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A B S T R A C T   

Prevalence of infection, limited choice of drugs, and emerging resistance against contemporary 
medications lead to a pressing need to develop new anthelmintic drugs and drug targets. How-
ever, little understanding of worms’ physiology has substantially delayed the process. Here, we 
are reporting the tissue morphology of Haemonchus contortus, intestinal parasitic helminths found 
in small ruminants, and targeting its nervous system with quercetin, a naturally occurring 
flavonoid. Quercetin showed anthelmintic activity against all of the developmental stages of 
H. contortus. Further, histological analysis demonstrated damage to various body parts, including 
isthmus, brut, pseudocoele, and other organs. Mechanistic studies revealed the generation of 
oxidative stress and alterations in the activities of the stress response enzymes, such as catalase, 
superoxide dismutase, and glutathione peroxidase. Moreover, the time-dependent imaging of 
reactive oxygen species (ROS) generated due to quercetin treatment disclosed neuropils as the 
primary targets of quercetin in adult worms, which eventually lead to the paralysis and death of 
the worms. Thus, this work demonstrates that the nervous system of the parasitic helminth, 
H. contortus, is a novel target of the drug quercetin.   

1. Introduction 

Gastrointestinal infections of parasitic nematodes are prevalent worldwide, infecting humans and animals and costing billions of U. 
S. Dollars per year. According to the WHO estimates of 2020, 24% of the world’s human population, including the most vulnerable 
group, infants and school-age children, and pregnant women, is infected with parasitic infections [1]. Globally, 3.5 billion people are 
affected, with around 200,000 deaths yearly due to parasitic intestinal infections. In many developing countries, many children are 
infected, leading to 39 million disability-adjusted life years, higher susceptibility to diseases, and low economic status [2,3]. The global 
diversity of the H. contortus worm was studied based on the genome-wide diversity and showed three broad genetic clusters, including 
subtropical Africa, Atlantic, and Mediterranean-Oceania regions [4]. Moreover, these infections can easily be transferred from animals 

* Corresponding author. School of Chemistry and Biochemistry, Thapar Institute of Engineering & Technology, Patiala, 147004, Punjab, India. 
E-mail address: diptiman@thapar.edu (D. Choudhury).   

1 Authors with equal contribution. 

Contents lists available at ScienceDirect 

Heliyon 

journal homepage: www.cell.com/heliyon 

https://doi.org/10.1016/j.heliyon.2023.e13699 
Received 24 July 2022; Received in revised form 20 January 2023; Accepted 7 February 2023   

mailto:diptiman@thapar.edu
www.sciencedirect.com/science/journal/24058440
https://www.cell.com/heliyon
https://doi.org/10.1016/j.heliyon.2023.e13699
https://doi.org/10.1016/j.heliyon.2023.e13699
http://crossmark.crossref.org/dialog/?doi=10.1016/j.heliyon.2023.e13699&domain=pdf
https://doi.org/10.1016/j.heliyon.2023.e13699
http://creativecommons.org/licenses/by-nc-nd/4.0/


Heliyon 9 (2023) e13699

2

to humans, with a few reports of human infection from Iran, Brazil, Sudan, Australia, etc. [5–7]. H. contortus is one of the most 
economically main nematodes responsible for the loss of livestock, particularly ruminants [8,9]. The blood feeder nematode causes 
acute anemia, hemorrhagic gastroenteritis, weight loss, etc., which may lead to the death of ruminants [10]. H. contortus can also infect 
humans and cause similar health hazards [5]. Despite the colossal infection rate and the prevalence of animal-to-human transmission, 
the choices of medicines are mainly limited to a handful of drugs, including benzimidazole, ivermectin, levamisole, pyrantel, and 
avermectins [11]. Moreover, the increased prevalence of resistance against the existing drugs leads to an urgent need to develop new 
antihelminthic drugs and drug targets [12–15]. The nervous system, an essential communication system, vastly differs between 
helminths and mammals. Unlike human neurons, neurons in nematodes are non-myelinated and nematodes have fewer neurons (up to 
a few hundred) with neurons to glial ratio of 6:1. In contrast, most mammals, including humans, have billions of neurons with a neuron 
to glial cell ratio of 1:1 [16,17]. Therefore, targeting the nervous system of the pathogen for infection control is a novel approach and 
may lead to the development of new classes of drugs with lesser side effects. But, despite the high prevalence of infection of 
H. contortus, extensive physicochemical studies are lacking for this pathogen, just like for the majority of the nematodes. Although, due 
to the lesser complexity and conservation of the structure, the majority of the nematodes share similar physiological features. 

The structural elements of the Caenorhabditis elegans (C. elegans) reveal the nervous system of nematodes that consists of the nerve 
ring as the central nervous system at the anterior end of the body, the ganglia, the ventral cord that runs longitudinally throughout the 
body, and the commissural connections [16,18–20]. Also, the similarity in the total number of neurons and their anatomic corre-
spondence is remarkable among the nematodes [16]. Therefore, we hypothesized that studying tissue architecture, including the 
nervous system of H. contortus, is possible by comparing it to the C. elegans system. Further, we have also hypothesized to target the 
nervous system of H. contortus with natural polyphenols to develop an effective antihelminthic drug. Nature is abundant in poly-
phenolic compounds with medical benefits, including anticancer, antimicrobial, and anthelminthic properties [9,21], with better 
biocompatibility and lesser side effects. 

Quercetin, a naturally occurring flavonoid present in onions, green tea, apples, garlic, etc., is well recognized for its anticancer, 
anti-inflammatory, antioxidant, and neuroprotective activities in mammals, including humans [22–24]. Earlier Borges, D. G. L et al., in 
2004, reported that quercetin, in combination with ivermectin, induces mortality in ivermectin-resistant larvae of H. contortus [25]. 
But the molecular mechanism of quercetin activity and the target site of its action has not been reported. We tried to target H. contours 
with quercetin and studied its molecular mechanism based on our hypothesis. While doing that, we have also investigated the his-
topathology of the adult H. contortus and studied tissue-specific damage of the worms, primarily focusing on the neuronal system. 

2. Methods 

2.1. Materials 

Quercetin hydrate (≥95%) and 2′,7′-dichlorodihydrofluoresceindiacetate (DCFDA, ≥97%) were procured from Merck, India. 
Roswell Park Memorial Institute (RPMI-1640) medium, Dulbecco’s Modified Eagle Medium (DMEM), antibiotics, fetal bovine serum, 
hematoxylin, and eosin were purchased from Himedia Ltd., India. All other reagents, including Sodium chloride, Potassium chloride, 
Disodium hydrogen phosphate, and Potassium dihydrogen phosphate, were purchased from Loba Chemie, India, and were of 
analytical grade. 

2.2. Experimental model and subject details 

2.2.1. Collection of Haemonchus contortus from the ruminants 
The abomasa of a goat infected with adult H. contortus worms were collected from the local slaughterhouses and dissected to collect 

the internal content. H. contortus adults were handpicked and identified using a fine brush and were readily transferred to 1×
phosphate buffer saline (PBS) at pH 7.4 [9,26]. 

2.2.2. Isolation of eggs from the adult female worms 
The egg isolation was carried out from the adult female worms using particular guidelines with some modifications previously used 

by us [9,26]. At first, adult worms were identified and cleaned; eggs were extracted by centrifugation at 11,000×g for 15 min in the 
freshly prepared, sterile, 0.8% saline. Finally, the egg count was taken using the McMaster technique [27] and stored at 4◦C after 
adjusting 200 eggs/ml concentration. 

2.2.3. Collection of larval stage (L3) 
Infected fecal samples were incubated for a week at room temperature (25◦C) in dark and humidified conditions. After incubation, 

the L3 larva was collected from the mixed fecal culture and stored at 4◦C for future tests [9,26]. 

2.3. Method details 

2.3.1. Adult paralysis and mortality assay 
Adult male and female H. contortus worms (15 worms each) were distributed in a 35 mm culture plate containing 2 ml RPMI in the 

presence of different concentrations of quercetin (0, 0.125, 0.25, 0.50, 1, and 2 mM) and albendazole (Alb, 0.2 mM) for 24 h at room 
temperature (37◦C). After the incubation, the mortality, morphology, and responses to the physical stimuli were assessed directly 
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under the microscope at 40 × magnification. Paralysis and death times were calculated at regular intervals (0, 1, 3, 6, 12, and 24 h). 
Paralysis was confirmed in the absence of movement for 60 S at moderate agitation. The morbidity was established after the lack of 
action for 1 min at heat shock at 50 ◦C [9,26]. Treated samples were stained with Lugol’s stain to observe the morphological changes 
under an optical microscope. 

2.3.2. Larval mortality assay 
The L3 larvae contained in 200 μl of RPMI medium having about 25–30 larvae were incubated in quercetin at different concen-

trations (0, 0.125, 0.25, 0.50, 1, and 2 mM) and albendazole (0.2 mM) for 24 h. After that, a microscopic examination (at 40×
magnification) was performed to check for mobility (for 20 s) to the physical stimuli. The morphology of the larvae was also moni-
tored. Larvae, other than the motile ones, were considered as dead. Lugol’s staining was performed to check the morphological changes 
[28]. The percentage of Larval Mortality (% ML3) was calculated using the formula: 

% ML3 =
Total number of dead L3

Total number of dead L3 + Total number of alive L3
× 100 (1)  

2.3.3. Egg hatching assay 
Approximately 200 eggs were taken in RPMI medium as control and treated with quercetin and albendazole for 48 h at 28◦C. After 

48 h of the treatments, Lugol’s iodine drop (10 μl) was added to each well to discontinue the inhibition process. The final counts of eggs 
hatched and inhibited were obtained under the microscope. The percentage of Inhibition to Egg Hatching (% EHI) was calculated using 
the formula: 

% EHI =
Total number of larvae hatched

Total number of eggs
× 100 (2)  

2.3.4. Scanning electron microscopy studies for monitoring physical damage to the worms 
Scanning electron microscopy (SEM) was performed to monitor the drug-induced physical damage in adult worms. Worms were 

treated with 1 mM of quercetin and 0.2 mM of albendazole for 12 h and then washed with 1 × PBS. After the PBS wash, treated and 
control worms were dehydrated using an ethanol gradient from 50% to 100%, followed by gold coating (5 nm). The gold-coated 
specimens were then observed in the SEM (JSM-6490LV Scanning Electron Microscope, JEOL, USA) at an electron accelerating 
voltage of 15 KeV [9,26]. 

2.3.5. Histopathological investigation in Haemonchus contortus 
To study drug-induced histopathological changes Hematoxylin and Eosin (H&E) staining was done on the female worms treated for 

12 h with 1 mM of Quercetin and Alb (0.2 mM). Parafilm blocks were prepared with the control and treated worms after fixation with 
4% glutaraldehyde and dehydration from an alcohol gradient from 50% to 100%. The sections of 100 μm were cut using a Rotary 
microtome, readily transferred on a glass slide, and fixed after incubating on a hot plate at 65◦C. Staining was done using Hematoxylin 
and Eosin stain, and images were taken at 40× and 100× magnification [29,30]. 

2.3.6. Detection of reactive oxygen species 
To check the production of reactive oxygen species (ROS) in treated worms after quercetin (1 mM) exposure for 3 h, these were 

incubated with 100 nM of DCFDA (2′,7′-dichlorodihydrofluoresceindiacetate) for 1, 3, 5, and 7 min in the dark at 37◦C. After incu-
bation, samples were washed with distilled water to remove the excess DCFDA and fixed in the slide for fluorescent imaging. ROS 
generation by quercetin was observed at the anterior and posterior ends and body regions and was compared with the albendazole- 
treated (0.2 mM) controls [9,26]. 

2.3.7. Measurements of antioxidant enzyme activities 
The highly generated free radicals react with the cellular molecules during normal metabolic functions, which induce oxidative 

damage defense mechanisms. The following mechanisms which include the damage are CAT, SOD, GSH-Px, LPO, and thiol-specific 
antioxidants (GSH). To begin with, 250 mg of the treated and control helminth worm tissues were homogenized using 500 μl of 
RIPA buffer (Radioimmunoprecipitation assay). Total protein concentrations in the treated and control worms were calculated using 
the Bradford method after centrifugation at 10,000 rpm for 15 min, using the bovine serum albumin (BSA) standard curve. The su-
peroxide dismutase (SOD) activity was determined using the spectrophotometric method of Kong et al. [9,26,31]; Catalase activity 
(CAT) was determined following the method of Hadwan and Abed [9,26,32]; and Glutathione peroxidase activity (GSH-Px) with the 
method reported by Antunes and Cadenas [9,26,33]. Lipid peroxidation activity (LPO) was determined using the method of Zhang 
et al. [34], and the total glutathione concentration (GSH) was determined using the method described by Jain and Soni et al. [35]. 
Total enzyme activity was determined by using the following equation (iii). 

Enzyme activity =
Absorbance ∗ Volume of assay ∗ Dilution factor

Volume of enzyme ∗ Time (in minutes)
(3)  
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2.4. Statistical analysis 

All the experiments were performed in independent triplicate, and data were presented as mean ± SD. A one-way ANOVA and 
Tukey’s HSD posthoc tests were performed to understand the reliability of the larval mortality, egg hatching, and enzymatic activities. 
For ROS intensity analysis, a 10 × 10 pixel area was selected within the nerve ring portions of the images (captured at multiple time 
points). ANOVA test was performed between the control and treated samples. Two measurements were considered statistically sig-
nificant if the corresponding p-value was <0.01. Statistical data analysis was conducted using SPSS, and images were prepared using 
Matlab and Microsoft PowerPoint. 

3. Results 

3.1. Adult paralysis and mortality assay 

In the male adult worms, quercetin was most active at the concentration of 1 mM, at which 40% of the worms were paralyzed after 
1 h, and 80% were paralyzed after 3 h of exposure. At 6 h, 40% were dead, and after 12 h, we found 80% mortality in the adult worms 
(Fig. 1). Furthermore, in adult males, quercetin at 1 mM concentration caused 100% mortality within 24 h after the treatment. In the 
case of adult females, quercetin showed a slower effect than the males as 40% paralysis of the adults took place after 3 h, and only at 6 h 
80% of the worms were paralyzed. Mortality in the females was only visible at 12 h (60%); however, 100% mortality was found after 
24 h of quercetin treatment (Table S1). The LD50 values for adult mortality calculated for the adult male were 0.62 mM (95% lower 
confidence limit 0.49, 95% higher confidence limit 0.78) and for female worms were 0.88 mM (95% lower confidence limit 0.71, 95% 
higher confidence limit 1.1) at 12 h of quercetin exposure. Physical damage under the bright field has also been demonstrated in 
control, albendazole (0.2 mM), and quercetin (1 mM) treated worms, respectively (Figs. S1A–C). 

3.2. Larval mortality assay 

Spindling shrinkage and tissue damage morphology of L3 larvae were observed in the case of quercetin treatment, whereas no such 
change was found in the albendazole-treated samples. The reduction in the percentage of larval survival with the increase in quercetin 
concentration was seen: 60.0 ± 6.6, 33.3 ± 3.3, 18.8 ± 3.8, 10.0 ± 3.3, and 1.1 ± 1.9% survival respectively for 0.125, 0.25, 0.50, 1, 

Fig. 1. Paralysis and death time analysis in the adult H. contortus. Adult H. contortus worms were exposed to different doses of quercetin (0.125, 
0.25, 0.5, 1, and 2 mM), 0.2 mM albendazole, and RPMI media (control condition) for 24 h. In male worms, quercetin was most active in 1 mM, 
where approx 80% of the worms were paralyzed in 12 h, and nearly 100% of the worms died within 24 h of Quercetin treatment. Whereas with 
quercetin in 1 mM till 12 h of treatment, only 60% of the female worms got paralyzed, and 100% died in 24 h of quercetin treatment. 
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and 2 mM of quercetin. In contrast, albendazole (Alb) showed 56.6 ± 3.3% survival of the L3 larvae at 0.2 mM (Fig. 2A). The LD50 
value of 0.16 mM (95% lower confidence limit 0.09, 95% higher confidence limit 0.22) for the larval mortality for 24 h of quercetin 
treatment was obtained. Detailed statistical analysis is presented in the supplementary materials section in Table S2). 

3.3. Egg hatch assay 

The egg hatch assay results, demonstrating the toxic effect of quercetin, showed reduced egg hatching with the increase in 
quercetin concentration: 69.5 ± 2.5, 35.3 ± 3.3, 29.5 ± 4.2, 19.5 ± 1.5, and 15.6 ± 2.3% of egg hatching (presence of larvae L1) 
respectively at the concentrations of 0.125, 0.25, 0.50, 1, and 2 mM (Fig. 2B). Contrastingly, albendazole (0.2 mM) showed 72.6 ±
3.01% egg hatching. LD50 measured for the inhibition of egg hatching was 0.19 mM (95% lower confidence limit 0.04, 95% higher 
confidence limit 0.37) for 48 h. A one-way ANOVA test showed a significant interaction between the egg hatching and concentration of 
quercetin (F(5,12) = 177.78, p < 0.00001) has confirmed the dose-response effect for quercetin. Detailed statistical analysis is presented 
in the supplementary materials section in Table S3). 

3.4. Morphological damage inflicted by quercetin 

Scanning electron microscopy was performed on the adult worms to understand the possible morphological changes caused by 
albendazole and quercetin exposure. In the control group, smooth cuticles with well-developed body regions were seen in the adult 
female worm (Fig. 3A). An intact sharp end and blood-sucking mouth region were identified in the anterior portion with no disruption 
(Fig. 3B). In the posterior end of the worm, an intact tail region showing anal pore were identified (Fig. 3C). In the case of Alb-treated 
(0.2 mM for 3 h) worm, folds, partial shrinkage, and disorganization of the epicuticle were observed throughout the body (Fig. 3D) as 
well as at the anterior buccal cavity (Fig. 3E) and posterior tail region (Fig. 3F) ends. However, in the quercetin-treated worm (1 mM 
for 3 h), complete disorganizations and disruptions of body regions and the loss of the epicuticle were observed (Fig. 3G). In addition, 
shrinkage of the cervical papillae, a complete loss of the buccal capsule, and rupturing of the epicuticle at the tail region were observed 
(Fig. 3H and I). 

3.5. Histopathology caused by quercetin treatment 

Massive changes in the morphology, caused by quercetin treatment, were observed under the light microscope (Fig. 4C), whereas 
Alb (Fig. 4B) showed little to no change in the morphology in comparison to the control (Fig. 4A). Detailed magnified image analysis 
revealed intact anterior and posterior ends with unblemished (ai) isthmus, (aii) brut, (aiii) pseudocoele, (aiv) globular leukocytes 
(surrounded by small-sized cells), (av) muscle cells, (avi) intestinal epithelial region, (avii) ovum and growth zone of the ovary, and 
(aviii) intact skin tissue in control adult worm (Fig. 4A). In the 0.2 mM Alb-treated worms (Fig. 4B), moderate disruptions were visible 
at the (bi) isthmus and (biii) pseudocoele along with the (bvi) partially-punctured muscle cells, (bv) globular leukocytes with less 

Fig. 2. Percent viability of L3 larval stage and percentage of eggs hatched of H. contortus after treatments with different concentrations of quercetin 
and Alb. The blue bars are showing the effect after 24 h of treatment at different concentrations of quercetin (0.125, 0.25, 0.50, 1, and 2 mM). The 
green and red-colored bars are representing the treatment of the control set (RPMI media) and albendazole (0.2 mM). Quercetin treatment showed 
concentration-dependent effects on (A) the survival of the L3 larvae and higher mortality than Alb and (B) the reduced hatching of eggs. The results 
of the three experiments are plotted as mean ± SD. (For interpretation of the references to color in this figure legend, the reader is referred to the 
Web version of this article.) 
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number of surrounding cells, and a (bviii) ruptured ovary. On the other hand, quercetin treatment (Fig. 4C) has caused complete 
disruption of the anterior end, a near-total disruption of the ovary, and loss of eggs, splitting of the pseudocoele, punctured muscle 
cells, and damaged globular leukocytes with limited counts of surrounding-cells. Fig. 4ci–cviii shows the histopathology of different 
body parts in the adult female H. contortus treated with quercetin. 

3.6. Generation of reactive oxygen species in the nervous system due to quercetin treatment 

The mechanism underlying the toxicity elicited by quercetin was the generation of reactive oxygen species or ROS (Fig. 5C, F, I, and 
L). In contrast, ROS was not detected in control (Fig. 5A, D, G, and J) and Alb (Fig. 5B, E, H, and K) groups. The oxidative stress 
produced due to quercetin treatment in the adult worms showed more significant fluorescence in the anterior part of the body 
(Fig. 5C), ventral cord and tail ganglia (at the posterior end) (Fig. 5F), nerve ring (at the anterior end) (Fig. 5I), and commissural 
connections (middle of body region) (Fig. 5L). Alteration in ROS generation in the nerve ring of the adult worm was measured by 
repeated-measures ANOVA at different time points (after 1, 3, 5, and 7 min of DCFDA treatment) and found a significant increase in 
pixel intensity (indicating increased staining with the ROS-detecting dye, DCFDA) with a significant time effect (F(3,80) = 875.69, p <
0.0001). Detailed statistical analysis is given in the supplementary materials (Fig. S4). 

3.7. Alterations in catalase, superoxide dismutase, and glutathione peroxidase activity after quercetin treatment 

To confirm the ROS-induced stress in the worms’ tissue, oxidative stress-responsive enzymes, including catalase (CAT), superoxide 
dismutase (SOD), and glutathione peroxidase (GSH-Px) activities, were measured (Table 1). An increase in the catalase activity and 
quercetin concentration were observed. The activity levels of CAT calculated respectively were 107.86 ± 0.64, 123.97 ± 1.11, 149.6 

Fig. 3. Study of morphological damage in the adult H. contortus due to the treatment with quercetin. Scanning electron microscopic images are 
showing the morphology of adult H. contortus A, B, and C are showing the whole body, anterior and posterior ends in the control group, respectively. 
D, E, and F are showing partial disruptions of the body ends and cuticle due to the treatment with 0.2 mM Alb of the same body parts. G, H, and I are 
showing the same for 1 mM quercetin-treated worms. 
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± 0.42, 332.26 ± 0.66, and 342.08 ± 0.72 U/mg proteins at the concentrations of quercetin, 0.125, 0.25, 0.5, 1.0, and 2.0 mM after 3 h 
of treatment. A one-way ANOVA test found an increase in the activity level of CAT depending on the concentration of quercetin; 
significant interaction between the CAT-activity and quercetin-concentration (F(5,12) = 88,765, p < 0.0001). A similar dose-response 
effect was also found for superoxide dismutase (SOD) with a significant SOD-activity × quercetin-concentration effect (F(5,12) =

1398.3, p < 0.0001) and 18.36 ± 0.08, 26.40 ± 2.26, 34.63 ± 0.08, 57.49 ± 0.3, and 63.30 ± 0.19 U/mg protein respectively for the 
same set of concentrations of quercetin after 3 h of treatment. We also found the increasing activity of glutathione peroxidase, with 
increasing concentration of quercetin. The activity levels of GSH-Px were found to be 183.61 ± 0.97, 272.76 ± 2.56, 436.47 ± 1.68, 
503.47 ± 0.48, and 518.33 ± 1.75 U/mg protein, respectively, concentrations of quercetin, 0.125–2.0 mM after 3 h of treatment with a 
significant GSH-Px-activity × quercetin-concentration effect (F(5,12) = 25,181, p < 0.0001). Tables S4, S5, and S6 for CAT, SOD, and 
GSH-Px are detailed statistical analyses. 

3.8. Cellular combat with ROS by increasing the reduced glutathione concentration 

In combat against the ROS, GSH also induces a cellular response, which causes oxidative stress in helminths when exposed to 
quercetin. A significant increase in the amount of GSH produced was measured in quercetin-treated worms (Table 1). The increase in 
GSH was observed along with the increase of the dose of quercetin, from 1.56 ± 0.01, 2.00 ± 0.01, 3.35 ± 0.07, 4.68 ± 0.16, and 5.22 
± 0.02 mM/mg protein. Detailed statistical analyses are given in Table S7. The lipid peroxidation levels were analyzed using MDA 
content according to the thiobarbituric acid (TBA) assay. They were found to be 2.94 ± 0.07, 3.05 ± 0.08, 3.19 ± 0.10, 3.24 ± 0.10, 
and 3.43 ± 0.07 μM/mg protein after 3 h treatments with the following quercetin concentrations (0.125, 0.25, 0.5, 1.0 and. 2.0 mM). 

Fig. 4. Histopathological changes in the adult H. contortus after the treatment with quercetin. A shows the tissue morphology (H&E) of the control 
adult female H. contortus at 20×. Higher magnified (100×) images are showing detailed structures of the isthmus, brut, pseudocoele, globular 
leukocytes, muscle cells, intestinal epithelial region, ovary, and intact skin tissue in ai–aviii, respectively. Due to the treatment with Alb, partial 
disorganizations in some of these body parts were observed (B). Treatment with 1 mM of quercetin resulted in extensive damage to the body part, 
such as loss of egg count, wrecked globular leukocytes, etc. . (C) bi–bviii and ci–cviii are showing magnified images of the body parts as before; the 
same for Alb (0.2 mM) and Quercetin (0.1 mM) treated worms, respectively. 
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4. Discussion 

Helminth infections worldwide result in an estimated death of 135,000 infants worldwide [28]. The choices of medicines for 
anthelminthic activity are limited to a few drug categories, like benzimidazole, ivermectin, levamisole, pyrantel, and avermectins. 
Moreover, the increased cases in the prevalence of resistance against existing drugs lead to an urgent need to develop new 

Fig. 5. Generation of the reactive oxygen species (ROS) in the adult worms’ nervous system due to quercetin exposure. Adult worms were treated 
for 3 h separately with Alb and quercetin and processed with DCFDA (100 nM) to detect the ROS. The images from A-C are showing the differences 
in staining (10× magnification) in the anterior end, after 7 min of DCFDA treatment (due to differences in ROS generation) respectively in control 
(treated with RPMI media), Alb (0.2 mM) and quercetin (1 mM)-treated worms. The following three images (D–F) are showing the differences in 
staining (10× magnification), at the posterior end, in the same three experimental groups. In subfigure F, the blue arrowhead indicates the eggs of 
the quercetin-treated worm. Generations of ROS respectively in the nerve ring (I), marked with white arrowhead; (40×), commissural connections 
(L), marked with red arrowheads; (40×) and ventral cord, marked with yellow arrowhead; (40×) were detected in the adult worms treated with 
quercetin. No such structural discrimination and elevation of ROS were observed in the control (G, H) and Alb-treated (J, K) worms. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Table 1 
Increase in the activity levels of enzymes involved in coping with oxidative stress induced by quercetin treatment. The oxidative stress caused by 
quercetin treatment in the adult worm has increased the activities of the following enzymes, catalase (CAT), superoxide dismutase (SOD), glutathione 
peroxidase (GSH-Px), Lipid peroxidation (LPO) and reduced glutathione (GSH), as measured by biochemical and spectrophotometric assays. All three 
enzymes showed an increase in activities with an increase in quercetin concentration (0.125, 0.25, 0.5, 1.0, 2.0, and 5.0 mM). Higher activities of 
these enzymes are also found in the Alb-treated worms compared to the controls. The enzymatic activity for CAT, SOD, and GSH-Px was measured as 
the enzyme unit per mg of protein (U/mg protein), for LPO (μM per mg protein), and GSH as mM per mg of protein.  

Experimental Groups U/mg protein μM/mg protein mM/mg protein 

CAT SOD GSH-Px LPO GSH 

Control 8.85 ± 0.46 1.65 ± 0.11 19.9 ± 1.75 3.08 ± 0.07 0.14 ± 0.01 
0.2 mM Alb 134.48 ± 8.4 24.89 ± 1.53 319.58 ± 22.25 3.19 ± 0.24 0.314 ± 0.04 
0.125 mM 107.86 ± 0.64 18.36 ± 0.08 183.61 ± 0.97 2.94 ± 0.07 1.56 ± 0.01 
0.25 mM 123.97 ± 1.11 26.40 ± 2.26 272.76 ± 2.56 3.05 ± 0.08 2.00 ± 0.01 
0.50 mM 149.6 ± 0.42 34.63 ± 0.08 436.47 ± 1.68 3.19 ± 0.10 3.35 ± 0.07 
1 mM 332.26 ± 0.66 57.49 ± 0.3 503.47 ± 0.48 3.24 ± 0.10 4.68 ± 0.16 
2 mM 342.08 ± 0.72 63.30 ± 0.19 518.33 ± 1.75 3.43 ± 0.07 5.22 ± 0.02  
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anthelminthic drugs and drug targets [14,36]. This leads to major problems in veterinary medicine and affects both agricultural in-
come and animal welfare. Therefore it is very important to either use the anthelmintics in a way that minimizes the development of 
anthelminthic resistance in the parasitic nematodes or to find novel alternate drugs that will reduce the dependence on these already 
resistant drugs [37,38]. In the quest for alternative medicines against parasitic nematodes, research efforts were invested in assessing 
the effectiveness of plant metabolites, including flavonoids [39]. Many flavonoids have been used as traditional medicines like from 
extracts of Justicia adhatoda, Vernonia amygdalina, Mikania micrantha, Momordica charantia, Lippia javanica, Newbouldia laevis, and 
Zanthoxylum zanthoxyloides have shown significant anthelminthic activity by inducing paralysis and death of helminthic parasites 
[40–42]. Quercetin is non-toxic to animals, with an LD50 value of 16 g/kg body weight [43]. Here we show quercetin, an 
anti-inflammatory and neuroprotective agent in mammals, has excellent antihelminthic properties against all three stages of the 
parasitic nematode, H. contortus. Quercetin exerts a nematicidal effect with the most effective concentration of 1 mM. At this con-
centration, adult male worms manifested 80% paralysis after 3 h of treatment, and 100% were found dead after 24 h. Females showed 
more resistance to 1 mM quercetin than the males as the paralysis of 80% of the adult females took 6 h; however, 100% death of the 
females was observed at 24 h of exposure, like the males. Likewise, the LD50 value for the adult females was higher than that of the 
males for quercetin. The higher susceptibility of the males compared to the females could be due to the smaller size of the males than 
the females [44]. Alternatively, the genetic constitution of the females has probably contributed, as it is reported that female 
H. contortus showed increased resistance to benzimidazole and thiabendazole [45]. 

The primary response of quercetin activity is the generation of reactive oxygen species (ROS). Although the drug-induced ROS 
mainly affected the whole body of the organism, the primary target was the neuronal system, evidenced by time-dependent DCFDA 
staining. Deformations of the body parts like the cuticular structure, anterior mouth part, cervical papillae, and posterior tail region 
due to exposure to quercetin for 3 h, were found to be associated with the generation of the high amount of ROS in the nerve ring, 
ventral cord, and commissural connections in the adult worms. Besides, we found that quercetin treatment produces a higher amount 
of ROS than treatment with albendazole. The nerve ring area showed a significant increase in ROS generation with time due to 
quercetin exposure. The finding leads to establishing the helminthic neuronal system as a novel anthelminthic drug target and 
quercetin as a drug that primarily damages the target. The quercetin shows early paralysis in adult worms which may be explained by 
higher ROS generation in the neuronal system of the parasite. The differences in the structural and functional architectures of the 
nervous system in worms and mammals may be the reason for the non-toxic effect of quercetin in mammals but the toxic impact on 
parasites. This unique advantage and the other differences between the mammalian and helminthic neuronal systems make the 
helminthic neuronal system an attractive target for anthelminthic drug targeting. 

Although the in vitro results look promising, in vivo studies are required to understand better the pharmacological possibilities for 
quercetin as an antihelminthic drug. Further, new formulations are also necessary to increase the potency of the compounds. The effect 
of quercetin can also be evaluated for its anthelminthic properties against other parasitic nematodes. 

5. Conclusion 

Quercetin is a naturally occurring flavonoid and is found in grapes, berries, cherries, apples, citrus fruits, onion, tomato, red wine, 
and black tea and was used particularly because of its therapeutic properties like anti-diabetic, anti-inflammatory, antimicrobial, anti- 
alzheimer’s, cardiovascular, and wound-healing effects [46]. In the present study, quercetin has shown a significant effect on adult 
H. contortus parasitic worms. The histopathological detail of parasitic nematodes upon quercetin treatment and ROS studies showed 
that quercetin establishes as nematodes’ neuronal system as a drug target. It showed the best activity at 1 mM concentration, where 
80% of male and 60% of female worms were paralyzed within 12 h, and all the worms were dead by 24 h. The larval motility and 
viability assay and egg hatch assay also confirmed the toxicity of quercetin at various stages of the worm. These results showed 
significant dose-dependent free radical scavenging and in vitro anthelminthic activity against H. contortus. These results repurpose the 
drug quercetin and create a foundation for exploring new molecules to develop a novel class of anthelminthic drugs targeting the 
parasitic nervous system. 
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