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

Introduction
In the phylum Nematoda, Caenorhabditis elegans (C. elegans) is the most studied species, which is used as a popular
genetic model system across the biological disciplines to study drug responses and pathophysiology of human
diseases1–4. The nervous system of C. elegans has been studied extensively, and only for C. elegans, the complete
system-wide neural-connectome is known 5–7. Nevertheless, the general designs of the nervous systems in nematodes are
largely similar across the phylum. The structure displays the invariant features 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. Also, the similarity in the total number of neurons and their anatomic correspondence is
remarkable 8. These similarities have helped us immensely to understand the functioning of the neural circuits and drugrelated toxicity responses in the nematodes 9,10; of great importance is the increasing developments of drug resistance in
the intestinal parasitic helminths against the available anthelmintic drugs, such as benzimidazoles, ivermectin,
levamisole, pyrantel, avermectins, etc. 11–17.
Among the intestinal parasitic helminths, H. contortus is a highly pathogenic candidate, causing gastrointestinal
infections, primarily and not restricted to the small ruminants, with global distribution 18,19. Due to its blood-feeding
behavior and the potential for the rapid development of large burdens, it is a frequent cause of mortalities in sheep, cattle,
goats, and other ruminants as well as is the most important parasite of the livestock in the warm climatic regions, and
arguably on a global basis 20,21. Importantly, multiple reports of infections from different continents with H. contortus
have raised serious veterinary concerns while considering the development of resistance in this parasite against the
available anthelmintic drugs 22–25. Anthelminthic resistance is now a widespread problem, especially in H. contortus, due

to its enormous genetic diversity, which possibly is allowing the anthelminthic resistance alleles to be rapidly selected
26,27

. Other studies showed the mechanism of benzimidazole resistance due to point mutations in the β-tubulin gene, the

target site of the drug 28–31. In vitro development of resistance in H. contortus against thiabendazole also highlighted the
significance of a point mutation (from glutamate to alanine) at codon 198 of the β-tubulin gene, expressed in vivo
relevance 32.
To cope with the global problem of developing resistance in H. contortus against the anthelmintic drugs, researchers are
actively engaged in discovering alternative plant-based anthelmintics 33. Screening of phytochemicals with anthelmintic
properties against H. contortus has identified multiple candidates; however, their use as potential therapeutics can be
hindered due to a lack of knowledge on their mechanisms of action 34–38. Thus a great demand exists for better
anthelmintic remedies which can target specific systems to cause quick mortality in the parasitic worms. To this end, we
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have designed our study to investigate the anthelmintic activity of quercetin, a phytochemical, against H. contortus. The
choice of Quercetin was particularly based on its therapeutic properties 39. Quercetin is a naturally occurring flavonoid
present in onions, green tea, apples, berries, garlic, etc. 40 and is well recognized for its anti-cancer, anti-inflammatory, and
antioxidant properties 41–43. Besides, quercetin has multiple intracellular molecular targets with the potential to reverse
treatment resistance 44. In a recent publication, it has been shown that quercetin, in combination with ivermectin, is
capable of causing mortality in the ivermectin-resistant larvae of H. contortus. Still, quercetin alone did not show any
anthelmintic activity 45. Previously, another study on H. placei also found quercetin ineffective against the ivermectinresistant field isolates of H. placei 46. Based on our in vitro observation in the present work, we found, for the first time,
that quercetin acts as an effective anthelmintic remedy and targets the nervous system of the parasitic nematode, H.

contortus. Our investigation also demonstrated, for the first time, the tissue morphology and histopathology in H.
contortus caused by the exposure to quercetin. We studied the novel mechanism of action of quercetin and found it to
inflict tissue damage and eventual death of the adult worms through oxidative stress. The generation of reactive oxygen
species in the nervous system of H. contortus and eventual paralysis and mortality of the adult worms are exciting
findings keeping in mind that quercetin has characterized roles in the nervous system as neuroprotective (inhibits
oxidative stress-mediated neuronal damage), anti-neuroinflammatory (suppresses of NF-κB singling, clearance of βamyloid peptide and hyperphosphorylated tau) and neurogenesis agent (increases neuronal longevity by modulating
signaling pathways mediated by NGF, BDNF, and various kinases) 39. Although the report on the oxidative stress caused
by quercetin exists 47. We have discussed the results from the perspectives of repurposing an old drug, quercetin, for a
novel function and its potential to be used in clinical studies as a drug target for the nervous system of the parasitic
nematodes.

Materials And Methods
Reagents. Quercetin dehydrates (quercetin) and DCFDA were procured from Merck, India. RPMI, DMEM, Antibiotics, Fetal
bovine serum, Hematoxylin, and Eosin were purchased from Himedia Ltd., India. All other reagents were of analytical
grade were purchased from Loba Chemie, India.
Collection of Haemonchus contortus from the ruminants. The abomasa infected with adult H. contortus worms were
isolated from the slaughterhouses of Ludhiana, Punjab, India. The abomasa were washed thoroughly with running water
to expel out the contaminations. After disinfection, the abomasa were dissected, and the internal contents were collected
and then washed several times using a sieve. H. contortus adults were picked and identified using a fine brush and were
readily transferred to 1× phosphate buffer saline (PBS) at pH 7.459.
Isolation of eggs from adult females. The egg hatching was carried out from the adult female worms using particular
guidelines with some modifications60. Adult females were identified based on their morphological characteristics and
washed with 1× PBS to remove the contaminations. They were centrifuged at 11,000 x g for 15 min in the freshly prepared
saturated sterile saline. Finally, a suspension was diluted in 1 ml of 1× PBS to obtain a ~ 200 eggs/ml concentration using
the McMaster technique61 and stored at 4 ºC for further use.
Selection and reaping of the infective larval stage. L3 larvae of H. contortus were harvested from the infected fecal
samples of infected ruminants after 7 days of culturing period. The mixed fecal culture was incubated for 7 days at room
temperature (25–31°C). Regular supplementation of water kept the mixed culture wet for better oxygenation. Thereafter,
the mixed culture was analyzed, and the infective larvae were collected from the mixed fecal culture and stored at 4°C for
the anthelmintic tests. The larvae were cleaned with 0.2 % sodium hypochlorite solution to remove the adherent bacteria
and then used for the in vitro larval mortality assay62.
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Adult paralysis and mortality assay. Mortality test for the adult H. contortus was conducted using 15 male and 15 female
worms in a 35 mm culture plate in the presence of quercetin at different concentrations (0.125, 0.25, 0.50, 1 and 2 mM)
and Albendazole (0.2 mM in 1× RPMI medium) (Roswell Park Memorial Institute-1640, Lot: 98H83171) for 24 h at room
temperature (37°C). After the incubation, the mortality of the worms, morphology, and responses to the physical stimuli
was assessed directly under the microscope at 40× magnification. Paralysis and death times were calculated at regular
intervals (0, 1, 3, 6, 12, and 24 h). The mobility of adult worms was analyzed after visualizing their movement for 60 sec
under moderate agitation. Further, the mortality of the treated worms was confirmed by checking their responses to the
heat shock in the saturated saline solution at 50°C for 10 secs and consequently, they were stained with Lugol’s stain to
observe the morphological changes63,64.
Larval mortality assay. In vitro mortality test of H. contortus larvae was performed by taking the L3 larvae (approx 25–30)
in 200 µl of RPMI medium in the 96 well plates in the presence of quercetin at different concentrations (0.125, 0.25, 0.50,
1, 2, and 5 mM) and Albendazole (0.2 mM) for 24 h. After the incubation, a direct microscopic examination (at 40 ×
magnification) was performed to check for mobility (for 20 sec) to the physical stimuli. The morphology of the larvae was
also monitored. Larvae, other than the motile ones, were considered as dead. Thereafter, Lugol's staining was performed
to check the morphological changes65. Percentage of larval mortality (% ML3) was calculated using the formula:
……..(i)
Egg hatching assay. The experiment was performed using 1 ml of egg suspension, containing nearly 200 eggs, into 24
well plates, and subsequently, the efficiency of quercetin to cause inhibition in egg hatching was assessed. The same set
of concentrations of quercetin was used (0.125, 0.25, 0.50, 1, 2, and 5 mM) along with the controls and Albendazole (0.2
mM). Subsequently, the microtiter plate was incubated at 28°C for 48 h. The treatments were carried out in triplicate to
calculate the average percentage of inhibition in egg hatching. 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 the number of eggs hatched and
inhibited were obtained under the microscope. The percentage of inhibition to egg hatching (% EHI) was calculated using
the formula:
………..(ii)
SEM studies for monitoring physical damage to the worms. Scanning electron microscopy was performed to monitor the
physical damage in the adult worms caused by quercetin treatment. Worms were treated with 1mM 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 increasing ethanol concentrations from 50–100%. After the dehydration, samples were coated using
gold (5 nm) under a specific vacuum condition. 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 66.
Histopathological investigation in H. contortus. Hematoxylin and Eosin (H&E) staining was done on the female worms
treated with 1 mM of quercetin and Alb (0.2 mM) at room temperature, and samples were stored in 99.9% ethanol
(MERCK). Ascending dehydrations of the worm tissues were performed overnight. Wax blocks were prepared by
embedding the worm tissues inside. Blocks were stored at -20°Cto to harden for sectioning. Sections were cut in the
microtome (thickness of the sections was 0.2 mm) and readily transferred to 50°C hot water to remove the extra wax
present on the tissue. Then the tissue was procured with a glass slide and kept on a 65°C hot plate to allow the extra wax
to melt for the fixation of the worm on the slide. Staining was done following the procedure that was described previously.
The slides were kept for 2 min in different concentrations of ethanol and then 1 min each in the H and E stains. Further,
microscopic examinations were done to identify the morphological changes 67.
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Detection of reactive oxygen species. Quercetin treatment leads to the production of reactive oxygen species (ROS) in the
nervous system of adult worms. Worms were treated with quercetin (1 mM) for 3 h and thereafter washed with the
distilled water. Further, the worms were treated with 100 nM of DCFDA (2',7'-dichlorodihydrofluorescein-diacetate) and
incubated for 20 min in the dark at 37oC. After incubation, samples were washed with distilled water to remove the excess
of DCFDA and fixed in the slide for fluorescent imaging (fluorescence inverted microscope, Dewinter, Italy). ROS
generation by quercetin was observed at the anterior and posterior ends and body regions and was compared with the
Alb-treated (0.2mM) and RPMI Media-treated controls59.
Measurements of antioxidant enzyme activities. Total protein concentrations in the treated and control worms were
calculated using the Bradford method. For the Bradford assay, 250 mg of the treated and control helminth tissues were
homogenized using 500 µl of RIPA buffer (Radioimmunoprecipitation assay). The total protein concentration was
estimated in the clear supernatant of the homogenized mixture after centrifugation at 10,000 rpm for 15 min, from the
BSA standard curve. The superoxide dismutase (SOD) the activity was determined by the spectrophotometric method of
Kong et al.68; Catalase activity (CAT) was determined following the method of Hadwan and Abed 69; and GSH-Px with the
method reported by Antunes and Cadenas70. Total enzyme activity was determined by using the following equation (iii).
……(iii)
Statistical Analysis. Data were presented as the means and standard deviations of the independent experiments
(experiments were triplicated). LD 50 values for adult mortality, larval mortality, and egg hatching were calculated using
probit analysis. To understand the dependence of larval mortality, egg hatching, and enzymatic activities on the
concentration of quercetin, we performed one way ANOVA test. Following the one-way ANOVA, Tukey’s HSD posthoc test
was conducted to compare the means of the different quercetin-treated groups (different concentrations of quercetin) for
these three parameters. T-test for independent samples was performed to compare between the means; control vs. Albtreated groups and between the Alb-treated and quercetin group. Repeated measures ANOVA followed by Tukey’s HSD
posthoc test were performed to check whether generation of ROS, due to quercetin treatment, increased with time. For this,
we selected a 10×10 pixel area within the nerve ring portions of the images (captured at multiple time points). We used the
pixel intensity values for the repeated measures ANOVA test. Two measurements were considered statistically significant
if the corresponding p-value was < 0.01. Statistical analysis of data was conducted using SPSS, and images were
prepared using Matlab and Microsoft PowerPoint.

Results
Adult paralysis and mortality assay. In the male adult worms, quercetin was found to be 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 (Table 1). Furthermore, in adult males, quercetin at
1mM concentration caused 100 % mortality within 24h 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 1). The LD 50 values for adult mortality calculated respectively for the adult male and female
worms were 0.62 mM (95 % lower confidence limit 0.49, 95 % higher confidence limit 0.78) and 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, Alb (0.2 mM) and Quercetin (1 mM) treated worms, respectively (Fig. S1A-C).
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Table 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. Paralysis and
death time (viability of the worms) were calculated at different time points after the treatments. If no movement was
observed, then worms were exposed to a warm saline solution (50 oC) for 1 min to stimulate movement. Worms were
counted based on the number that showed movement. If the worm, which was previously immobile, started moving upon
exposure to the warm saline, then it was considered paralyzed but otherwise considered dead in case of no movement in
the warm saline solution.
Time

Paralysis Time

Death Time

of

Male Worms

Exposure

Con

Alb

0.125

0.25

0.5

1

0 hr

-

-

-

-

-

-

0.5 hr

-

-

-

-

-

-

1 hr

-

-

-

-

-

3 hr

-

-

-

-

6 hr

-

3±
0.5

-

12 hr

-

7.±0.5

24 hr

1±
0

0

2

Con

Alb

0.125

0.25

0.5

1

2

-

-

-

-

-

-

-

9±
0

-

-

-

-

-

-

-

6
±0

12
±
0.5

-

-

-

-

-

-

-

9
±0

12
±
0.5

3±
0.5

-

-

-

-

-

-

12 ±
0.5

-

12
±
0.5

9
±0

1.5
±
1.0

-

-

-

-

3
±
0.5

6
±0

13.5
±1

3±0

6±
0.5

9
±0

3
±
0.5

0

-

1.5
±1

-

-

6
±
0.5

12
±
0.5

15 ±
0

9 ± 0.5

12
±
0.5

0

0
±0

0

-

15
±0

-

3±
0

15
±0

15
±0

15 ±
0

Female Worms
0 hr

-

-

-

-

-

-

-

-

-

-

-

-

-

-

0.5 hr

-

-

-

-

-

-

-

-

-

-

-

-

-

-

1 hr

-

-

-

-

-

3
±
0.5

6±
0

-

-

-

-

-

-

-

3 hr

-

-

-

-

3
±0

6
±
0.5

12
±
0.5

-

-

-

-

-

-

3±0

6 hr

-

-

-

-

9
±
0.5

12
±0

6±
1.5

-

-

-

-

-

-

9±
1.5

12 hr

-

-

-

3±
0

15
±0

6
±
0.5

0

-

3±
0

-

-

-

9
±
0.5

15 ±
0

24 hr

1±
0

9±1

3±0

3±
0.5

4
±
0.7

0

0

-

6±
1

-

3±
0

11
±
0.7

15
±0

15 ±
0
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Larval mortality assay. Spindling shrinkage and tissue damage morphology of L-3 larvae were observed in the case of
quercetin treatment, whereas no such change was found in the albendazole-treated samples. The survival of larvae was
measured after 24 h of quercetin treatment using equation (i). 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, 1.1 ± 1.9 and 0 % survival
respectively for 0.125, 0.25, 0.50, 1, 2, and 5 mM of quercetin. In contrast, albendazole (Alb) showed 56.6 ± 3.3 % survival
of the L-3 larvae at 0.2 mM (Fig. S2). We measured an LD 50 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. A one way ANOVA test showed a
significant interaction between the larval survival and concentration of quercetin (F(5, 12) = 111.31, p < 0.00001), which
confirmed the dose-response effect for quercetin (Results of the posthoc test, comparing larval survival for the pairs of
quercetin concentration, are given in the supplementary Table S1). Albendazole (Alb) treatment also showed significantly
reduced survival of the L3 larvae compared to the control (T-test for independent samples: t = 19, df = 4, p = 0.00004). We
also compared the survival of larvae treated with Alb with a comparable concentration of quercetin, i.e., 0.25 mM, and
found significantly less survival in the quercetin treated than the Alb treated larvae (T-test for Independent Samples: t =
-8.57, df = 4, p = 0.001).
Egg hatch assay. For the egg hatch assay, percentages of inhibition in egg hatching were measured after 48 h of quercetin
treatment and quantified using equation (ii). The 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, 15.6 ± 2.3, and 10 ± 1.8%
of egg hatching (presence of larvae L1) respectively at the concentrations of 0.125, 0.25, 0.50, 1, 2, and 5 mM (Fig. S3).
Contrastingly, albendazole (0.2 mM) showed 72.6 ± 3.01% egg hatching. LD 50 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
showing 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 (80 % of the eggs fail to hatch at 1 mM). Results of the posthoc test,
comparing the number of eggs hatched for the pairs of quercetin concentration, are given in the supplementary Table S2.
Similar to the findings of the larval mortality assay, Alb treatment also showed significantly less egg hatching than the
control (t = 7.68, df = 4, p = 0.001) whereas quercetin at 0.25 mM showed significantly less egg hatching compared to the
Alb treatment (t = -14.39, df = 4, p = 0.0001).
Morphological damage inflicted by quercetin. Scanning electron microscopy was performed on the adult worms to
understand the possible morphological changes caused by exposures to albendazole and quercetin. In the control group,
treated with RPMI Media, smooth cuticles with well-developed body regions were seen in the adult female worm (Fig. 1A).
In the anterior portion, intact sharp end and blood-sucking mouth region with no disruption (Fig. 1B) were identified. In the
posterior end of the worm, a sharp end with an intact tail region was identified (Fig. 1C). In the case of Alb-treated (0.2 mM
for 3 h) worm, folds, partial shrinkage, and disorganization of the cuticle were observed throughout the body (Fig. 1D) as
well as at the anterior (Fig.. 1E) and posterior (Fig. 1F) ends. However, in the quercetin-treated worm (1 mM for 3 h),
complete disorganization and disruption of body regions along with the loss of the cuticle were observed (Fig. 1G). Also,
shrinkage of the body ends, a complete loss of the blood-sucking anterior mouth region, and rupturing of the cuticle at the
tail region were observed (Fig. 1H-I).
Histopathology caused by quercetin treatment. Massive changes in the morphology, caused by quercetin treatment, were
observed under the light microscope (Fig. 2C), whereas Alb (Fig. 2B) showed little to no change in the morphology in
comparison to the control (Fig. 2A). 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. 2A). In the 0.2 mM Alb-treated worms (Fig. 2B), moderate disruptions were visible at the (bi)
isthmus and (biii) pseudocoele along with the (bvi) partially-punctured muscle cells, (bv) globular leukocytes with fewer
surrounding cells, and a (bviii) ruptured ovary. On the other hand, quercetin treatment (Fig. 2C) has caused complete
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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. Figure 2, ci-cviii shows the
histopathology of different body parts in the adult female H. contortus treated with quercetin.
Generation of reactive oxygen species in the nervous system due to quercetin treatment. We investigated the mechanism
underlying the toxicity elicited by quercetin and checked whether the compound is producing oxidative stress in the adult
H. contortus. Reactive oxygen species (ROS) was found to be generated in the adult worm when treated with quercetin (1
mM) for 3 h (Fig. 3C, 3F, 3I, and 3L), whereas ROS was not detected in control (Fig. 3A, 3D, 3G, and 3J) and Alb (Fig. 3B,
3E, 3H, and 3K) groups. Figure 3C, 3F, 3I, and 3L are respectively showing the generations of ROS in the adult worms,
induced by quercetin in the anterior part of the body, ventral cord and tail ganglia (at the posterior end), nerve ring (at the
anterior end), and commissural connections (middle of body region). No ROS was detected over the levels of
autofluorescence at the same locations in the other two experimental groups. We also measured the increase in ROS
generation in the nerve ring of the adult worm, caused by the treatment with 1 mM quercetin for 3 h, 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 time (Fig. S4). Results of the repeated
measures ANOVA showed a significant pixel-intensity × time effect (F(60, 1600) = 1.67, p = 0.001) and a significant time
effect (F(3, 80) = 875.69, p < 0.0001). Tukey’s HSD posthoc test revealed significant difference in pixel intensities between
the following pairs of time points: 1 min vs. 5 min (p = 0.0001), 1 min vs. 7 min (p = 0.0001), 3 min vs. 5 min (p = 0.0001),
3 min vs. 7 min (p = 0.0001) 5 min vs. 7 min (p = 0.0001).
Alterations in the activities of catalase, superoxide dismutase, and glutathione peroxidase enzymes after quercetin
treatment. Next, we have tested whether high ROS generation due to quercetin-mediated oxidative stress within the worm's
body has altered the activity levels of the enzymes involved in reducing oxidative stress, such as catalase (CAT),
superoxide dismutase (SOD), and glutathione peroxidase (GPx). An increase in the catalase activity along with the
increase in the concentration of quercetin was observed. The activity levels of CAT calculated respectively were 5.2 ± 0.5,
5.9 ± 0.1, 7.2 ± 0.52, 16.1 ± 0.18, and 16.6 ± 0.2 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 (Table 2). 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) =
88765, p < 0.0001). Results of Tukey’s HSD posthoc test, comparing between the pairs of CAT-activity values, are given in
Table S3. A significant increase in CAT-activity was also found in the Alb-treated worms compared to the control (t =
-25.84, df = 4, p = 0.00001), whereas no difference was found between the worms treated with 0.2 mM Alb and 0.25 mM
quercetin (t = -2.14, df = 4, p = 0.09). A similar dose-response effect was also found for superoxide dismutase (SOD) as we
calculated the activity levels respectively 2.13 ± 0.56, 3.09 ± 0.47, 4.02 ± 0.56, 6.68 ± 0.21, and 7.61 ± 0.34 U/mg protein for
the same set of concentrations of quercetin after 3 h of treatment (Table 2). One way ANOVA found a significant SODactivity × quercetin-concentration effect (F(5, 12) = 1398.3, p < 0.0001). Results of Tukey’s HSD posthoc test, comparing
between the pairs of SOD-activity values, are given in Table S4. Significant increase in SOD-activity was found in the Albtreatment compared to the control (t = -26.08, df = 4, p = 0.00001), however no difference in activity levels was found
between the groups, 0.2 mM Alb and 0.25 mM quercetin (t = 0.95, df = 4, p = 0.39). We also found the increasing activity of
glutathione peroxidase, with increasing concentration of quercetin. The activity levels of GPx were found to be 6.32 ± 0.78,
9.39 ± 0.51, 15.05 ± 0.31, 17.28 ± 0.56, and 18.47 ± 0.2 U/mg protein respectively concentrations of quercetin, 0.125, 0.25,
0.5, 1.0 and 2.0 mM after 3 h of treatment (Table 2). A one-way ANOVA has confirmed the dose-response for quercetin;
significant GPx-activity × quercetin-concentration effect (F(5, 12) = 25181, p < 0.0001) (Results of the Tukey’s HSD posthoc
test, comparing between the pairs of GPx-activity values, are given in Table S5). Increased activity was also found for Albtreatment compared to the control (t = -23.25, df = 4, p = 0.00001) and unlike the previous two enzymes, for GPx, we found
significantly higher activity in the Alb-treated worms than in the worms treated with 0.25 mM quercetin (t = -3.6, df = 4, p =
0.02).
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Table 2
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), and
glutathione peroxidase (GPx), 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,
and 2.0 mM). Higher activities of these enzymes are also found in the Albtreated worms compared to the controls. The enzymatic activity was
measured as the enzyme unit per mg of protein (U/mg protein).
Experimental Groups

U/mg protein
CAT

SOD

GPx

Control

8.85 ± 0.46

1.65 ± 0.11

19.9 ± 1.75

0.2 mM Alb

134.48 ± 8.4

24.89 ± 1.53

319.58 ± 22.25

0.125 mM

107.86 ± 0.64

18.36 ± 0.08

183.61 ± 0.97

0.25 mM

123.97 ± 1.11

26.40 ± 2.26

272.76 ± 2.56

0.50 mM

149.6 ± 0.42

34.63 ± 0.08

436.47 ± 1.68

1 mM

332.26 ± 0.66

57.49 ± 0.3

503.47 ± 0.48

2 mM

342.08 ± 0.72

63.30 ± 0.19

518.33 ± 1.75

5 mM

363.93 ± 0.42

65.47 ± 0.23

536.27 ± 1.28

Discussion
Anthelmintic resistance against the broad-spectrum anthelmintics, used for the Gastrointestinal nematodes are becoming
prevalent due to their widespread use 48,49. The severity of helminthic infection can be understood from the WHO reports
that claimed death in tens of thousands and millions of disablements annually due to intestinal helminthic infections
among which infants and pregnant women are the most vulnerable groups, especially in countries with poor hygiene and
economic status 50,51. In the quest for alternative drugs against the parasitic nematodes, research efforts were invested in
assessing the effectiveness of plant metabolites, including flavonoids 52.
The present study aims to evaluate the anthelmintic potential of a previously known flavonoid, quercetin, in H. contortus
isolates from the state of Punjab, India. Quercetin is found to exert a nematicidal effect in the concentration range from
µM to mM and to be most effective at the concentration of 1 mM. Adult male worms manifested 80 % paralysis at this
concentration after 3 h of treatment, and 100 % were found dead after 24 h. Although female wor showed more resistance
to 1 mM quercetin than the males as the paralysis of 80 % of the adult females took 6 h, 100 % death of the females was
observed at 24 h of exposure, like the males. Likewise, the LD 50 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 53. 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, even if thiabendazole
resistance is probably not a sex-linked trait 32,54. Differential susceptibility among the sexes was also found in evaluating
anthelmintic efficacy of the extracts of the plant, Hedera helix, against H. contortus, which showed a dose-dependent
improvement for the male than the female parasites 38.
In the behavioral domain, we also found larval death and inhibition to the process of egg hatching due to quercetin
treatment. Quercetin showed dose-dependent larval death and inhibition of egg hatching in our assays which confirmed
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the concentration-dependent lethal effects of the flavonoid on the different developmental stages of H. contortus.
Substantial death of the larvae (nearly 90% death) and inhibition of egg hatching (nearly 80 % of the eggs fail to hatch)
are found after the treatment with a 1 mM concentration of quercetin respectively, for 24 h and 48 h. Besides, quercetin
showed higher potential than the popularly used anthelmintic, albendazole. Whereas albendazole caused only 44 % death
of the larvae and exerted 28 % inhibition in egg hatching at a concentration of 0.2 mM, quercetin at a similar
concentration (0.25 mM) caused 67 % larval death and showed 65 % inhibition in egg hatching. The lethal dosages for the
larval (24 h) and egg (48 h) stages calculated were 0.16 mM and 0.19 mM respectively. Together with the paralysis and
death time analysis, these results establish the increased efficacy of quercetin as an anthelmintic agent against the egg,
larval and adult stages of H. contortus.
The toxic nature of quercetin has also been further proven by its detrimental effects on adult H's physical and histological
structures. contortus. Physical damages inflicted on the adult worms, as monitored by the scanning electron microscopy,
revealed that quercetin ruptured the cuticular structure of the body and completely disrupted the two ends and other body
regions, including the destruction of the blood-sucking anterior mouth part and the posterior tail region. Physical damage,
in the forms of partial shrinkage of the body, the body ends, and disruption of the cuticle is also visible for albendazole
treatment. However, the extent of damage caused by quercetin is much more than albendazole. In our study, we reported
the histological constitutions of H. contortus and apoptotic histopathology caused by quercetin for the first time. Using
the technique of Hematoxylin & Erythrosin (HnE) staining, we identified the isthmus, brut, pseudocoele, globular
leukocytes, muscle cells, intestinal epithelial region, and growth zone of the ovary in the different sections of the body of

H. contortus. We demonstrated detrimental changes in the morphologies of these body regions when treated with
quercetin compared to the control and albendazole. Whereas albendazole treatment partly breached the muscle cells and
ovary along with some disruptions that were visible in the isthmus and pseudocoele, quercetin at 1 mM drastically alter
these structures with a complete loss of eggs in the ovary and damaged globular leukocytes.
Irrespective of the promising lethal effect of quercetin on H. contortus, the potential use of this compound as an
anthelmintic drug demands a clear understanding of its mechanism of action. We thus further investigated the toxicity
mechanism of quercetin in the adult H. contortus and found that the compound brought about oxidative stress in this
parasitic helminth, targeting the nervous system. Deformations of the body parts (body area and the anterior and posterior
body ends) due to exposure to quercetin for 3 h were found to be associated with the generation of the high amount of
reactive oxygen species (ROS) in the nerve ring, ventral cord, and commissural connections in the adult worms. Besides,
we found that quercetin treatment leads to the production of a higher amount of ROS than treatment with albendazole, as
well as a significant increase in ROS generation with time, was seen in the nerve ring area due to quercetin exposure. This
burden of ROS-induced oxidative stress in the nervous system may be the cause of paralysis and the eventual death of
the adult worms because of oxidative stress in the nervous system has been reported in numerous studies to cause
adverse and irreversible modifications of the cellular macromolecular machinery and the eventual death of the cell,
including neurodegeneration through multiple mechanisms 55–57.
Cell, however, respond to the ROS-induced oxidative stress by upregulating the activities of enzymes that comprise the
antioxidant defense system of the cell, by scavenging the ROS (like superoxide radicle and hydrogen peroxide), such as
superoxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), thioredoxin peroxidase, glutathione Stransferase 58. In our in vitro assays, we estimated the activity levels of three important enzymes viz CAT, SOD, and GPx in
the tissue homogenate of adult H. contortus after 3 h of treatment with quercetin and Alb. We found quercetin-mediated
dose-dependent responses for all three enzymes that correlate well with the fluorescence imaging data, confirming a high
amount of ROS generation in the nervous system of the parasitic helminth, H. contortus, as increasing the concentration
of quercetin leads to significant elevations of activities of these antioxidant enzymes. Alb treatment also showed
comparable activity levels of these enzymes with quercetin, except for GPx, in which Alb-treatment resulted in higher
activity than the comparable dose of quercetin. Thus the change in metabolism, as evident from the upregulations of
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antioxidant enzyme activities, mediated by quercetin, is the biochemical signature of its lethal effect, which contributes to
the physical damage, histopathology, paralysis, and the eventual death of this pathogenic nematode.
Altogether, our study, for the first time, confirmed the nematicidal effects of quercetin with 1 mM concentration found to
be effective against the egg, larval, and adult stages of H. contortus. This is also the first report of histopathology in H.

contortus worms. Moreover, the results demonstrated the higher antihelminthic potential of quercetin than the popular
drug, albendazole, which is extremely significant from the perspective of increasing resistance of H. contortus, worldwide,
against the traditional antihelminthic drugs. Although we couldn’t test whether our samples of H. contortus had any prior
resistance against albendazole; however, the mechanism of action of quercetin opens the window of further research to
establishes a novel antihelminthic remedy. The in vitro studies conducted with quercetin is extremely useful for screening
the efficacy of any potential anthelmintic agent against the worms, especially which are resistant to the commercially
available drugs. Furthermore, the study also emphasizes the significance of using quercetin in the in vivo models for
treatments against the gastrointestinal parasitic helminths. However, our current understanding of the functional
mechanisms of the nervous system of parasitic helminths, from physiology to molecular biology is very limited. The same
also applies to pharmacology owing to the lack of understanding of the nature of anthelmintics as to whether they are
cell-type specific toxins or metabolic toxins or disrupting other pathways, as well as our poor knowledge of the dynamics
of the drugs inside different locations of the nematodes. These two factors put serious constraints to conclude on the
functioning of anthelmintic drugs, especially when a drug proves to be effective at higher concentrations (in the millimolar
range), like in our assays, we found quercetin to be highly effective at 1 mM concentration. We thus believe that quercetin
at this high concentration exerted adversely effects not only on the nervous system but also on other issues which are
also visible in the substantial increase in the activity levels of the antioxidant enzymes collected from the whole body of
the adult H. contortus. Additionally, the lethal effect of quercetin on the nervous system of H. contortus is contrary to the
findings in mammalian systems, where quercetin acts as a neuroprotective agent. We speculate that the same drug may
not work in the same way in the nematodes and mammals because the repertoires of the receptor and the downstream
signaling molecules may not be the same amongst them. Thus the case for intensive research in this direction is strong,
which will decipher the detailed molecular mechanisms of pharmacology in the parasitic helminths.

Conclusion
This is the first report of histopathology in H. contortus worms mediated by quercetin, a plant flavonoid present ample in
nature. We showed that quercetin has prominent nematicidal effects at 1 mM concentration against the egg, larval and
adult stages of H. contortus. The results also demonstrated the higher antihelminthic potential of quercetin than the
popular drug, albendazole. We found that quercetin induces oxidative stress in the adult stage of the worm, prominently in
their nervous system, which causes a predominant change in metabolism and is probably associated with physical
damage and eventual death of the worms.

Declarations

Author Contributions
Conceptualization: V.G, D.C; Methodology development: V.G, L.D.S., D.C.; Data Collection: V.G., S.S.; Data analysis: V.G.,
N.K.C; Supervision: D.C.; Visualization: V.G., N.K.C., S.S; Writing original draft: V.G.; Writing – review & editing: D.C., N.K.C,
L.D.S.; Funding acquisition: D.C.

Acknowledgments
Page 11/17

DC is thankful to TIET-VT-CEEMS (CEEMS-TOF/2020) for funding the lab and NKC is thankful for the seed money grant,
TSLAS, TIET. VG and SS are thankful to TIET for fellowship. V.G. and S.S. is thankful to TIET for fellowship.

References
1. Gaston, K. J. & Spicer, J. I. Biodiversity: an introduction (John Wiley & Sons, 2013).
2. Burns, A. R. et al. Caenorhabditis elegans is a useful model for anthelmintic discovery. Nat. Commun, 6, 1–11 (2015).
3. Markaki, M. & Tavernarakis, N. Modeling human diseases in Caenorhabditis elegans. Biotechnol. J, 5, 1261–1276
(2010).
4. Alexander, A. G., Marfil, V. & Li, C. Use of C. elegans as a model to study Alzheimer’s disease and other
neurodegenerative diseases. Front. Genet, 5, 1–21 (2014).
5. Jarrell, T. A. et al. The connectome of a decision-making neural network. Science (80-.), 337, 437–444 (2012).
6. Pereira, L. et al. A cellular and regulatory map of the cholinergic nervous system of C. Elegans. Elife, 4, 1–46 (2015).
7. White, J. G., Southgate, E. & Nichol Thomson, J. and S. B. The structure of the nervous system of the nematode
Caenorhabditis elegans. Philos. Trans. R. Soc. London. B, Biol. Sci, 314, 1–340 (1986).
8. Schafer, W. Nematode nervous systems. Curr. Biol, 26, R955–R959 (2016).
9. Leung, M. C. K. et al. Caenorhabditis elegans: An emerging model in biomedical and environmental toxicology.

Toxicol. Sci, 106, 5–28 (2008).
10. Frasnelli, E., Vallortigara, G. & Rogers, L. J. Left-right asymmetries of behaviour and nervous system in invertebrates.

Neuroscience and Biobehavioral Reviews, 36, 1273–1291 (2012).
11. Dent, J. A., Smith, M. M., Vassilatis, D. K. & Avery, L. The genetics of ivermectin resistance in Caenorhabditis elegans.
Proc. Natl. Acad. Sci. U. S. A. 97, 2674–2679(2000).
12. Köhler, P. The biochemical basis of anthelmintic action and resistance. International Journal for Parasitology, 31,
336–345 (2001).
13. Rao, V. T. S., Siddiqui, S. Z., Prichard, R. K. & Forrester, S. G. A dopamine-gated ion channel (HcGGR3*) from
Haemonchus contortus is expressed in the cervical papillae and is associated with macrocyclic lactone resistance.

Mol. Biochem. Parasitol, 166, 54–61 (2009).
14. Sutherland, I. A. & Leathwick, D. M. Anthelmintic resistance in nematode parasites of cattle: A global issue? Trends in

Parasitology, 27, 176–181 (2011).
15. Wolstenholme, A. J. Ion channels and receptor as targets for the control of parasitic nematodes. International Journal

for Parasitology: Drugs and Drug Resistance, 1, 2–13 (2011).
16. Dixit, A. K. et al. An assessment of benzimidazole resistance against caprine nematodes in Central India. Trop. Anim.

Health Prod, 49, 1471–1478 (2017).
17. Kaplan, R. M. & Vidyashankar, A. N. An inconvenient truth: Global worming and anthelmintic resistance. Vet. Parasitol,
186, 70–78 (2012).
18. Besier, R. B., Kahn, L. P., Sargison, N. D. & Van Wyk, J. A. The Pathophysiology, Ecology and Epidemiology of
Haemonchus contortus Infection in Small Ruminants. Adv. Parasitol, 93, 95–143 (2016).
19. Hoste, H. et al. Interactions Between Nutrition and Infections With Haemonchus contortus and Related
Gastrointestinal Nematodes in Small Ruminants. Adv. Parasitol, 93, 239–351 (2016).
20. Gilleard, J. S. Haemonchus contortus as a paradigm and model to study anthelmintic drug resistance. Parasitology
vol. 140 1506–1522(2013).
21. Perry, B. D., Randolph, T. F., McDermott, J. J., Sones, K. R. & Thornton, P. K. Investing in Animal Health Research to

Alleviate Poverty. https://cgspace.cgiar.org/handle/10568/2308 (2002).
Page 12/17

22. Colgrave, M. L. et al. Anthelmintic activity of cyclotides: In vitro studies with canine and human hookworms. Acta

Trop, 109, 163–166 (2009).
23. Pathak, A. K. & Tiwari, S. P. Effect of high plane of nutrition on the performance of haemonchus contortus infected
kids. Vet. World, 6, 22–26 (2013).
24. Rehman, Z. U., Knight, J. S., Koolaard, J., Simpson, H. V. & Pernthaner, A. Immunomodulatory effects of adult
Haemonchus contortus excretory/secretory products on human monocyte-derived dendritic cells. Parasite Immunol,
37, 657–669 (2015).
25. Ghadirian, E. & Arfaa, F. First report of human infection with Haemonchus contortus, Ostertagia ostertagi, and
Marshallagia marshalli (family trichostrongylidae) in Iran. J. Parasitol, 59, 1144–1145 (1973).
26. Prichard, R. K. Genetic variability following selection of Haemonchus contortus with anthelmintics. Trends in

Parasitology, 17, 445–453 (2001).
27. Singh, R., Bal, M. S., Singla, L. D. & Kaur, P. Detection of anthelmintic resistance in sheep and goat against
fenbendazole by faecal egg count reduction test. J. Parasit. Dis, 41, 463–466 (2017).
28. Beech, R. N., Prichard, R. K. & Scott, M. E. Genetic variability of the beta-tubulin genes in benzimidazole-susceptible
and -resistant strains of Haemonchus contortus., 138, 103–110 (1994).
29. Geerts, S. & Gryseels, B. Anthelmintic resistance in human helminths: A review. Trop. Med. Int. Heal, 6, 915–921
(2001).
30. Shokrani, H. R., Shayan, P., Eslami, A. & Nabavi, R. Benzimidazole -Resistance in haemonchus contortus: New PCRRFLP method for the detection of point mutation at codon 167 of isotype 1 β-tubulin gene. Iran. J. Parasitol, 7, 41–48
(2012).
31. Singh, E., Kaur, P., Singla, L. D., Sankar, M. & Bal, M. S. Molecular detection of benzimidazole resistance in
Haemonchus contortus of sheep in Punjab. Indian J. Anim. Sci, 89, 1322–1326 (2019).
32. Mohammedsalih, K. M. et al. New codon 198 β-tubulin polymorphisms in highly benzimidazole resistant
Haemonchus contortus from goats in three different states in Sudan. Parasites and Vectors, 13, 1–15 (2020).
33. Fajimi, A. K. & Taiwo, A. A. Herbal remedies in animal parasitic diseases in Nigeria: A review. African J. Biotechnol, 4,
303–307 (2005).
34. Pessoa, L. M., Morais, S. M., Bevilaqua, C. M. L. & Luciano, J. H. S. Anthelmintic activity of essential oil of Ocimum
gratissimum Linn. and eugenol against Haemonchus contortus. Vet. Parasitol, 109, 59–63 (2002).
35. Alawa, C. B. I. et al. In vitro screening of two Nigerian medicinal plants (Vernonia amygdalina and Annona
senegalensis) for anthelmintic activity. Vet. Parasitol, 113, 73–81 (2003).
36. Gathuma, J. M. et al. Efficacy of Myrsine africana, Albizia anthelmintica and Hilderbrantia sepalosa herbal remedies
against mixed natural sheep helminthosis in Samburu district, Kenya. J. Ethnopharmacol, 91, 7–12 (2004).
37. Iqbal, Z., Lateef, M., Ashraf, M. & Jabbar, A. Anthelmintic activity of Artemisia brevifolia in sheep. J. Ethnopharmacol,
93, 265–268 (2004).
38. Eguale, T., Tilahun, G., Debella, A., Feleke, A. & Makonnen, E. Haemonchus contortus: In vitro and in vivo anthelmintic
activity of aqueous and hydro-alcoholic extracts of Hedera helix. Exp. Parasitol, 116, 340–345 (2007).
39. Suganthy, N., Devi, K. P., Nabavi, S. F., Braidy, N. & Nabavi, S. M. Bioactive effects of quercetin in the central nervous
system: Focusing on the mechanisms of actions. Biomed. Pharmacother, 84, 892–908 (2016).
40. Thilakarathna, S. H. & Vasantha Rupasinghe, H. P. Flavonoid bioavailability and attempts for bioavailability
enhancement. Nutrients, 5, 3367–3387 (2013).
41. Ulusoy, H. G. & Sanlier, N. A minireview of quercetin: from its metabolism to possible mechanisms of its biological
activities. Critical Reviews in Food Science and Nutrition, 60, 3290–3303 (2020).

Page 13/17

42. Yi, L., Ma, S. & Ren, D. Phytochemistry and bioactivity of Citrus flavonoids: a focus on antioxidant, anti-inflammatory,
anticancer and cardiovascular protection activities. Phytochem. Rev, 16, 479–511 (2017).
43. Anand David, A. V., Arulmoli, R. & Parasuraman, S. Overviews of biological importance of quercetin: A bioactive
flavonoid. Pharmacogn. Rev, 10, 84–89 (2016).
44. Devasagayam, T. P. A. et al. Free radicals and antioxidants in human health: current status and future prospects. J.
Assoc. Physicians India, 52, 794–804 (2004).
45. Borges, D. G. L. et al. Combination of quercetin and ivermectin: In vitro and in vivo effects against Haemonchus
contortus.Acta Trop.201, (2020).
46. Heckler, R. P. et al. P-gp modulating drugs greatly potentiate the in vitro effect of ivermectin against resistant larvae of
Haemonchus placei. Vet. Parasitol, 205, 638–645 (2014).
47. Dajas, F. et al. Quercetin in brain diseases: Potential and limits. Neurochem. Int, 89, 140–148 (2015).
48. Waller, P. J. From discovery to development: Current industry perspectives for the development of novel methods of
helminth control in livestock. Vet. Parasitol, 139, 1–14 (2006).
49. McKELLAR, Q. A. & SCOTT, E. W. The benzimidazole anthelmintic agents-a review. J. Vet. Pharmacol. Ther, 13, 223–
247 (1990).
50. Crompton, D. W. T. & Savioli, L. Handbook of helminthiasis for public health (CRC Press, 2006).
51. Sehgal, R., Reddy, G. V., Verweij, J. J. & Subba, A. V. Prevalence of intestinal parasitic infections among school
children and pregnant women in a low socio-economic area, Chandigarh, North India. Rev. Infect, 1, 100–103 (2010).
52. Huffman, M. A. Animal self-medication and ethno-medicine: exploration and exploitation of the medicinal properties
of plants. Proc. Nutr. Soc. 62, 371–381(2003).
53. Soulsby, E. J. L. & Helminths Arthopods, and Protozoa of Domesticated Animal Seventh Editon.London: Bailliere

Tindall(1986).
54. Le Jambre, L. F., Royal, W. M. & Martin, P. J. The Inheritance of Thiabendazole Resistance in Haemonchus Contortus.,
78, 107–119 (1979).
55. Andersen, J. K. Oxidative stress in neurodegeneration: Cause or consequence? Nat. Rev. Neurosci, 10, S18 (2004).
56. Circu, M. L. & Aw, T. Y. Reactive oxygen species, cellular redox systems, and apoptosis. Free Radical Biology and

Medicine, 48, 749–762 (2010).
57. Redza-Dutordoir, M. & Averill-Bates, D. A. Activation of apoptosis signalling pathways by reactive oxygen species.

Biochimica et Biophysica Acta - Molecular Cell Research, 1863, 2977–2992 (2016).
58. Snezhkina, A. V. et al. ROS generation and antioxidant defense systems in normal and malignant cells. Oxidative

Medicine and Cellular Longevity vol. 2019 (2020).
59. Goel, V., Singla, L., Das & Choudhury, D. Cuminaldehyde induces oxidative stress-mediated physical damage and
death of Haemonchus contortus. Biomed. Pharmacother, 130, 110411 (2020).
60. Coles, G. C. et al. World Association for the Advancement of Veterinary Parasitology (W.A.A.V.P.) methods for the
detection of anthelmintic resistance in nematodes of veterinary importance. Vet. Parasitol, 44, 35–44 (1992).
61. Pal, A. & Chakravarty, A. K. Disease-resistant traits—analytic tools and indicator traits. Genet. Breed. Dis. Resist. Livest,
85–94 https://doi.org/10.1016/b978-0-12-816406-8.00003-6 (2020).
62. Vieira, L. S., Cavalcante, A. C. R., Pereira, M. F., Dantas, L. B. & Ximenes, L. J. F. Evaluation of anthelmintic efficacy of
plants available in Ceará State, North-east Brazil, for the control of goat gastrointestinal nematodes. (1999).
63. Knox, D. P., Redmond, D. L. & Jones, D. G. Characterization of proteinases in extracts of adult Haemonchus contortus,
the ovine abomasal nematode., 106, 395–404 (1993).
64. Bakker, N. et al. Vaccination against the nematode Haemonchus contortus with a thiol-binding fraction from the
excretory/secretory products (ES). Vaccine, 22, 618–628 (2004).
Page 14/17

65. De, R. P. O. G. & Jesús Martínez, X. D. E. C. EL & ACTIVIDAD NEMATICIDA DE LOS FRUTOS DE LA LEGUMINOSA TESIS

POR ARTÍCULO CIENTÍFICO P R E S E N T A. http://ri.uagro.mx/handle/uagro/1381 (2019).
66. Taylor-Robinson, D. C., Jones, A. P. & Garner, P. Deworming drugs for treating soil-transmitted intestinal worms in
children: Effects on growth and school performance. Cochrane Database of Systematic Reviews,
https://doi.org/10.1002/14651858.CD000371.pub3 (2007).
67. Thompson, S. W. & Hunt, R. D. Selected histochemical and histopathological methods(1966).
68. Kong, W. et al. Fast analysis of superoxide dismutase (SOD) activity in barley leaves using visible and near infrared
spectroscopy. Sensors (Switzerland), 12, 10871–10880 (2012).
69. Hadwan, M. H. & Abed, H. N. Data supporting the spectrophotometric method for the estimation of catalase activity.

Data Br, 6, 194–199 (2016).
70. Antunes, F. & Cadenas, E. Estimation of H 2 O 2 gradients across biomembranes. FEBS Lett, 475, 121–126 (2000).

Figures

Figure 1
Study of morphological damage in the adult H. contortus due to the treatment with quercetin. Scanning electron
microscopic images of the adult H. contortus are shown here for the three sets of conditions. The first three images (A, B,
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and C) are showing the intact body and the anterior and posterior ends in the control group, treated with RPMI media. The
second set of three images (D, E, and F) is showing partial disruptions of the body ends and cuticle due to the treatment
with 0.2 mM Alb. The last set of three images (G, H, and I) is showing the profound damage in the body structures and
disruptions in the cuticular integrity due to the treatment with 1 mM of quercetin.

Figure 2
Histopathological changes in adult H. contortus after the treatment with quercetin. The first image (A) is showing the
complete intact anterior and posterior ends along with other morphological features in the control worm, viz. isthmus, brut,
pseudocoele, globular leukocytes (surrounded with nuclei), muscle cells, intestinal epithelial region, ovum, and growth
zone of the ovary and intact skin tissue. Partial disorganizations were visible in some of these body parts after the
treatment with Alb (B). After the treatment with a 1 mM of quercetin, completely disrupted anterior end together with other
distorted areas, such as ovary, growth zone, pseudocoele, muscle cells, and wrecked globular leukocytes (with very less
count of surrounding nuclei) were found (C). Due to the toxicity-mediated by quercetin, no eggs were found in the ovum
(cvii). ai-aviii is showing isthmus, brut, pseudocoele, globular leukocytes, muscle cells, intestinal epithelial region, ovum
and growth zone of the ovary, and intact skin tissue in control adult worm respectively. bi-bviii and ci-cviii are showing the
same for Alb (0.2 mM) and quercetin (0.1 mM) treated worms respectively.
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Figure 3
Generation of reactive oxidative species (ROS) in the nervous system of the adult worms due to exposure to quercetin.
Adult worms were treated for 3 h with albendazole and quercetin and processed with the stain, DCFDA (100 nM) to detect
the ROS. The images, from A-C, are showing the differences in staining (100 × magnification), in the anterior end, after 7
min of DCFDA-treatment (due to differences in ROS generation) respectively in the control (treated with RPMI media), Alb
(0.2 mM) and quercetin (1 mM)-treated worms. The next three images (D-F) are showing the differences in staining (100 ×
magnification), in the posterior end, in the same three experimental groups. In the (F) the blue arrowhead is indicating the
eggs of the quercetin-treated worm. Generations of ROS respectively in the nerve ring (I), marked with white arrowhead;
(400×), commissural connections (L), marked with red arrowheads; (400×) and ventral cord, marked with yellow
arrowhead; (400×) were detected in the adult worms treated with quercetin. Whereas no such structural discrimination and
elevation of ROS were observed in control (G, H) and Alb treated (J, K) worms.
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