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Abstract
Schistosomiasis is a tropical parasitic disease, in which the major clinical manifestation includes hepatosplenomegaly, 
portal hypertension, and organs fibrosis. Clinically, treatment of schistosomiasis involves the use of praziquantel (PZQ) and 
supportive care, which does not improve the patient’s outcome as liver injuries persist. Here, we report for the first time the 
effect of N-acetyl-L-cysteine (NAC) and/or praziquantel (PQZ) on S. mansoni, hepatic granuloma, serum markers for liver 
function and oxidative damage in acute schistosomiasis. Infected mice were divided into control, NAC, PZQ and NAC+PZQ 
groups and uninfected into control and NAC groups. After infection, NAC (200 mg/kg/day) was administrated until the 60th 
day and PZQ (100 mg/kg/day) from the 45th to the 49th day, both orally. On day 61, the mice were euthanized for serum 
markers for liver function. Worms were recovered, fragments of intestine employed to ascertain the oviposition pattern, and 
the liver was used for histopathological analysis, histomorphometry, egg and granuloma counting and oxidative stress marker 
assays. NAC reduced the burden of worms and eggs and increased the dead eggs in intestinal tissue. NAC+PZQ brought 
about reduction in granulomatous infiltration and NAC and/or PZQ reduced levels of ALT, AST, and alkaline phosphatase 
and increased albumin. NAC, PZQ or NAC+PZQ reduced levels of the superoxide anion, lipid peroxidation and protein 
carbonyl and increased sulfhydryl groups. The reduction in parasitological parameters, granulomatous inflammation and 
oxy-redox imbalance suggests NAC acts as a adjuvant in treatment of acute experimental schistosomiasis.
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Introduction

Schistosomiasis is an important neglected tropical disease 
that is associated with severe and irreversible liver dam-
age and high mortality in hundreds of millions of people 
around the world (World Health Organization 2023). The 
presence of Schistosoma mansoni eggs in hepatic tissue 
triggers a granulomatous inflammatory process and causes 
imbalance of antioxidant defenses induced by soluble egg 
antigens (SEA) (Abdallahi et al. 1999; Seif El-Din et al. 
2011). The activation of T-cell-dependent responses and 
macrophages (Kupffer cells) brings about an increase in 
reactive oxygen species (ROS), such as the superoxide 
anion. Moreover, eosinophil, which is one of the com-
ponents of a Schistosoma-induced hepatic granuloma, 
causes an increase in other reactive species, such as the 
hydroxyl radical and peroxynitrite (Abdallahi et al. 1999; 
Fan et al. 2007). The intracellular redox status imbalance 
affects the signaling pathways responsible for cell prolif-
eration, immune responses, and gene expression and plays 
an important role in the pathogenesis of schistosomiasis 
mansoni resulting in alterations in serum aminotransferase 
activity and total protein concentration, portal hyperten-
sion, hepatosplenomegaly and hepatic fibrosis (Seif El-Din 
et al. 2011; Mata-Santos et al. 2014).

One strategy for restricting hepatic tissue damage 
would be to restore the redox balance. Treatment with 
antioxidants can prolong the initiation phase or inhibit 
the propagation phase of reactive oxygen and nitrogen 

species, contribute to the prevention of oxidative dam-
age and maintain immunologic functions capable of 
neutralizing S. mansoni antigens (Abdallahi et al. 1999). 
N-acetyl-L-cysteine (NAC) (Fig. 1A) is widely known for 
its mucolytic properties in the treatment of various respira-
tory diseases. In this context, NAC is a thiol-containing 
compound that has been used for over 30 years as the 
antidote for acetaminophen-induced liver injury and acute 
liver failure and is well-tolerated and safe for treatment 
of various medical conditions, especially liver diseases 
(Ntamo et al. 2021). In humans and experimental animals, 
NAC has shown important hepatoprotective effects attrib-
uted to its antioxidant and anti-inflammatory properties 
by directly inhibiting the deleterious effects of oxidation, 
preventing the activation of lipid peroxidation, elimination 
and degradation of free radicals and as a cofactor of an 
antioxidant enzymatic system (Licks et al. 2014; Rush-
worth and Megson 2014; Ntamo et al. 2021).

Treatment of schistosomiasis relies solely on praziquantel 
(PZQ) (Fig. 1B), since vaccination is not yet available. PZQ 
does not prevent re-infection, has no prophylactic effect, is 
inactive against already installed granulomatous lesions and 
its main target is the adult worm, since the immature stages 
are less susceptible (El-Lakkany et al. 2001). Dependence 
on a single drug is a source of concern and is inadvisable 
for any infectious disease, but it is particularly troubling 
with a schistosomiasis, owing to its high prevalence and 
incidence. This encouraged us research and develop novel 
drugs for the prevention of S. mansoni infection and cure of 
schistosomiasis.

Fig. 1   Chemical structure of N-acetyl-L-cysteine (A) and praziquantel (B)
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Knowing that schistosomiasis mansoni is a severe infec-
tion that compromises the tissue and function hepatic, NAC 
is a drug with broad hepatoprotective properties on inflam-
mation and oxidative stress and that PZQ has no action on 
histopathological lesions already installed in the liver, and 
the present study investigated the action of NAC and/or PZQ 
in experimental acute mansonic schistosomiasis. Parasito-
logical parameters (worm burden, number of eggs in hepatic 
tissue and pattern of oviposition) were measured, and his-
topathological and histomorphometric changes in hepatic 
granulomas, weight development (body and liver), serum 
markers of hepatic function (aminotransferase, alkaline 
phosphatase and albumin) and oxidative damage (superoxide 
anion, lipid peroxidation, protein carbonyls and sulfhydryl 
groups) were examined.

Materials and methods

Animals, experimental procedure and ethical 
considerations

Thirty-day-old Swiss Webster female mice (n = 48) weigh-
ing 30 ± 2 g received water and food ad libitum and were 
housed in collective cages under a light/dark cycle of 12 h 
in a room with a temperature of 22 ± 2 °C. Thirty-two mice 
were percutaneously infected with 50 cercariae (BH strain) 
of S. mansoni, and sixteen mice were not infected (Olivier 
end Stirewalt 1952). This strain is maintained in the sec-
tor of parasitic diseases and experimental schistosomiasis 
of the Laboratory of Instituto Keizo Asami (iLIKA) and in 
Department of Tropical Medicine of the Federal University 
of Pernambuco (UFPE) (Recife, PE, Brazil). All experi-
mental procedures involving animals were performed in 
accordance with the Brazilian College of Standards for Eth-
ics in Animal Experimentation (COBEA) and approved by 
the Animal Experiments Ethics Committee (CEUA) UFPE, 
process number 23076.020127/2010-47.

Experimental groups and treatment protocol

The mice were divided into six groups (n = 8), and there 
was no statistical difference (p > 0.05) in body weight 
(29.63 ± 1.21) between the formed groups, according to the 
cercarial exposure (infected and uninfected) and treatment 
regimen adopted, as follows:

•	 Uninfected groups treated with vehicle only (saline solu-
tion) or NAC

•	 Infected groups treated with vehicle only, NAC, PZQ or 
NAC+PZQ.

NAC (Sigma-Aldrich Chemical, St. Louis, MO, USA) 
was diluted in saline solution and administered orally by 
gavage (200 mg/kg/day), as previously described, (Jones 
et al. 1994; Fan et al. 2007, 2011; Aires et al. 2012; Ntamo 
et al. 2021) from immediately after infection until the 60th 
day. PZQ (Sigma-Aldrich Chemical, St. Louis, MO, USA) 
was suspended in Cremophor (2%), diluted in saline solu-
tion and administered orally by gavage at a curative dose of 
100 mg/kg/day, from the 45th until the 49th day after infec-
tion, as previously described (Aires et al. 2012). Infected 
and uninfected animals without NAC and/or PZQ treatment 
received the same amount of vehicle and were subjected to 
the same conditions. Sixty-one days after infection, all mice 
were euthanized under anesthesia.

Hepatic function serum markers and relative liver 
weight

Immediately after anesthesia, the mice were weighed, and 
the blood collected by cardiac puncture and of the serum was 
obtained (centrifugation at 400×g for 15 min at 4 °C). Levels 
of alanine aminotransferase (ALT), aspartate aminotransam-
inase (AST), albumin (ALB) and alkaline phosphatase (AP) 
were measured using a TARGA device (Random Generation 
Advanced Technology Analysis). The liver of each mouse 
was excised immediately after perfusion and weighed. The 
relative liver weight is calculated as follows:

Parasitological parameters

Recovery of worms

Hepatic and mesenteric vessels were perfused with sterile 
saline (0.9% NaCl w/v) for recovery, counting and classifica-
tion of worms (couples or males), as described by Smithers 
and Terry (1965). The percentage reduction in the number 
of worms after treatment is calculated as follows: % reduc-
tion = C − V/C × 100, where C = the mean number of para-
sites recovered from infected untreated animals and V = the 
mean number of parasites recovered from treated animals 
(Tendler et al. 1968).

Eggs count in hepatic tissue

To estimate the number of eggs per gram of hepatic tissue, 
a samples of tissue was removed from the central remaining 
part of the right lobe of each animal and processed sepa-
rately by way of digestion technique in potassium hydrox-
ide (KOH 4%), as described by Cheever (1968). The results 

Relative organ weight =

Absoute organ weight

Body weight
× 100
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were expressed in the number of eggs per gram of tissue 
and the percentage reduction in eggs accumulated in the 
liver tissue.

Oogram pattern

Three fragments of the small intestine (3 cm each) were cut 
longitudinally, rinsed in saline, softly dried on filter paper, 
and then compressed between two glass slides to obtain the 
thin preparation. Fragments were examined under micro-
scope (10×), and the stage of each egg was recorded. One 
hundred eggs were counted in each fragments and classified 
according to their developmental stage and maturation of S. 
mansoni eggs (Pellegrino et al. 1962).

Measurement and histopathological analysis of hepatic 
granulomas

Samples of liver were removed, fixed in 10% buffered for-
maldehyde, and processed for inclusion in paraffin blocks 
to obtain histological Sections (5 µm), which were stained 
with hematoxylin and eosin and examined histologically 
using light microscopy. Twenty random fields per animal 
were used to count the average number of granulomas, using 
Formula I, each field measuring 12.234 μm2. Twenty granu-
lomas containing a single central egg were randomly used to 
determine the average diameter, using Formula II. The radii 
of the granulomas as well as their diameters were measured 
and used to calculate the volume of granulomas according 
to Formula III.

Images were obtained using an optical microscope 
(Leica®) connected to a digital camera (Nikon®) and a com-
puter system (Motic Images Plus 2.0 MLTM). All analyses 
were performed by two different pathologists.

Sample preparation for oxidative stress in the homogenate 
of liver tissue

To remove the excess of blood, livers from uninfected and 
infected mice were perfused with sterile saline (0.9% NaCl 
w/v). Each mice’s liver was homogenized using a homog-
enizer Potter–Elvehjem in a cold buffer containing 50-mM 

(I)

Average number of granulomas =

∑

granulomas

number of field analyzed

(II)
Average diameter of granulomas =

∑

two perpendicular diameters transmiracidial

2

(III)Granuloma volume =
4�r3

3

TRIS and 1-mM EDTA (pH 7.4), with the addition of 1-mM 
sodium orthovanadate and 200-μg/mL phenylmethanesul-
fonyl (PMSF) fluoride at 0–4 °C. Then, the homogenate 
was centrifuged at 1.180×g for 10 min at 4 °C, the result-
ing supernatant was carefully removed, and protein con-
tent was determined spectrophotometrically according to 
Lowry assay (Sargent 1987). The homogenates of liver tis-
sue (0.3 mg/mL) was used to measure the total superoxide 
dismutase (SOD) activity, thiobarbituric acid reactive spe-
cies (TBARS), protein carbonyl content and total sulfhydryl 
(SH) groups. All measurements were performed in triplicate 
for every sample in two independent trials.

Total superoxide dismutase (SOD) activity

Total SOD activity was performed according to the method 
of Misra and Fridovich (1972). In brief, 300 μg of protein 
from the homogenate was added to sodium carbonate buffer 
(0.05%, pH 10.2, 0.1 mmol/L EDTA), and the reaction was 
started with the addition of 150-mM epinephrine (0.05% 
acetic acid). SOD activity at 30 °C was measured by the 
kinetics of inhibition of epinephrine auto-oxidation inhibi-
tion for 1.5 min at 480 nm. The results were expressed in 
U/mg protein.

Thiobarbituric acid reactive species (TBARS)

Lipid peroxidation was quantified by the production of 
malondialdehyde (MDA) in reaction with thiobarbituric acid 
(TBA, C4H4N2O2S), according to the method of Draper and 
Hadley (1990). The reaction was developed by the addition 
of an aliquot of the homogenate of tissue (0.3 mg/mL) with 
trichloroacetic acid (30%, w/v) and tris–HCl (10 mM) at 
30 °C, pH 7.4, followed by mixing and centrifugation at 

2.500 xg for 10 min. Supernatant was transferred to another 
tube and added 0.8% TBA (w/v) following by incubated at 
100 °C for 15 min. Upon cooling, the mixture was vortexed 
for 1 min, centrifuged for 15 min at 4000×g and the TBARS 
determined spectrophotometrically at 535 nm. Protein con-
tent was assessed using the Lowry assay (Sargent 1987), and 
the results were expressed as nmol/mg of protein.

Protein carbonyl content

This assay measures protein carbonyls, an indicator of pro-
tein oxidation, using 2,4-dinitrophenylhydrazine (DNPH), 
as previously described Levine et  al. (1990). Proteins 
were precipitated by the addition of an aliquot of the 
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homogenate (0.3 mg/mL) mixed with trichloroacetic acid 
(TCA, CCl3COOH, 30% (w/v)), and the mix was then cen-
trifuged for 14 min at 1180×g. The pellet was re-suspended 
in 10-mM DNPH and immediately incubated under agita-
tion for 15 min in a dark room. Thereafter, the samples were 
centrifuged and washed thrice with ethyl/acetate buffer. The 
final pellet re-suspended in 6-M guanidine hydrochloride 
was incubated for 30 min in a water bath (37 °C), and the 
carbonyl content was determined by measuring the absorb-
ance at 370 nm using a molar absorption coefficient of 
22 × 103 M−1 cm−1 22,000 M−1 cm−1. Equal amounts of 
protein samples without DNPH were used as controls. Val-
ues were expressed as nmol (mg protein)−1, and total protein 
content was measured using the Lowry assay (Sargent 1987).

Total sulfhydryls groups

The analysis of total sulfhydryls groups was determined 
using Ellman’s reagent, 5,5′-dithio-bis-(2-nitrobenzoic acid) 
((DTNB, which in turn become oxidized (disulfide), gener-
ating a yellow derivative). The aliquot of the homogenate 
(300 µg of protein) was incubated phosphate buffer saline 
(PBS, pH 7.4) containing 50-mM tris base; 1-mM EDTA; 
2-mM PMSF, 10-mM sodium orthovanadate, followed 
by incubation with 10-mM 5,5′-dithiobis (2-nitrobenzoic 
acid) (DTNB) for 30 min at room temperature under pro-
tected from light. The samples were measured at 412 nm as 
described by Ellman (1959).

Statistical analysis

Data were expressed as mean ± standard deviation (SD). Dif-
ferences between groups were determined using ANOVA 
followed by the Tukey test, and the D’Agostino and Pear-
son tests were used to test for normality. Analysis was per-
formed using GraphPad PRISM® 4.03 software, and values 
of p < 0.05 were considered statistically significant.

Results

Effect of NAC and/or PZQ on S. mansoni

Administration of NAC from the first to the 60th day after 
infection reduced the adult worm burden by 31.31% and 
the number of female worms by 26.25%. The number of 
eggs per gram of hepatic tissue decreased 42.67% in the 
NAC group, 73.84% in the PZQ group and 81.81% in the 
NAC+PZQ group (Table 1). In the NAC and control groups, 
intestinal tissue samples contained eggs in mature and 
immature phases. However, treatment with NAC increased 
the number of dead eggs. The dose of PZQ achieved 100% 
therapeutic efficacy, since no worms were recovered, and 
intestinal tissue samples showed fewer mature eggs, an 
absence of immature eggs and increased numbers of dead 
eggs (Table 1).

Effect of NAC and/or PZQ on the body weight, 
hepatomegaly and schistosomotic granuloma

Uninfected animals treated with NAC or free of thera-
peutic intervention (control) showed similarity (p > 0.05) 
in total body weight, with values of 43.10 ± 1.62 g and 
42.67 ± 2.20 g and in liver weight of 1.93 ± 0.03 g and 
1.91 ± 0.02 g, respectively. Both groups also showed no 
difference in the relative percentage of liver/body weight 
(Fig.  2A and B) and exhibited histological sections of 
hepatic tissue within the anatomical norms, free of conges-
tion, hemorrhage, vacuolar degeneration of hepatocytes, 
focal necrosis and leukocyte infiltration.

The treatment of infected animals with NAC+PQZ pre-
served the total body weight when compared to uninfected 
animals free of therapeutic intervention (42.41 ± 2.03 g vs 
43.10 ± 1.62 g, respectively), more showed significant dif-
ference (p < 0.001) when compared to the infected control 

Table 1   Effects of N-acetyl-L-cysteine (NAC) and/or praziquantel (PZQ) on worm burden, number of eggs/g in hepatic tissue and pattern of 
oviposition in mice infected with S. mansoni 

NAC (200 mg/kg/day from the first until the 60th day after infection), PZQ (100 mg/kg/day from the 45th to the 49th day after infection)
All animals were euthanized in 61st day after beginning of the experiment. Values expressed as average ± pattern deviation of eight mice
*P < 0.01 significant difference from the control group
**P < 0.001 significant difference in the control group

Experimen-
tal groups

Worm burden Number of eggs/g tissue % Of eggs per developmental stage

Total Reduction 
(%)

Female Reduction 
(%)

Hepatic × 103 Reduction 
(%)

Immature Mature Dead

Control 24.5 ± 4.97 – 10.17 ± 2.31 – 10.17 ± 2.22 – 56.1 ± 1.73 36.4 ± 1.95 7.5 ± 0.85
NAC 16.83 ± 3.54* 31.31 7.5 ± 1.97* 26.25 5.83 ± 1.47** 42.67 48.7 ± 2.1 40.9 ± 1.52 10.4 ± 2.0*
PZQ 0.0 ± 0.0** 100.0 0.0 ± 0.0** 100.0 2.66 ± 1.03** 73.84 0.0 ± 0.0 13.7 ± 1.33* 86.30 ± 1.33*
NAC + PZQ 0.0 ± 0.0** 100.0 0.0 ± 0.0** 100.0 1.85 ± 0.89** 81.81 0.0 ± 0.0 8.50 ± 2.76* 91.5 ± 2.76*
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group (39.20 ± 1.54 g). In contrast, the total body weight 
of infected animals treated with NAC (37.83 ± 2.21 g) or 
PZQ (41.60 ± 2.72 g) showed no significant difference when 
compared to control infected. In addition, treatment with 
NAC (2.75 ± 0.11 g), PZQ (2.67 ± 0.05 g) or NAC+PZQ 
(2.51 ± 0.06 g) significantly reduced (p < 0.0001) the liver 
weight when compared to control infected (3.48 ± 0.12 g).

Infected groups treated with NAC and/or PZQ showed 
significant reduction in relative percentage of liver weight 
(Fig. 2A, C and D). The sections of infected mice liver, 
control and NAC, revealed a typical inflammatory granu-
lomatous reaction in the hepatic parenchyma and medium 
and large portal tract with intense infiltration of eosino-
phils, polymorphonuclear neutrophils, in addition to a few 

Fig. 2   A–N Effects of N-acetyl-L-cysteine (NAC, 200  mg/kg/day 
from the first until the 60th day after infection) and/or praziquantel 
(PZQ, 100 mg/kg/day from the 45th to the 49th day after infection) 
in uninfected mice and those infected by S. mansoni. A Relative 
percentage of liver weight. B, C and D Liver of uninfected animals 
treated with NAC, infected animals free of NAC and/or PZQ and 
infected animals treated with NAC+PZQ, respectively. E–L Pho-
tomicrographs of hepatic tissue of mice infected with S. mansoni. 
E (×400) and G (×100) (group control) and H (×400) (treated with 
NAC), showing intense infiltration of eosinophils and polymorpho-
nuclear neutrophils. F (×400), central coagulative necrosis in the 

infected control group. I (×400) (treated with PZQ) and J (×400) and 
L (×100) (treated with NAC+PZQ) peripheral infiltration of eosino-
phils and polymorphonuclear neutrophils, few epithelioid histiocytes 
and fibroblasts surrounding the granuloma, most evident findings in 
the association of drugs. M and N numerical density and volume of 
granulomas, respectively. Results are expressed as mean of eight ani-
mals per group ± SD. aP < 0.001 difference between uninfected con-
trol group and infected control group. *P < 0.01 difference between 
infected control group and infected control group NAC, PZQ and 
NAC+PZQ. **P < 0.001 difference between infected control group 
and infected control group NAC, PZQ and NAC+PZQ
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macrophages and lymphocytes. Collagen fibers surround-
ing the degenerating egg were scarce, thin and irregular 
(Fig. 2E and H). On the other hand, focal areas of central 
coagulative necrosis, as well as cytoplasmic vacuolation 
and degeneration of hepatocytes, were found in infected 
animals free of NAC and/or PZQ (Fig. 2F). By contrast, 
the PZQ and NAC+PZQ groups exhibited inflammatory 
granulomatous reaction with less peripheral infiltration 
of eosinophils and polymorphonuclear neutrophils, in 
addition to a few epithelioid histiocytes and fibroblasts 
surrounding the granuloma, as is commonly found when 
drugs are used (Fig. 2I and J).

The density of granuloma in the infected groups, for 
both those untreated and those treated with NAC+PZQ, is 
shown in Fig. 2G and L. There was a reduction of 34.38%, 
64.76% and 72.08% in the average number of hepatic 
granulomas in the NAC, PZQ and NAC+PZQ groups, 
respectively, compared to the infected control (Fig. 2M). 
The results also show NAC-dependent modulation reduc-
ing hepatic granuloma volume by ~ 40%, in the NAC and 
NAC+PZQ groups (Fig. 2N and E compared to H and J).

Serum markers of liver function and oxy‑redox 
imbalance

Figures 3 and 4 show the effect of experimental infection 
by S. mansoni on the serum markers of liver function and 
oxidative stress, respectively, and reveals favorable modula-
tion of these markers for treatment with NAC and/or PZQ. 
Treatment with NAC and/or PZQ reduced levels of ALT, 
AST and ALP and increased ALB, compared to the infected 
control (Fig. 3A–D). NAC was able to reduce levels of the 
superoxide anion (67.66%), lipid peroxidation (44.84%) and 
protein carbonyls (76.99%) and increase that of sulfhydryl 
groups (46.61%), compared to infected control (Fig. 4A–D). 
During infection, treatment with NAC was similar to treat-
ment with PZQ or NAC combined with PZQ (NAC + PZQ) 
in significantly reducing (p < 0.001) levels of superoxide 
anion and protein carbonyl, when compared to the infected 
control group (Fig. 4A and C). Treatment with PZQ was 
not significant in modulating of the lipid peroxidation and 
sulfhydryl groups, and NAC+PZQ was able to restore levels 
of sulfhydryl groups, when compared to the infected control 
group (Fig. 4D).

Fig. 3   A–D Effects of N-acetyl-L-cysteine (NAC, 200  mg/kg/day 
from the first until the 60th day after infection) and/or praziquantel 
(PZQ, 100 mg/kg/day from the 45th to the 49th day after infection) 
on A Alanine aminotransferase (ALT), B aspartate aminotransferase 
(AST), C Albumin and D Alkaline phosphatase, in uninfected mice 
or those infected by S. mansoni. All animals were euthanized on 

the 61st day of the experiment. Results are expressed as means for 
eight animals per group ± SD. aP < 0.001 difference between unin-
fected control group and infected control group. *P < 0.01 difference 
between infected control group and infected control group NAC, PZQ 
and NAC + PZQ. **P < 0.001 difference between infected control 
group and infected control group NAC, PZQ and NAC+PZQ
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Discussion

In addition to provide a cure, it is desirable that schistosomi-
cidal drugs favorably modulate pathophysiological changes 
caused by the parasite. Redox imbalance is thus an impor-
tant target, since it plays a key role in the pathogenesis of S. 
mansoni infection. In the present study, treatment with PZQ 
achieved 100% schistosomicidal effect. This eliminated the 
parasite load and the accumulation of eggs and antigens and 
established a pathophysiological model of already installed 
granulomas, as a way of measuring the antioxidant effect of 
NAC and/or as a drug adjuvant to PZQ. The results show 
that NAC, besides changing parasitological patterns, brought 
about a reduction in hepatic morbidity by reducing granu-
lomatous lesions and restoring the redox balance in experi-
mental acute schistosomiasis.

PZQ acts on Ca2+ homeostasis in the integument and 
is responsible for causing spasms, damage to the integu-
ment, and muscular paralysis, leading to the death of adult 
worms, since PZQ is less active against the juvenile stages of 
Schistosoma spp. (El-Lakkany et al. 2001; Dkhil et al. 2015; 

Araújo et al. 2019; 2020a; b). On the other hand, positive 
changes in parasitological parameters related to NAC have 
been documented in studies where the intervention was per-
formed during immature phases of the worm (Seif El-Din 
2006; Seif El-Din et al. 2010; Aires et al. 2012). In fact, even 
with chronic administration initiated after complete develop-
ment of the adult worm, NAC showed no effect on the para-
site load (Aires et al. 2012). However, when the interven-
tion is started in the third week after infection (young worm 
stage), the parasite load was reduced by 22.7% (Seif El-Din 
et al. 2011). In prophylactic use, one week before cercarial 
exposure, NAC reduced the parasite load by up to 76%, as 
well as reducing the egg load and granuloma in liver tissue 
and increasing the percentage of eggs killed in intestinal 
tissue (Seif El-Din 2006; Seif El-Din et al. 2010). The data 
from the present study showed a reduction of 31.31% in the 
parasite burden.

So far, the mechanism by which NAC exerts its schis-
tosomicidal effect is unclear. However, additional in vitro 
and in vivo studies are needed to clarify its mode of action 
against S. mansoni, including research against different 

Fig. 4   A–D Effects of N-acetyl-L-cysteine (NAC, 200  mg/kg/day 
from the first until the 60th day after infection) and/or praziquantel 
(PZQ, 100 mg/kg/day from the 45th to the 49th day after infection) 
on A superoxide anion, B lipid peroxidation, C protein carbonyls and 
D sulfhydryl groups, in uninfected mice and those infected by S. man-
soni. All animals were euthanized on the 61st day of the experiment. 

Results are expressed as means of eight animals per group ± SD. 
aP < 0.001 difference between uninfected control group and infected 
control group. *P < 0.01 difference between infected control group 
and infected control group NAC, PZQ and NAC+PZQ. **P < 0.001 
difference between infected control group and infected control group 
NAC, PZQ and NAC+PZQ
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stages of development, study of ultrastructural morphologi-
cal changes by scanning electron microscopy and transmis-
sion and molecular evaluation, including proteomic analysis. 
However, in terms of immunity, the schistosome is most 
susceptible to immune elimination during migration and 
development in the skin and lungs (Mei and LoVerde 1997; 
Kwatia et al. 2000). Seif El-Din (2006; Seif El-Din et al. 
2011) suggest that the use of NAC during S. mansoni infec-
tion can inactivate or reduce the activity of the schistosome’s 
peroxidase glutathione (SmGPx), which is a key enzyme in 
the worm’s survival mechanism. SmGPx protects S. mansoni 
by catalyzing the reduction in hydrogen peroxide (H2O2), 
protecting against damage to the membranes and DNA by 
reducing lipid peroxidation (Kwatia et al. 2000). Immunolo-
calization studies have demonstrated that SmGPX is local-
ized in the tegument (host-parasite interface) of the adult 
but not in the immature stages (Mei and LoVerde 1997), 
and mice infected with S. mansoni and immunized with 
cytosolic superoxide dismutase (SmCT-SOD) and SmGPX 
have shown a reduction in the burden of worms. Besides 
antiparasitic drug candidates and vaccines, antioxidants 
are also being studied for the treatment of schistosomiasis 
(Simeonov et al. 2008; Huang et al. 2012; Carvalho-Queiroz 
et al. 2015).

Despite different mechanisms of action, NAC+PZQ 
brought about a reduction in the egg load in the hepatic tis-
sue and increased the number of dead eggs in intestinal tis-
sue. Yepes et al. (2015) highlight the importance of studies 
comparing drugs with different mechanisms of action on 
different stages of development of Schistosoma.

Some antioxidants have shown potential hepatoprotec-
tive properties in infection by S. mansoni. These include 
β-carotene (Seif El-Din 2006), curcumin (Allam 2009), 
pentoxifylline (El-Lakkany et al. 2001), artemether (Abdul-
Ghani et al. 2011), silymarin (Mata-Santos et al. 2014) and 
resveratrol (Soliman et al. 2017). Here, NAC plus PZQ 
reduces the burden of eggs and the volume of granuloma 
in hepatic tissue, thus decreasing the number and the extent 
of granulomatous lesions and the development of hepatic 
fibrosis throughout the infection. Additionally, this thera-
peutic scheme produces more circumscribed granulomatous 
reactions, with a smaller population of inflammatory cells. 
Fan et al. (2007) reported that NAC favorably modulates 
the hepatic pathogenesis induced by S. japonica. In this 
study model, NAC decreases levels of NO (nitric oxide) 
and iNOS (nitric oxide synthase) and increases levels of 
GSH (glutathione). In S. mansoni infection, NAC reduces 
levels of IFN-γ, NO and peroxynitrite and increases IL-10, 
a combination of events associated with reduction in size 
of granuloma and decreased schistosomiasis mortality (Seif 
El-Din 2006; Herbert et al. 2008; Aires et al. 2012; Yepes 
et al. 2015).

Here, treatment with NAC and/or PZQ improves/pre-
serves total body weight and reduces liver weight. Hepa-
tomegaly was reduced by treatment with NAC and/or PZQ 
(Fig. 2A–D). Besides the favorable immune modulation, 
experimental studies involving hepatic diseases suggest 
that this reduction may be attributed to the antifibrotic 
activity of NAC (Pereira-Filho et al. 2008; Aires et al. 
2012; Galicia-Moreno et  al. 2012; Mata-Santos et  al. 
2014; Yepes et al. 2015), and NAC also improves hepatic 
congestion (Lee et al. 2012; Takhtfooladi et al. 2014) and 
portal hypertension (Licks et al. 2014).

As occurred in the present study, NAC is able to modu-
late favorably the serological markers of hepatic damage 
(ALT, AST, ALP and ALB) in hepatotoxicity induced by 
CCL4 (Cai et al. 2015), non-alcoholic fatty liver (El-Lak-
kany et al. 2016) and liver ischemia–reperfusion injury 
after 30% hepatectomy (Lee et al. 2012). S. mansoni infec-
tion can cause imbalance of oxidative factors by different 
mechanisms, including the deposition and accumulation 
of eggs in tissues, changes in vascular tone and soluble 
immune intermediates (Licks et al. 2014; Rushworth and 
Megson 2014).

In accordance, it reported change in oxidative markers of 
the superoxide anion, lipid peroxidation, protein carbonyls 
and sulfhydryl groups representing excessive production of 
oxidants. However, NAC decreased levels of the superoxide 
anion, TBARS and protein carbonyls and recovered the con-
tents of sulfhydryl groups (Fig. 4). According to Seif El-Din 
(2006; Seif El-Din et al. 2011) and Fan et al. (2007, 2011) 
in schistosomiasis mansoni and schistosomiasis japonica, 
respectively, NAC-dependent reduction in the levels of 
superoxide anion can be attributed to the drug’s capacity 
to increase synthesis of superoxide dismutase (SOD), since 
SOD catalyzes the superoxide anion in H2O2. The H2O2 is 
converted to H2O and O2 by glutathione peroxidase and cata-
lase. This reaction is important since H2O2 can react with 
fatty acids present in the cell membrane, increasing lipid 
peroxidation, commonly detected as TBARS and carbonyl 
groups, widely measured by thiobarbituric acid (TBA) reac-
tive substances (TBARS) assay (Misra, and Fridovich 1972; 
Draper and Hadley 1990).

The production of TBARS and carbonyl groups is clearly 
related to fibrogenesis and collagen deposition in hepatic 
cells. Oliveira et al. (2013) emphasize that the increase in 
protein carbonyl is an important biomarker of oxidative 
damage in S. mansoni infection. Dalle-Donne et al. (2003) 
showed that protein carbonyl measurement has advantages 
as a biomarker of protein oxidation, because of rapid forma-
tion. Furthermore, it is known that highly sensitive assays 
for detection of protein carbonyls involve derivatization of 
the carbonyl group with 2,4-dinitrophenylhydrazine (DNPH) 
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which results in the formation of 2,4-dinitrophenyl (DNP) 
hydrazine, a product resulting from its covalent reaction that 
has been widely used as an oxidative marker of proteins 
in numerous human pathologies. Corroborating with the 
method applied and established by Levine et al. (1990) in 
the determination of carbonyl content in oxidatively modi-
fied proteins.

Here, NAC was able to restore TBARS levels since its 
supplementation increases the synthesis of GSH through 
donation of the thiol grouping of cysteine found in the NAC 
molecule. This also suggests an increase in total thiol, as 
measured by sulfuric proteins. Rushworth and Megson 
(2014) emphasize that increasing intracellular thiol levels by 
the direct administration of GSH is not recommended, since 
GSH does not easily pass through the cell. Furthermore, 
direct administration of cysteine is not possible in clinical 
settings because of its limited bioavailability, toxicity and 
insolubility (Cacciatore et al. 2010). Therefore, there is a 
need for alternatives for inducing synthesis of glutathione, 
such as the supply of the precursor amino acid contained 
in NAC.

Conclusion

Co-administration of NAC provides protection in acute S. 
mansoni infection by reducing the parasitological param-
eters, limiting histopathological alterations and granuloma-
tous inflammation and improving oxidative damage and 
serum markers of liver function. NAC is thus a promising 
adjuvant in treatment of this infection. Healthy mice and 
treated with NAC do not show changes in all the parameters 
investigated here.
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