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a b s t r a c t

Background: We investigated the relationship between inducible nitric oxide synthase

(iNOS) and arginase pathways, cytokines, macrophages, oxidative damage and lung

granulomatous inflammation in S. mansoni-infected and doxycycline-treated mice.

Methods: Swiss mice were randomized in four groups: (i) uninfected, (ii) infected with S.

mansoni, (iii) infected þ 200 mg/kg praziquantel (Pzt), (iv) and (v) infected þ 5 and 50 mg/kg

doxycycline. Pzt (reference drug) was administered in a single dose and doxycycline for 60

days.

Results: S. mansoni-infection determined extensive lung inflammation, marked recruitment

of M2 macrophages, cytokines (IL-4, IL-5, IFN-g, TNF-a) upregulation, intense eosinophil

peroxidase (EPO) levels, arginase expression and activity, reduced iNOS expression and

nitric oxide (NO) production. The higher dose of doxycycline aggravated lung granuloma-

tous inflammation, downregulating IL-4 levels and M2 macrophages recruitment, and

upregulating iNOS expression, EPO, NO, IFN-g, TNF-a, M1 macrophages, protein carbonyl

and malondialdehyde tissue levels. The number and size of granulomas in doxycycline-

treated animals was higher than untreated and Pzt-treated mice. Exudative/productive

granulomas were predominant in untreated and doxycycline-treated animals, while

fibrotic/involutive granulomas were more frequent in Pzt-treated mice. The reference

treatment with Pzt attenuated all these parameters.
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Conclusion: Our findings indicated that doxycycline aggravated lung granulomatous

inflammation in a dose-dependent way. Although Th1 effectors are protective against

several intracellular pathogens, effective schistosomicidal responses are dependent of the

Th2 phenotype. Thus, doxycycline contributes to the worsening of lung granulomatous

inflammation by potentiating eosinophils influx and downregulating Th2 effectors, rein-

forcing lipid and protein oxidative damage in chronic S. mansoni infection.
At a glance commentary

Scientific background on the subject

Drugs of the tetracycline family, including doxycycline

(Dox), exhibits toxic effects on Schistosoma mansoni

worms in vitro. However, Dox exerts negative effects in

vivo, aggravating liver inflammation in animals with

schistosomiasis mansoni. Currently, it remains unclear

whether this response is associated to Th1/Th2 imbal-

ance and macrophages polarization.

What this study adds to the field

This study indicates for the first time that Dox aggra-

vates lung granulomatous inflammation by upregulating

Th1 cytokines, M1 macrophages accumulation, iNOS

gene expression and NO production in detriment of

arginase gene expression and activity. This study pro-

vides evidence that Dox acts as a pharmacological risk

factor in schistosomiasis mansoni.
Schistosomiasis mansoni is a neglected tropical helminth

infection caused by the trematode worm Schistosoma mansoni.

This disease is endemic and responsible by high morbidity

and mortality rates in developing countries, especially in

South and Central America, Africa, and Middle East [1,2]. In

these countries, schistosomiasis is more prevalent in poor

rural communities, where hygiene habits, sanitation, and

access to health services are deficient [3]. In these areas, the

high frequency of gastropod snails (genus Biomphalaria - in-

termediate host) infected by S. mansoni in freshwater sources

used by humans (definitive host) favors parasite life cycle and

schistosomiasis spread [1,4,5].

Afterpenetrating theskinof thedefinitivehost, theparasites

migrate to the heart and lungs via blood and lymphatic circu-

lation [1,5,6]. Then, S. mansoni reaches the liver andmesenteric

portal vessels, where they evolve into adult forms and start

oviposition. Finally, the parasite eggs spread through the

bloodstream and are trapped in multiple tissues and organs,

triggering a systemic inflammation [6,7]. From venous porto-

caval shunts, S. mansoni eggs reach the lung parenchyma [7],

and its soluble antigens trigger a marked granulomatous

inflammation [2]. This process is dependent onawell-polarized

Th2 phenotype, which orchestrates granuloma organization in

a protective mechanism to isolate S. mansoni eggs, restrict
continuous antigenic stimulation and immunomediated tissue

damage [8]. Conversely, the Th1 immune phenotype impairs

granuloma organization, reinforcing continuous immunolog-

ical activation, excessive inflammatory and prooxidant re-

sponses, which increases the susceptibility of S. mansoni-

infected hosts to tissue damage and death [6,9].

In schistosomiasis mansoni, macrophages are intensively

recruited to the parasitized organs and are alternatively acti-

vated by Th2 effectors (i.e., IL-4, IL-6 and IL-13). These alter-

natively activated macrophages (M2) express high arginase

activity, are essential for structuring granulomas and are

considered anti-inflammatory cells by antagonizing Th1 im-

munity and limiting tissue damage [9]. However, macro-

phages classically activated (M1) by Th1 effectors (ie., IL-12,

IFN-g and TNF-a) show marked inducible nitric oxide syn-

thase (iNOS) expression and intense nitric oxide (NO) pro-

duction [4,8]. These cells are undesirable in Th2 protective

immunological responses, presenting a central relevance in

the defense against intracellular pathogens, although they are

associated with an intense biosynthesis of prooxidant me-

tabolites (i.e., O2�-, OH �-, and H2O2) [10] and extensive damage

to the surrounding tissue [4,8]. In this sense, IL-4 production

and M2 macrophages polarization are essential to increase

host resistance to S. mansoni infection. Accordingly, stimuli

that reinforce Th1/Th2 imbalance (i.e., co-infections, anti-

parasitic and immunomodulatory drugs) can modify the

pathophysiology of schistosomiasis, with a direct impact on

organ damage and host mortality [4,8,11].

Drugs of the tetracycline family, including doxycycline

(Dox), showed potent toxic effects and/or immunomodulatory

properties in parasitic diseases caused by Plasmodium falcipa-

rum [12],Trypanosoma cruzi [13] different filarial species [14] and

S. mansoni [12,15]. Previous evidence indicated that although

Dox has a dose-dependent toxic effect on S. mansoni in vitro [2],

this drug is potentially harmful in vivo [15]. Accordingly, Dox

increased host susceptibility to S. mansoni infection by aggra-

vates liver and lung inflammation, an effect potentially asso-

ciated to the upregulation of leucocytes recruitment and the

formationofmorenumerous a largegranulomas inmice [2,15].

However, it remains unclear whether this response to Dox

treatment can be attributed to a subversion of the balance

between Th1/Th2 molecules (i.e., cytokines, arginase, iNOS

and NO) and M2 macrophages polarization in schistosomal

granulomatous inflammation. Thus, the relationship between

the expression and production of Th1/Th2 effectors, macro-

phages recruitment and phenotype with the severity of lung

granulomatous inflammation in S. mansoni-infected and Dox-

treated animals was investigated.
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Materials and methods

Models of schistosomiasis and experimental groups

Swiss mice were randomized into four groups with 9 animals

per group as follows: (Cnt) control uninfected untreated, (Sh)

infected with S. mansoni, (ShP) infected with S. mansoni þ pra-

ziquantel (Pzt, 200 mg/kg), (ShD1) infected with S.

mansoniþ Dox (5 mg/kg), and (ShD2) infected with S. mansoniþ
Dox (50 mg/kg). S. mansoni infection established from a sub-

cutaneous injection of 25 cercariae of the LE strain [16,17]. S.

mansoni infection was microscopically confirmed 80 days after

inoculation by observation of parasite eggs in the feces [2].

Once the infection was confirmed, the animals were treated

with the reference schistosomicidal drug Pzt [18] or with Dox.

The animals received Dox daily by gavage for 60 days. Dox was

administered at 5 and 50 mg/kg, corresponding to 10% and

100% of the reference dose associated to immunomodulatory

effects in a murine model of S. mansoni infection [2]. Based on

this model, 80 days of infection were objectively planned to

ensure that the animals reached the chronic phase of schis-

tosomiasis [17]. The experimental protocol was developed in

animal facility with controlled humidity (45e65%), tempera-

ture (21 ± 2 �C) and photoperiod (12he12h, lightedark cycles).

The animals had free access to water and food [19].
Euthanasia, tissue collection and ethics

All animals were intraperitoneally anesthetized with keta-

mine (100 mg/kg) and xylazine (10 mg/kg) 24 h after the last

treatment with Dx [2]. The lungs were collected and weighed.

The relative lung mass was determined by dividing the lungs

mass by the body mass. Cytokine levels, arginase and induc-

ible nitric oxide synthase (iNOS) gene expression, NO levels,

and arginase activities were quantified in 150 mg lung frag-

ments. The remaining samples were used to analyze lipid,

protein and DNA oxidation, and were preserved in fresh his-

tological fixative (18h in 10% formalin, pH ¼ 7.2, 0.1M) for

microstructural analysis [20]. The institutional Ethics Com-

mittee for Animal Care approved this study (protocol 26/2018).
Lung histological processing

Lung fragments were fixed attached to a paraffin-coated Petri

dish to minimize retraction. The samples were dehydrated

ethyl alcohol, clarified in xylene and included in Paraplast tis-

sue embedding medium (SigmaeAldrich, San Luis, Missouri,

USA). Semi-serial histological sections with 5-mm thickness

were obtained using a rotary microtome (Leica Biosystems,

Wetzlar, Germany) [21]. The analysis of different lung areas

was ensured by using one to each 50 sections. Histological

sections were stained with hematoxylin and eosin (H&E) for

histopathological [22,23] andmorphometric [20] analyses. Lung

sections were observed from a bright field photomicroscope

(Axioscope A1, Carl Zeiss, Oberkochen, Germany), and 12

randomdigital lung images were obtained for each animal and
staining method using an image analysis software (Axion

Vision LE, Carl Zeiss, Oberkochen, Germany) [16].
Lung histopathology and morphometry

Qualitative histopathological analysis was based on the

identification of microstructural abnormalities such as hy-

perinflation or alveolar collapse, vascular congestion, hem-

orrhagic foci, thickening of the alveolar septum, inflammatory

infiltrate [20,22], retention of S. mansoni eggs in the lung pa-

renchyma, and distribution of schistosomal granulomas

[2,11]. Histopathological results were determined from 12

histological fields randomly sampled for each animal

using � 40 objective lens ( � 400 magnification). Thus,

23.2 � 105 mm2 total lung area was analyzed in each group.

Lung microstructure of uninfected control animals was

adopted as the morphological reference to estimates S. man-

soni-induced lung abnormalities in infected animals.

Vertical lung sections were obtained to reduce measure

bias in morphometric analysis [24,25]. The number of granu-

lomas (NG) per lung area (n/mm2) was estimated as follows:

NG (n/mm2) ¼ SG/At; where SG corresponds to the number of

granulomas observed in the microscopic fields and At is the

dimension of the test area (here ¼ 34 � 103 mm2). From all

granulomas analyzed, the relative distribution (%) of involu-

tive (small, with low cellularity and intense collagens accu-

mulation in the sheath) and productive granulomas (with high

cellularity in the sheath and scarce collagen accumulation)

was determined as previously reported [11]. These parameters

was quantified in 12 microscopic lung areas randomly

sampled for each animal using � 5 objective lens ( � 50

magnification). Thus, 29.9 � 107 mm2 total lung area was

analyzed in each group. The size of lung granulomas was

analyzed from classical morphometric techniques. Only

granulomas showing well-defined S. mansoni eggs (centrally

sectioned) were evaluated. Granuloma volume (V) was esti-

mated using the prolate spheroid (PS) principle as follows:

VPS¼ (4/3) � pa2b; where a is the smaller radius and b is the

larger radius of a cross-sectioned ovoid structure [26]. These

parameters were calculated from 180 granulomas per infected

group, corresponding to 20 granulomas per animal [11]. All

quantitative measures were operationalized from the Image-

Pro Plus 4.5 software (Media Cybernetics Inc., Silver Spring,

MD, USA) [17].
Eosinophil peroxidase assay

The eosinophil peroxidase enzyme (EPO) was used as a

biochemical marker of tissue infiltration by eosinophils [27].

This enzyme was quantified in lung homogenate using a

commercial colorimetric enzyme-linked immunosorbent

assay (ELISA) kit, following the manufacturer's instructions

(CUSABIO, Houston, TX, USA). The optical density of all re-

actions were obtained at 450 nm using a microplate reader

(Anthos Zenyth 200, Biochrom, Cambridge, UK). This assay

presented a detection range of 0.156e10 ng/mL. To avoid

possible interferences related to variations in protein

https://doi.org/10.1016/j.bj.2021.12.007
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extraction, the results were normalized to ng/mg protein.

Thus, protein levels in the homogenates were quantified by

the Bradford method [28].

Analysis of cytokines by cytometry bead array

Lung samples were homogenized in protease inhibitor cock-

tail (SigmaeAldrich, San Luis, MO, USA) prepared in sodium

phosphate buffer (pH ¼ 7.2), centrifuged at 4 �C for 15 min

(3800�g), and the supernatant collected. The cytokines

interleukin-4 (IL-4), interleukin-5 (IL-5), interleukin-10 (IL-10),

transforming growth factor b (TGF-b), interferon gamma (IFN-

g), and tumor necrosis factor-a (TNF-a) were quantified in the

supernatant. All cytokines were quantified by flow cytometry

bead array (CBA). Commercial kits were used following the

manufacturer's instructions (BD Biosciences, San Diego, CA,

USA). Cytokine levels were analyzed in the FACSVerse flow

cytometer (BD Biosciences, San Diego, CA, USA). The results

were obtained from the FCAP 3.0 software. Standard curves

were prepared using recombinant cytokines at 20e5000 pg/

mL. The lower limit of CBA-based cytokine detection was

2.5e52.7 pg/mL [2,29].

Arginase-1 and inducible nitric oxide synthase (iNOS) gene
expression

Gene expression for arginase and inducible nitic oxide syn-

thase (iNOS) was determined by quantitative real-time poly-

merase chain reaction (qPCR) as previously reported [11,30].

Briefly, mRNA was transcribed into cDNA from a reverse

transcription commercial kit (ThermoFisher Scientific Wal-

tham,MA, USA) following themanufacturer's instructions. All
primers were commercially obtained from ThermoFisher

Scientific (Waltham, MA, USA), and are indicated in Table 1.

PCR reactions were developed using SYBR Green PCR Mas-

termix and the manufacturer's instructions (Applied Bio-

systems, Carlsbad, CA, USA). Gene expression was

standardized to GAPDH expression.

Arginase activity and nitric oxide assay

Arginine activity was analyzed in lung homogenates as pre-

viously described [11]. Briefly, 1 mL of 10 mM MnCl2 was

incorporated to homogenate and the arginase was activated

by heating themixture for 10min at 56 �C. Arginine hydrolysis

was obtained by add 10 ml L-arginine (0.05 M) in lung
Table 1 Primers used in quantitative polymerase chain
reactiona.

iNOS Forward 50-TTTGCTTCCATGCTAATGCGAAAG-30

Reverse 50-GCTCTGTTGAGGTCTAAAGGCTCCG-30

Arginase-1 Forward 50-GGAAGCATCTCTGGCCACGCC-30

Reverse 50-TCCCAGAGCTGGTTGTCAGGGG-30

GAPDH Forward 50-ACTCCACTCACGGCAAATTC-30

Reverse 50-TCTCCATGGTGGTGAAGA CA-30

Abbreviations: iNOS: inducible nitric oxide synthase, GAPDH:

Glyceraldehyde 3-phosphate dehydrogenase.
a All primers were validated and reported in a previous study: Free

Radic Biol Med 2018; 129:227e236.
homogenate for 15e120 min at 37 �C (pH ¼ 9.7). The reaction

was blockedwith a solution containing H2SO4 (96%) andH3PO4

(85%) prepared in distilled water (1/3/7, v/v/v). The urea con-

centration obtained from arginine hydrolysis was read in

spectrophotometer at 540 nm after treatment with 4 mL a-

isonitrosopropiophe-none and for 30 min at 95 �C. One unity

of arginase activity corresponded to 1 mM urea formation per

min [30].

Nitric oxide levels were estimated by measuring nitrite/

nitrate levels in lung homogenates from the Griess reaction as

previously reported [31]. Briefly, lung homogenates were

incubated with Griess reagent (1% sulfanilamide, 0.1% naph-

thalene diamine dihydrochloride, and 2.5% phosphoric acid,

1:1 v/v) at room temperature for 10 min. The reaction for NO

was analyzed in spectrophotometer at 550 nm wavelength

using a microplate reader (Anthos Zenyth 200, Biochrom,

Cambridge, UK) [11].

Lipid, protein and DNA oxidation analysis

For analysis of lipid peroxidation, malondialdehyde (MDA)

was quantified in lung samples. Briefly, lung tissue was ho-

mogenized in sodium phosphate buffer (0.1M, pH 7.2) and

centrifuged for 10 min (10,000�g and 4 �C). The homogenate

was treated with thiobarbituric acid solution (15% trichlo-

acetic acid, 0.25 N HCl, and 0.375% thiobarbituric acid) for

15 min. Then, malondialdehyde lung levels were measured by

spectrophotometry (Anthos Zenyth 200; Biochrom, Cam-

bridge, UK) at 535 nm using 96-wells polystyrene plates, as

previously reported [32].

Protein oxidation was estimated considering the lung

content of protein carbonyl (PCN) [23,32]. Briefly, PCN levels

were quantified after incubating the lung pellets obtained

from the MDA assay with 0.5 mL of 10 mM dini-

trophenylhydrazine (DNPH). This assay is based on a re-

action involving derivatization of the carbonyl group with

2,4-dinitrophenylhydrazine (DNPH), resulting in the pro-

duction of 2,4-dinitrophenyl hydrazine (DNP), a stable

product with red to orange color. After the reaction stabi-

lized, the optical density was monitored by spectropho-

tometry at 370 nm [33].

For the DNA oxidation assay, nucleic acid was extracted

from lung samples using proteinase K, phenol and chloro-

form, and 8-hydroxy-20-deoxyguanosine (8-OHdG) levels were

determined as reported [32]. Briefly, purified DNA was resus-

pended in 0.1 mmol/L EDTA and 10 mmol/L TriseHCl, treated

with 5 mg nuclease P1 (Aldrich Chemical Co., Milwaukee, USA)

and 45 ml DNA samples. After DNA digestion (37 �C for 1 h), the

samples were treated with 10 mmol/L MgCl2, 500 mmol/L

TriseHCl, and 0.6 UI alkaline phosphatase (Aldrich Chemical

Co., Milwaukee, USA) at 37 �C for 1 h. Then 8-OHdG levels were

measured from enzyme linked immunosorbent assay (ELISA),

following themanufacturer instructions (Cell Biolabs Inc., San

Diego, CA, USA) [32].

Immunohistochemistry and image segmentation

Dewaxed lung sections were submitted to antigen retrieval

with citrate buffer (pH 6.0) in a pressure cooker during 4 min

[25]. The sections were then incubated with 3% H2O2 solution

https://doi.org/10.1016/j.bj.2021.12.007
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Fig. 1 Representative photomicrographs of the lungs and eosinophil peroxidase (EPO) levels (graphic) in the lung tissue from

control uninfected and Schistosoma mansoni-infected mice untreated and treated with doxycycline hyclate (Bright field

microscopy, hematoxylin and eosin staining, scale bar ¼ 60 mm). Groups: Cnt: control uninfected untreated, Sh: infected with S.

mansoni, ShD1: infected treated with doxycycline hyclate (5 mg/kg), ShD2: infected treated with doxycycline hyclate (50 mg/kg),

ShP: infected treated with praziquantel (Pzt, 200 mg/kg). Symbols in the microscopic images: Star ¼ alveolar sac, N ¼ normal

alveoli, GS ¼ granuloma sheath, asterisk ¼ collapsed alveoli, arrowhead ¼ S. mansoni egg. In the graphic, data are expressed as

mean and standard deviation. The points denote EPO levels obtained for each animal in all groups. The symbols in each group

indicate statistical difference (p�0.05), compared to y Cnt, * Sh and ShD1, # Sh, ShD1 and ShD2.
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for 10 min to block endogenous peroxidase and treated with

5% non-fat milk in TBST (0.05% Tween 20X with Tris-buffered

saline, pH 7.6) by 15 min. Then, sections were incubated for

12h at 4 �C with a primary rabbit anti-iNOS antibody (1:1000

dilution) (PA3-030A, ThermoFisher Scientific, Waltham, MA,

USA) for M1 macrophages [34] and anti-Arginase-1 (1:500

dilution) (PA5-29645, ThermoFisher Scientific, Waltham, MA,

USA) for M2 macrophages [35]. Control slides were produced

by omitting the primary antibody. The sections were then
incubated for 2h with a ready-to-use secondary goat anti-

rabbit IgG antibody conjugated with horseradish peroxidase

(Dako EnVision™þ Dual Link System-HRP, Aguilent, Santa

Clara, CA, USA). The slides were treated with TBST and the

immunohistochemical reaction was revealed with 0.5% 3,30-
diaminobenzidine (DAB) during 5 min [25]. Finely, lung sec-

tions were dehydrated with ethyl alcohol, treated with xylene

and mounted with Entellan (Merk, Darmstadt, Germany).

Relative lung area occupied by M1 macrophages (iNOS

https://doi.org/10.1016/j.bj.2021.12.007
https://doi.org/10.1016/j.bj.2021.12.007


Fig. 2 Granuloma number and volume, distribution of granulomas according the evolutionary stages, and number of

inflammatory cells in the lungs of control uninfected and Schistosoma mansoni-infected mice untreated and treated with

doxycycline hyclate. Groups: Cnt: control uninfected untreated, Sh: infected with S. mansoni, ShD1: infected treated with

doxycycline hyclate (5 mg/kg), ShD2: infected treated with doxycycline hyclate (50 mg/kg), ShP: infected treated with

praziquantel (Pzt, 200 mg/kg). Data are expressed as mean and standard deviation. The symbols in each group indicate

statistical difference (p�0.05), compared to * Sh and ShD1, # Sh, ShD1 and ShD2, y Cnt.
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marking) was estimated from a two-dimension color seg-

mentation computational method [36], which was oper-

ationalized from color deconvolution and threshold toll of the

ImageJ software as previously described [24]. Results were

obtained from 12 microscopic images randomly sampled for

each animal using � 40 objective lens ( � 400 magnification).

Statistical analysis

The results were represented using mean and standard devi-

ation (mean ± S.D.) or median and interquartile range. Data

distribution was evaluated using the KolmogoroveSmirnov

normality test. One-way ANOVA test was used to analyzed

the variance of parametric data. Datawith normal distribution

were compared from the Student-Newman-Keuls test. Non-

parametric data were compared by using the KruskaleWallis

One-way ANOVA on Ranks test, followed by the Student-

Newman-Keuls method for multiple comparisons. Correla-

tions were investigated from linear regression analysis. All

tests were based on 95% confidence, and results with p

value � 0.05 were statistically significant.
Results

As indicated in Fig. 1, the histopathological analysis indicated a

normal lung microstructure in uninfected animals, which was

consistent with well-defined alveoli and alveolar sacs, thin
alveolar septa with low interstitial cellularity. All S. mansoni-

infected mice exhibited interstitial retention of parasite eggs

and marked granulomatous inflammation, which was associ-

ated with intense inflammatory infiltrate, lung granulomas

with variable size, septal thickening and diffuse alveolar

collapse. Animals in the group ShD2 presented larger granu-

lomas predominantly in the productive stage. Conversely,

smaller granulomas with involutive characteristics were

mainly identified in the ShP group. Furthermore, EPO levels

indicated intense eosinophil infiltration into the lung tissue of

all infected animals compared to control mice (p < 0.05). EPO

levels were respectively increased and reduced in the groups

ShD2 and ShP (p < 0.05) compared to the groups Sh and ShD1,

which exhibited similar results (p > 0.05) (Fig. 1).

Corroborating the histopathological findings, the morpho-

metric results indicated that granuloma number and volume

were higher in ShD2 animals (p< 0.05) andmarkedly reduced in

the group ShP (p < 0.05) compared to Sh and ShD1 animals,

which presented similar granuloma number and size (p > 0.05).

The proportion of productive granuloma was similarly higher

in the groups Sh and ShD1 compared to ShP animals (p > 0.05).

Conversely, the distribution of involutive granulomas was

significantly reduced in ShD2 animals (p < 0.05) and signifi-

cantly increased in ShP mice (p < 0.05) compared to the groups

Sh and ShD1. Granuloma size was coherent with lung accu-

mulation of inflammatory cells, which was higher in ShD2

(p < 0.05) and reduced in ShP (p < 0.05) animals compared to the

other infected groups (Fig. 2).

https://doi.org/10.1016/j.bj.2021.12.007
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Fig. 3 Cytokine lung levels in control uninfected and Schistosoma mansoni-infected mice untreated and treated with doxycycline

hyclate. Groups: Cnt: control uninfected untreated, Sh: infected with S. mansoni, ShD1: infected treated with doxycycline

hyclate (5 mg/kg), ShD2: infected treated with doxycycline hyclate (50 mg/kg), ShP: infected treated with praziquantel (Pzt,

200 mg/kg). Data are expressed as mean and standard deviation. The points denote cytokine level obtained for each animal in

all groups. The symbols in each group indicate statistical difference (p�0.05), compared to y Cnt, * Sh and ShD1, # Sh, ShD1 and

ShD2.

Fig. 4 Arginase and inducible nitric oxide synthase (iNOS), nitrite/nitrate (NO2
-/NO3

-) levels and arginase activity in lung samples

from control uninfected and Schistosoma mansoni-infected mice untreated and treated with doxycycline hyclate. Groups: Cnt:

control uninfected untreated, Sh: infected with S. mansoni, ShD1: infected treated with doxycycline hyclate (5 mg/kg), ShD2:

infected treated with doxycycline hyclate (50 mg/kg), ShP: infected treated with praziquantel (Pzt, 200 mg/kg). Data are

expressed as mean and standard deviation. The points denote cytokine level obtained for each animal in all groups. The

symbols in each group indicate statistical difference (p�0.05), compared to y Cnt, * Sh and ShD1, # Sh, ShD1 and ShD2, D Sh and

ShD1.
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Fig. 5 Representative photomicrographs of the lungs of control uninfected and Schistosoma mansoni-infected mice untreated and

treated with doxycycline hyclate submitted to immunohistochemistry for M1 (iNOSþ cells) and M2 (Arginase-1þ cells [Arg-1þ])
macrophages (Bright field microscopy, scale bar ¼ 60 mm). Macrophages are marked in brown in the histological images

(Asterisk ¼ alveoli, arrowhead ¼ alveolar septum.) The relative distribution of M1 and M2 macrophages in each group is

indicated in the graphics as median and interquartile range (statistical difference [p < 0.05] compared to *Cnt, ySh and ShD1,
ɸCnt, Sh, ShD1, and ShP). Groups: Cnt: control uninfected untreated, Sh: infected with S. mansoni, ShD1: infected treated with

doxycycline hyclate (5 mg/kg), ShD2: infected treated with doxycycline hyclate (50 mg/kg), ShP: infected treated with

praziquantel (Pzt, 200 mg/kg).

b i om e d i c a l j o u r n a l 4 5 ( 2 0 2 2 ) 8 5 7e8 6 9864
As indicated in Fig. 3, uninfected animals exhibited lower

IL-4, IL-5, IFN-g and TNF-a lung levels compared to the other

groups (p < 0.05). IFN-g and TNF-a levels were increased in

ShD2 animals (p < 0.05) and reduced in ShP mice (p < 0.05)

compared to the groups Sh and ShD1, which exhibited similar

levels (p > 0.05) of all cytokines analyzed. IL-4 levels were

higher in Sh and ShD1 animals compared to the other groups

(p < 0.05). This cytokine was higher in the group ShD2
compared to ShP animals (p < 0.05). IL-5 was downregulated in

ShP animals (p < 0.05) compared to the groups Sh, ShD1 and

ShD2, which exhibited similar levels among them (p > 0.05).

Quantitative real-time PCR (Fig. 4) indicated increased

iNOS and arginase gene expression, as well as NO levels and

arginase activity in all infected groups compared to control

animals (p > 0.05). iNOS gene expression and NO levels were

upregulated in ShD2 animals compared to the other infected

https://doi.org/10.1016/j.bj.2021.12.007
https://doi.org/10.1016/j.bj.2021.12.007


Fig. 6 Ratio between arginase/inducible nitric oxide synthase (iNOS) gene expression and between interleukin-4 (IL-4)/

interferon gamma (IFN-g) lung levels (top donut charts), and coefficient of determination (R2) between IFN-g vs. nitric oxide

(NO) levels and between IL-4 levels vs. arginase activity (bottom table). Groups: Cnt: control uninfected untreated, Sh: infected

with S. mansoni, ShD1: infected treated with doxycycline hyclate (5 mg/kg), ShD2: infected treated with doxycycline hyclate

(50 mg/kg), ShP: infected treated with praziquantel (Pzt, 200 mg/kg).
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groups (p < 0.05). Arginase gene expression and arginase ac-

tivity was similarly reduced in the groups ShD2 and ShP

compared to Sh and ShD1 animals (p < 0.05).

From immunohistochemistry, M1 macrophages were

identified with a diffuse distribution in the lungs of both un-

infected and S. mansoni-infected animals. The immunostain-

ing indicated a higher influx of M1macrophages was observed

in all infected animals compared to uninfected mice. An

intense and diffuse immunohistochemical pattern of M1

macrophages was observed in the lungs of ShD2 animals. The

qualitative observation was confirmed from image segmen-

tation, which revealed that the histological area occupied by
Fig. 7 Malondialdehyde (MDA), protein carbonyl (PCN) and 8-hydro

control uninfected and Schistosoma mansoni-infected mice untreat

uninfected untreated, Sh: infected with S. mansoni, ShD1: infecte

treated with doxycycline hyclate (50 mg/kg), ShP: infected treated

mean and standard deviation. The points denote the levels of all o

in each group indicate statistical difference (p�0.05), compared to
M1 macrophages was higher in the groups ShD2 (p > 0.05)

compared to the other groups (Fig. 5). A similarly greater

accumulation of M2 macrophages was observed in Sh and

ShD1 animals compared to the other groups (p < 0.05). This

parameter was similar in ShD2 and ShP mice (p > 0.05), but

higher compared to Cnt animals (p < 0.05).

As indicators of the balance between Th2 and Th1 immu-

nological response, the ratio obtained for arginase/iNOS gene

expression and IL-4/IFN-g lung levels were significantly

reduced in ShD2 animals compared to the other infected

groups (p < 0.05). In addition, linear regression analysis indi-

cated a direct and significant determination coefficient
xy-20-deoxyguanosine (8-OHdG) levels in lung samples from

ed and treated with doxycycline hyclate. Groups: Cnt: control

d treated with doxycycline hyclate (5 mg/kg), ShD2: infected

with praziquantel (Pzt, 200 mg/kg). Data are expressed as

xidative markers for each animal in and groups. The symbols

* Cnt, y Cnt and Sh, ɸ Cnt, Sh, ShD1 and ShP, # ShD1.
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between IFN-g and NO levels as well as between IL-4 levels

and arginase activity in all infected groups. The higher

determination coefficient was obtained between IFN-g andNO

levels in the group ShD2 (Fig. 6).

The biochemical analysis of lipid, protein and DNA oxida-

tion (Fig. 7) indicated increased MDA lung levels in all infected

groups, especially in ShD2 animals compared to the other

groups (p < 0.05). This parameter was similar in Sh and ShP

animals (p > 0.05), but reduced compared to ShD1 mice

(p < 0.05). Higher PCN levels (p < 0.05) were observed in ShD2

animals compared to the other groups, which exhibited

similar results (p > 0.05). 8-OHdG lung levels were similar in all

groups (p > 0.05).
Discussion

The present study investigated the impact of Dox on Th1/Th2

effectors, M1 and M2 macrophages polarization, molecular

oxidation and lung granulomatous inflammation in S. man-

soni-infected mice. Our findings reinforced the evidence that

S. mansoni infection upregulates Th2 effectors, stimulating

intense IL-4 production and influx of M2-polarized macro-

phages. As expected, the reference drug Pzt exerted a pro-

tective effect by reducing Th1 and Th2 cytokine levels, lung

inflammatory infiltrate, lipid peroxidation, the number and

size of pulmonary granulomas, as well as accelerating gran-

ulomatous involution. Interestingly, the higher dose of Dox

exerted an opposite immunomodulatory effect, subverting

Th1/Th2 balance by upregulating Th1 cytokines, iNOS gene

expression and NO production in detriment of Th2 cytokines,

arginase gene expression and activity in infected mice. These

effects were consistent with an increased leucocytes influx,

reduced M2 and increased M1 macrophages accumulation,

marked lipid and protein oxidation and extensive micro-

structural lung damage, indicating that Th1/Th2 imbalance

and prooxidant events are potentially related to amore severe

and less effective pulmonary inflammation in S. mansoni-

infected and Dox-treated mice.

Extensive subversion of lung microstructure was observed

in all groups infected by S. mansoni. In addition, intense

granulomatous reaction and eosinophil infiltrate (indicated by

EPO levels) were observed in untreated mice and especially in

animals receiving the higher dose of Dox. Thus, the increased

number of granulomas in Dox-treatedmice indicated that this

drug was ineffective to attenuate the infection as reported in

different parasitic diseases such as malaria [12] and filariasis

[14]. From the microstructural analysis, the intense cellularity

in granulomas sheath corroborates that Dox potentiated leu-

cocytes influx, especially macrophages and eosinophils, a

finding closely correlated to the higher granulomas size and

extensive alveolar collapse [15,37] compared to the other

groups. Interestingly, the higher dose of Dox increased the

distribution of productive granulomas, indicating a more

active inflammatory process potentially related to the intense

retention of parasite eggs in lung parenchyma [38]. Thus,

Dox's inability to compromise the reproductive viability of S.

mansoni ensures continuous deposition of parasite eggs in the
lung parenchyma, reinforcing the antigenic stimulation that

drives the constant organization of new productive granu-

lomas [2]. Conversely, the reduced number of predominantly

involutive granulomas in Pzt-treated mice reinforces the

schistosomicidal potential this drug. Thus, the effective par-

asites death by Pzt is consistent with reduced oviposition and

eggs accumulation in lung parenchyma, as well as a conse-

quent downregulation of proinflammatory stimuli, allowing

the regression/reabsorption of old granulomas structured

from eggs accumulated before Pzt treatment [15,18].

Within limits regulated by an adequate Th2 response, the

granulomatous reaction is considered beneficial to the host. In

this sense, granulomas imprison S. mansoni eggs, inhibiting

immune hyperstimulation and tissue damage secondary to an

exacerbated inflammatory process [6]. However, our findings

indicated that Dox acted as a pharmacological risk factor,

whose worsening of microstructural lung injury was poten-

tially associated to the upregulation of molecular and cellular

Th1 effectors and oxidative stress, which are known to in-

crease the host's susceptibility to S. mansoni infection [10,11].

These proposition is reinforced by the increased IFN-g, TNF-a,

MDA and PCN lung levels, as well as reduced IL-4 production

in animals receiving the highest dose of Dox. IL-4 is a cytokine

typically secreted by Th2 cells, playing a central role in trig-

gering a protective immune response against S. mansoni. This

cytokine is highly expressed in chronic schistosomiasis and is

required to orchestrate effective granulomatous reactions

[39]. Curiously, a previous study reported an opposite IL-4

response in the liver from S. mansoni-infected mice treated

with Dox [2]. Although a potential organ-dependent response

is still poorly understood for this model of schistosomiasis,

such divergencemay be related to the variable parasite load at

ectopic sites (i.e., eggs retention in the lungs) [40,41] and

doxycycline biodistribution [42] in the lung and liver. As S.

mansoni eggs are predominantly retained in the portal-caval

venous blood channels [40], a higher antigenic load can

amplify the immune stimulation and Th2 polarization in the

liver, as supported by a more prominent IL-4 response in this

organ [2]. Conversely, a reduced Dox accumulation [42] asso-

ciated with a limited eggs retention in the lungs could atten-

uate the inflammatory stimulus for Th2 polarization,

determining a reduced IL-4 production. Thus, the Th1

phenotype can more easily develop in the lungs as a counter-

regulatory mechanism in order to achieve an immunological

balance between these two response profiles, a proposition

that requires further examination from comparative studies

involving both organs.

Like IL-4, IL-5 is a Th2 cytokine often upregulated in

schistosomiasis [43,44]. In addition to Th2 cells, innate ef-

fectors such as mast cells and eosinophils also secrete IL-5,

whose initial production stimulates IL-4 biosynthesis and

also plays an important role in recruiting cells (ie eosinophils)

into parasitized organs in schistosomiasis [43,44]. In the pre-

sent study, IL-5, lung inflammatory infiltrate and EPO levels

were downregulated only in Pzt-treated mice, reinforcing the

efficiency of the reference antiparasitic chemotherapy. As IL-

4 but not IL-5, EPO levels and inflammatory infiltrate were

attenuated in animals receiving the highest dose of Dx, our

https://doi.org/10.1016/j.bj.2021.12.007
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findings suggest that this drug exert a differential modulation

on Th2 cytokines and leucocytes recruitment, an aspect that

deserves to be elucidated in further studies. In this sense,

high IL-5 levels seem to be potentially related to the intense

eosinophils recruitment [43,44], a proposition reinforced by

increased EPO lung levels in these animals, which was

observed even with IL-4 downregulation. Conversely, IFN-g

and TNF-a are classical Th1 cytokines that stimulates intense

leucocytes recruitment and marked activation of immuno-

mediated oxidative and nitrosative mechanisms associated

to tissue damage [6,11,15]. The involvement of IFN-g, TNF-a,

IL-4 and IL-5 in S. mansoni-induced granulomatous inflam-

mation is corroborated by the reduced levels of all cytokines

in Pzt-treatedmice. Accordingly, an effective parasitic control

by Pzt is aligned with the inhibition of the reproductive

viability in S. mansoni (oviposition), representing realistic

outcomes potentially linked to the marked attenuation of the

immune response and granulomatous reaction in infected

animals [45].

An attenuated Th2 response associated to the reciprocal

Th1 and prooxidant reinforcement are corroborated by the

downregulation in arginase expression and activity [46], as

well as upregulation of iNOS expression and NO production

[47] in animals treated with the highest dose of Dox. Consid-

ering that iNOS expression and NO production are typical ef-

fectors of M1 macrophages, while arginase pathway is

essentially activated in M2 macrophages [48], our immuno-

histochemical findings were also consistent with an attenu-

ated Th2 response in Dox-treated mice. Thus, the higher NO,

MDA and PCN biosynthesis are also aligned with the severe

lung microstructural damage (i.e., septal thickening and

alveolar collapse) in Dox-treated animals, since reactive tissue

damage is often associated to molecular and cellular Th1 ef-

fectors in parasitic diseases [49]. Cellular polarization dy-

namics is a highly regulated event, which is essentially

involved in the modulation of host's susceptibility or resis-

tance to different parasites [9,48]. Thus, variables combina-

tions of Th1 and Th2 cytokines are determinants of

macrophage polarization, with special relevance for IL-4 for

the differentiation of M2 cells in chronic schistosomiasis

[48,50]. Interestingly, the Th1 response is prevalent in acute

schistosomiasis, which precedes S. mansoni oviposition.

However, it is replaced by a Th2 response when the host is

unable to eradicate persistent infection, but it should limit

tissue damage and host mortality [9,51]. In this sense, IL-4-

directed M2 activity is mainly associated to granuloma orga-

nization and tissue repair in a Th2-dominant response, which

involves macrophages organization in highly cohesive

concentric epithelioid arrangements and intense collageno-

genesis to trap S. mansoni eggs and prevent hyperimmune

activation [38,48]. Interestingly, granulomatous reaction was

attenuated by Pzt. However, Pzt-treated mice exhibited

increased distribution of M2 macrophages compared to un-

infected animals, indicating that a persistent macrophage

polarization accompanies the involutive remodeling of

schistosomal granulomas in Pzt-treated mice, events poten-

tially related to a Th1/Th2 rebalancing that requires further

investigation.

Considering iNOS and arginase expression and NO pro-

duction, as well as M1 and M2 macrophages distribution, our
findings reinforce the evidence that Th1 and Th2 are antag-

onist responses [48]. In this perspective, reduced M2 cells

was consistent with the reduced arginase expression and

activity in animals treated with the highest dose of Dox.

Arginase hydrolyzes L-arginine in urea and L-ornithine, the

latter being required for polyamines and proline biosyn-

thesis, cell division and collagenogenesis [44,46]. Thus,

arginase suppression can attenuates central events closely

correlated to efficient granulomatous response in schisto-

somiasis [48,52]. Although the Th2 response is predominant

in chronic schistosomiasis, the Th1 phenotype is not abol-

ished [38]. Thus, our findings of IFN-g, TNF-a, NO and M1

macrophages reinforce the evidence that Th1 activation acts

as a counter-regulatory mechanism, which adjusts the in-

tensity of the immune response in S. mansoni-infected un-

treated animals [9,53]. The balance between Th1 and Th2

effectors was clearly observed from the relationship between

the classic markers of these polarized immunological phe-

notypes. In this sense, animals treated with the highest dose

of Dox exhibited amarked reduction in arginase/iNOS and IL-

4/IFN-g ratio, reinforcing the evidence of an attenuated Th2

response. From this mechanism, Th2 subversion was

potentially related to more severe lung inflammation, which

was mainly expressed by excessive leucocytes recruitment

with M1 macrophages accumulation, predominance of pro-

ductive granulomas, and extensive alveolar collapse in Dox-

treated mice. Except for control mice, all infected animals

also showed a positive and significant correlation between

IFN-g and NO lung levels, as well as between IL-4 and argi-

nase activity. These findings reinforce the dependence rela-

tionship between classic Th1 and Th2 effectors in

schistosomiasis, especially considering that IFN-g and IL-4

are the most prominent stimuli for the respective activa-

tion of the iNOS and arginase pathways [9]. Thus, the validity

of these effectors as specific indicators of the Th1 and Th2

phenotypes are reinforced in our murine model of S. mansoni

infection, especially considering that IFN-g/NO and IL-4/

arginase correlations were maintained in Dox- and Pzt-

treated animals.
Conclusions

Taken together, our findings provide the evidence that Dox acts

as a pharmacological risk factor in schistosomiasis by aggra-

vating lung granulomatous inflammation in a dose-dependent

way. While S. mansoni infection upregulates Th2 effectors,

stimulating intense IL-4 production and M2 macrophages

recruitment, Dox attenuated this response by subverting Th1/

Th2 balance. Thus, Dox reinforces Th1 cytokines, M1 macro-

phages accumulation, iNOS gene expression and NO produc-

tion in detriment of arginase gene expression and activity, Th2

cytokines production, and M2 macrophages polarization in S.

mansoni-infected mice. These effects occurred concurrently

with an increased eosinophil recruitment, intense inflamma-

tory infiltrate poor in M2 cells, marked lipid and protein

oxidation and extensive microstructural lung damage, indi-

cating that a Th1/Th2 imbalance and prooxidant events are

potentially related to a more severe and less effective lung

inflammation in S. mansoni-infected and Dox-treated mice.

https://doi.org/10.1016/j.bj.2021.12.007
https://doi.org/10.1016/j.bj.2021.12.007


b i om e d i c a l j o u r n a l 4 5 ( 2 0 2 2 ) 8 5 7e8 6 9868
Conflicts of interest

None.

Acknowledgements

This work was supported by the Brazilian agencies: Fundaç~ao
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Campos CC, Bastos DSS, et al. Doxycycline aggravates
granulomatous inflammation and lung microstructural
remodeling induced by Schistosoma mansoni infection. Int
Immunopharm 2021;94:107462.

[16] Rocha Pereira AE, Rodrigues MÂ, Novaes RD, Caldas IS,
Martins Souza RL, Costa Pereira AA. Lipopolysaccharide-
induced acute lung injury in mice chronically infected by
Schistosoma mansoni. Exp Parasitol 2017;178:21e9.
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