
for 60 days with Dx (50 mg/kg/day). The results are represented as median and
interquartile range. Statistical difference (P < 0.05) in relation to the group
*Sm and 7Sm + Dx.

integumentary lesions, low doses of Dx impaired reproductive viability
and induced some degree of parasitic mortality, indicating that the
schistosomicidal effect of Dx may be more complex than an isolated
action on the integument of adult S. mansoni worms. Contrary to its in
vitro efficacy, Dx treatment was potentially harmful in S. mansoni-in-
fected mice, aggravating granulomatous inflammation and pathological
morphofunctional hepatic remodeling. Thus, this drug stimulated col-
lagen deposition and modified the organization of hepatic granulomas,
a process potentially related to the attenuation in collagenolysis me-
chanisms in response to MMP-2 and MMP-9 inhibition.
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Fig. 14. Hepatic activity of metalloproteinases (MMPs) 2 and 9 in Schistosoma
mansoni-infected mice untreated and treated with doxycycline (Dx) and prazi-
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