Screening and Investigation of Novel Antihelminthic

Drugs and Study of their Mechanism of Action
Submitted for the award of the

Degree of
Doctor of Philosophy
Submitted by
Vanshita Goel
(Regn. No. 901609011)

Under the Supervision of
Dr. Diptiman Choudhury

Assistant Professor

THAPAR INSTITUTE
OF ENGINEERING & TECHNOLOGY
Deemed to be University

SCHOOL OF CHEMISTRY AND BIOCHEMISTRY
THAPAR INSTITUTE OF ENGINEERING AND TECHNOLOGY
PATIALA-147004
PUNJAB
August 2021



T RIS~ AW O FeL N

Candidate’s Declaration

I. hereby declare that the work presented in the thesis entitled “SCREENING AND
INVESTIGATION OF NOVEL ANTIHELMINTHIC DRUGS AND STUDY OF THEIR MECHANISM OF
ACTION” in partial fulfillment of the requirement for the award of the Degree of Philosophy,
School of Chemistry and Biochemistry, Thapar Institute of Engineering and Technology,
Patiala, is an authentic record of my work carried out under the supervision of Dr. Diptiman
Choudhury, Assistant Professor, School of Chemistry and Biochemistry, Thapar Institute of
Engineering and Technology, Patiala, India. The matter embodied in this thesis has not been

submitted in part or full to any other university or institute for the award of any degree in
India or Abroad.

6 /C
Yuslic s
Vanshita Goel
Reg. No. 901609011
School of Chemistry and Biochemistry
Thapar Institute of Engineering and Technology, Patiala- 147004

Punjab (India)

(Supervisor)

Assistant Professor

School of Chemistry and Biochemistry

Thapar Institute of Engineering and Technology, Patiala- 147004

Punjab (India)



e R R R R R R R S

Certificate

This is to certify that thesis entitled “SCREENING AND INVESTIGATION OF NOVEL
ANTIHELMINTHIC DRUGS AND STUDY OF THEIR MECHANISM OF ACTION” being submitted by
Vanshita Goel in the fulfillment of the requirement for the award of the Degree of
Philosophy, School of Chemistry and Biochemistry, Thapar Institute of Engineering and
Technology, Patiala, is an authentic record of candidate’s work carried out by her under my
supervision and guidance. The matter embodied in this thesis has not been submitted in part

or full to any other university or institute for the award of any degree in India or Abroad.

Dr. DiptimairChoudhury

(Supervisor)

Assistant Professor

School of Chemistry and Biochemistry

Thapar Institute of Engineering and Technology, Patiala- 147004
Punjab (India)

Sonimmntan oo
Dr. Susheel Mittal
(Senior Professor and Head)
School of Chemistry and Biochemistry
Thapar Institute of Engineering and Technology, Patiala- 147004
Punjab (India)




Acknowledgment

| would like to pay high regard to Almighty God for giving me skills, wisdom, knowledge,
and the ability to work hard to reach where | am today. | thank God for the blessings and
support. Without his blessings and support, this thesis would have never been possible.

An acknowledgment in my thesis is just a small gesture and doesn’t truly represent how
much | appreciate the influence that many people have had on my life. It is a pleasant task to
express my thanks to all those who contributed in many ways to my doctoral work and made
it an unforgettable journey for me.

My joy knows no boundaries as | take this opportunity to express my deepest and sincere
gratitude to my supervisor, Dr. Diptiman Choudhury, Assistant Professor, School of
Chemistry and Biochemistry (SCBC), Thapar Institute of Engineering & Technology (TIET),
Patiala, who has provided me unwavering support, and mentorship throughout this endeavor.
He has always treated me like his own child and guided me with motivation, patience,
scholarly inputs, and consistent encouragement in the professional as well as in the personal
field. He has always been approachable to clarify my doubts despite their busy schedules. He
has always poured me with exquisite knowledge and has always motivated me with
constructive remarks. It has been a great experience to work under his guidance and to learn

from his research expertise.

With deep regards and profound respect, | also thank Dr. Lachhman Das Singla, Head, and
Professor, and Dr. Paramjeet Kaur, Assistant Professor, Department of Veterinary
Parasitology, Guru Angad Dev Veterinary and Animal Sciences (GADVASU), Ludhiana. |

feel privileged to be associated with them during my life.

| express my gratitude to Director, Thapar Institute of Engineering & Technology, Patiala,
Dr. Rafat Siddique, Dean of Research and Sponsored Projects (RoSP), Prof. O. P. Pandey,
former Dean RSP, Dr. Susheel Mittal (Head of SCBC), Dr. Amjad Ali (Former Head of
SCBC), Prof. Bonamali Pal (Former Head of SCBC) for all facilities which have been

immensely helpful in completing my work.

I am also very grateful to my doctoral committee members Dr. Manmohan Chhibber, Dr.
Satnam Singh, and Dr. Siddharth Sharms, for their fruitful discussion and encouragement,

constructive criticism, and inspiration.



Sincere thanks to Dr. Soumen Basu, Associate Professor, (SCBC), Dr. Neloy Chakroborty,
Assistant Professor, (Psychology), Thapar Institute of Engineering & Technology (TIET),

Patiala.

[ am thankful for my labmates Pawandeep Kaur, Parmandeep Kaur, Sunidhi Sharma,
Deepinder Sharda, Komal Attri, Harman, and Poulomi Chandra who all have extended their
support during my research work. Special thanks to Dr. Anirudh Sharma, Dr. Iqubal Singh,
Dr. Jyoti Sharma, Dr. Purnima Sharma, Dr. Amit Mishra, Dr. Ishfaq, and Dr. Rahul Hundal
for always standing by my side and sharing a great relationship as compassionate friends. I
will recover cherish the warmth shown by them, whose smiling faces always made me
refreshine and also for unforgettable memories during my research work. I gained a lot from
them, through their professional and scholarly interactions. I acknowledge the help of Mr.
Mayank Sharma, office staff, and Chander Singh Thakur, Chandar Shekhar, Hemant Sharma,
and Vishwanath Dass, technical staff of SCBC, T.LE.T, Patiala and Subodh and Ankur,
technical and office staff of GADVASU, Ludhiana, for their support in various aspects.

Some of the results described in this thesis would not have been possible without the help of
laboratories at the institutes like SAI labs, Thapar Institute of Engineering and Technology,
Patiala. I extend my thankful acknowledgment to T.L.E.T for providing me a fellowship and
giving me great teaching experience through Teaching Associate.

Finally, none of this would have been possible without the constant love, support, guidance,
and patience of all my family members. I can’t put my words to thank my mother, Mrs.
Anupam Goel, father, Mr. Parminder Kumar, brother, Mr. Dhiren Goel, husband, Mr.
Aashish Goyal, and my entire family for everything they have done for me. They all have
been amazing and have always been there for me. Thank you for your everlasting love and

support. This is for you!

I may be short of words to pay the debt of recognition towards the man who has always been
a source of strength for me, my grandfather, Late Sh. Vinod Kumar. I, in the whole of my

lifetime, will not be able to compensate for his love, which nourished me and accompanied

me through every step of my life and always leading from behind. It was because of him only

AL E

that I was courageous enough to dream big.

e




DEDICATION
This thesis Is dedicated to my beloved
Grandfather
Whose support and love helped me In

achieving my goals



ALE

Alb

AgNOs3
AgNPs
AMA

ASE

CA

CAT

C. elegans
DCFDA
DLS

DTNB
EHA
FAMACHA
FDA

FEC

FTIR

GSH

GPx

H. contortus
H and E staining
HEK

L

L. parasiticum
LAgNPs
LD

LMA

NOS

NTD

PBS

PCR

ABBREVIATIONS

Aqueous Lansium extract
Albendazole

Silver Nitrate

Silver Nanoparticle

Adult Motility Assay

Aqueous Selaginella extract
Cuminaldehyde

Catalase

Caenorhabditis elegans

2', 7' —dichlorofluorescin diacetate
Dynamic Light Scattering
5,5'-dithio-bis-(2-nitrobenzoic acid)
Egg Hatch Assay

FAffa MAlan CHArt

Food and Drug Association
Faecal Egg Count

Fourier Transform Infrared Spectroscopy
Reduced Glutathione

Glutathione Peroxidase
Haemonchus contortus
Hematoxylin and Eosin Stain
Human Embryonic Kidney cells
Larvae

Lansium parasiticum

Lansium coated silver nanoparticles
Lethal Dose

Larval Motility assay

Nitric Oxide Synthase

Neglected Tropical Diseases
Phosphate Buffer Saline
Polymerase Chain Reaction

Vi



ROS

RPMI

S. moellendorffii
SEM

SOD

SPR

TEM

uUsD

WHO

WHA

Reactive Oxygen Species

Roswell Park Memorial Institute Medium
Selaginella moellendorffii

Scanning Electron Microscopy
Superoxide Dismutase

Surface Plasmon resonance
Transmission Electron Microscopy
United State Dollar

World Health Organisation

World Health Assembly

vii



Table of Contents

INTRODUCTION
CHAPTER 1 REVIEW OF LITERATURE

1.1.

1.2

111
1.1.2
1.13
114
1.15

1.2.1
1.2.2
1.2.3

Clinically available antihelminthic drugs in practice
Albendazole

Mebendazole

Levamisole

Pyrantel Pamoate

Ivermectin

Antihelminthic drugs under practice

Plant extract

Pure compounds

Nanoparticles

CHAPTER 2 Materials and Methods

2.1.

2.2

2.3

2.4

Synthesis of Plant aqueous protected silver nanoparticles (AgNPs)

211
212

2.1.3.

2.14.

Materials

Collection and preparation of Lansium parasiticum silver nanoparticles
(LAgNPs)

Preparation of Leaf Extract of Selaginella moellendorffii (SAgNPs)

Physical Characterization of AgNPs

Toxicity profiling of LAgNPs and SAgNPs on normal human cells

Collection of H. contortus

23.1
2.3.2
2.3.3
2.34
2.35

Isolation of eggs of H. contortus
Harvesting L-3 Larvae of H. contortus
Adult mortality assay (AMA)

Larval mortality assay (L3)

Egg hatch inhibition assay (EHA)

SEM evaluation for physical damage of H. contortus

viii

10
12
13
14
14
15
16
18
19



2.5
2.6.1
2.6.2
2.7

2.8

Total protein concentration measurement

Generation of oxidative stress by the measurement of ROS
Generation of oxidative stress by the measurement of NOS
Measurement of antioxidant enzymes activity

2.7.1  Estimation of superoxide dismutase activity

2.7.2  Estimation of catalase activity

2.7.3  Estimation of glutathione peroxidase activity

2.7.4  Estimation of total glutathione concentration

Statistical Analysis

CHAPTER 3 Anthelminthic activity with medicinal plant extracts

3.1.

3.2

Agueous extract of Lansium Parasiticum fruit pulp
3.11 Preliminary phytochemical assay of Lansium parasiticum

3.1.2. Experimental design for collection and treatment of H. contortus
worms
3.1.3. Results

Aqueous extract of Selaginella moellendorffii leaf

3.21 Preliminary phytochemical assay of Selaginella moellendorffii

3.2.2. Experimental design for collection and treatment of H. contortus
worms

3.2.3. Results

Conclusion

CHAPTER 4 The anthelminthic activity of aqueous plant extracts

4.1

protected silver nanoparticles (AgNPs)
Lansium parasiticum silver nanoparticles

4.1.1 Experimental design for the treatment of egg hatch, larval stage, and
paralysis and death of adult H. contortus worms with LAgNPs.
4.1.2 Results

41.2.1 Evaluation of LAE protected AgNPs physical properties
4.1.2.2 Toxicity of LAgNPs on the human normal kidney cells

25
25
26
26
26
27
27
27
27

28
30
30

34
36

36

40
41

42

43
44

45
45
48



4.2

41.2.3

Assessment of antihelminthic activities

41231

41232
41233
41234

41235

41236
4.1.2.3.7

41238

Adult Motility and Morbidity
(AMMA)

Larval Morbidity Assay (LMA)

Egg Hatch Assay (EHA)
Ultra-morphological analysis for

damage due to LAgNPs exposure

Assay

tissue

Generation of reactive oxygen species (ROS)

stress
Determination of nitric oxide synthase

Alteration of catalase (CAT), superoxide

dismutase (SOD), and glutathione peroxidase

(GPx) activity

ROS enhances cellular combat by increasing

the concentration of reduced glutathione

(GSH)

Conclusion

Selaginella moellendorffii silver nanoparticles

421

4.2.2

4223

Experimental design for the treatment of egg hatch, larval stage, and

paralysis and death of adult H. contortus worms with SAgNPs.

Results

4221 Evaluation of SAE protected AgNPs physical properties

4222 Toxicity of SAgNPs on the human normal kidney cells

Assessment of antihelminthic activities

42231

4.2.2.3.2
42233
42234

4.2.2.3.5

Adult Motility and Morbidity
(AMMA)

Larval Morbidity Assay (LMA)

Egg Hatch Assay (EHA)

Ultra- morphological analysis for
damage due to SAgNPs exposure

Generation of Reactive oxygen

Assay

tissue

species

49
50

52
54

55

57
58

59

61

63
63

64
64
67
68
68

70
71

73



4.2.2.3.6
4.2.2.3.7

422338

(ROS) stress

Determination of nitric oxide synthase
Alteration of catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase
(GPx) activity

ROS enhances cellular combat by increasing
the concentration of reduced glutathione
(GSH)

Conclusion

CHAPTER 5 The anthelminthic activity of pure compounds

5.1

Cuminaldehyde

5.1.1

5.1.2
5121

Experimental design for the treatment of egg hatch, larval stage, and

paralysis and death of adult H. contortus worms with CA

Results

Assessment of antihelminthic activities

5.121
5.1.2.2
5.1.23
5.12.4

5125

5.1.2.6
51271

5.1.2.7.2

51273

Adult Motility and Morbidity Assay (AMMA)
Larval Morbidity Assay (LMA)
Egg Hatch Assay (EHA)

Damage as seen from the ultra-structural
features due to CA treatment

Reactive Oxygen Species dependent stress due
to exposure to CA

Determination of nitric oxide synthase with CA
Measurement of  Superoxide Dismutase
overexpression as a response to ROS induced
stress

Activation of catalase to combat with ROS
generated stress

The increase of glutathione peroxidase activity
due to CA stress

Xi

78

80

82

83
83

87
87
89

91

91

93

93

94



5.1.2.7.4  Cellular combat with ROS by increasing the
reduced glutathione concentration
Conclusion
5.2  Quercetin
521 Experimental design for the treatment of egg hatch, larval stage, and

paralysis and death of adult H. contortus worms with Quercetin

52.1.1
5.2.2 Results

Histopathology of H. contortus

5221
5222
5.2.2.3
5224
5.2.25

5.2.2.6

5.2.2.7

5.2.2.8

Adult Motility Assay (AMMA)

Larval Morbidity Assay (LMA)

Egg Hatch Assay (EHA)

Physical damage due to quercetin exposure
Disruption in morphology caused by the
quercetin treatment

Generation of reactive oxygen species due to
quercetin treatment

Alteration of catalase (CAT), superoxide
dismutase (SOD), and glutathione peroxidase
(GPx) activity after quercetin treatment
Increase in concentrations of the reduced
glutathione due to quercetin exposure
glutathione (GSH)

Conclusion

CONCLUSION AND FUTURE PROSPECTIVE
LIST OF PUBLICATIONS

REFERENCES
SUMMARY

xii

95

98
100

101
101
101
104
104
106
107

109

111

112

113
116

118
120

140



INTRODUCTION

Soil-transmitted helminthic infections are widely distributed in tropical and subtropical
areas and, since they are linked to a lack of sanitation, occur wherever there is poverty [1]. Based
on Subba, 2020 report, more than 880 million children are estimated to be treated for parasitic
infection [2]. Nematodes are commonly known as roundworms and are considered the largest
phyla in the animal kingdom [3, 4]. Despite, the true number of nematodes ranges between
100,000 and 10 million, only 20,000 — 30,000 species have been described [5]. Nematodes have a
bilaterally symmetrical body with a defined head and tail [6]. The most commonly found
helminths are as follows: Ascaris lumbricoides, Trichuris trichiura, Toxocara canis, Taenia
solium, Haemonchus contortus, and Hymenolepis nana with prevalence: 3.36, 2.2, 2.9, 1.68, 0.9
and 2.2%, respectively [7, 8]. The highest infection rate of Ascaris spp. has been reported in
China, Southeast Asia, coastal regions of West Africa, and Central Africa [9]. Trichuris spp.
infection infestation is at its highest rate in Central Africa, Southern India, and Southeast Asia
[10, 11]. Hookworm such as Ancylostoma duodenale, Necator americanus, and H. contortus
infection is most prevalent in Sub-Saharan Africa, South China, and Southeast Asia [12]. H.
contortus infection is mainly prevalent in temperate and tropical regions like sub-Saharan Africa,
North America, and South and East Asia [13]. Countries with a hot and humid tropical climate
have a high prevalence of intestinal parasites such as Trichostrongylus spp, which has high
infection infestation in sheep than the general infected individuals in colder and dry weather
countries it ranges from 4- 18 °C [14]. Sub-Saharan Africa and East Asia have the highest
infestation of intestinal worms [15]. An estimated 4- 28% of children are infected with pinworm
infection, globally [16]. The prevalence of hookworm infection is 9 % among infected individuals

whereas prevalence is as high as 56% in new-born, infants and toddlers [17].

Roundworm infection- Human health and Economy:

Helminthes are some of the world's commonest parasites [18]. They belong to two major
groups of animals, the flatworms or Platyhelminthes (flukes and tapeworms) and Aschelminthes,
commonly known as nematodes [19, 20]. All are relatively large and some are very large, exceeding
one meter in length. Their bodies have well-developed organ systems such as reproductive organs,
neuronal networks, alimentary canals, etc and most helminths are active feeders [21, 22]. The bodies



of flatworms are flattened and covered by a membrane, whereas roundworms are cylindrical and
covered by a tough cuticle [23].

Parasitic nematodes are multi-cellular eukaryotes with a long round body and require a living
host to survive [24]. Soil-transmitted nematodes are commonly found in soil and stool in the egg or
larval stage and can enter the body of the host through the skin or direct contact with the mouth [25].
Nematodes are divided into various types: giant roundworm, hookworm, pinworm, strongyloidiasis,
whipworm, and trichinosis [26]. These worms commonly survive in moderate to warm and humid
climates and are found in equatorial, tropical, subtropical, and temperate regions [27]. Exposure to
infection is influenced by climate, hygiene, food preferences, and contact with vectors [12, 28].
Many potential infections are eliminated by host defenses; others become established and may
persist for prolonged periods, even years [29]. Small ruminants are more susceptible to nematode
infection than adult animals. Similarly, newborns, infants, and pre-school children are more prone to
nematode infection than adult humans [30]. They usually cause malnutrition, anemia in children
which results in poor growth. Some species may also affect the lungs, eyes, brain, and sometimes
blockage in the gut which leads to a serious infection in the liver and pancreas [26, 31].

Roundworm infects Approximatelyimately 1.4 billion people in around 150 countries
worldwide [32]. Infection is fatal, but due to its prevalence, it is responsible for 8000-100,000 deaths
annually [33]. Infection of roundworms in the abdomen many times causes death or several
deficiencies to a newborn or unborn child in the mother’s womb [34, 35]. An important cause of
roundworms is malnutrition, mostly in children by causing protein-energy loss and vitamin A and C
deficiencies [36, 37]. Overall roundworm infection causes stunting of linear growth, which leads to
both physical and mental deficits [38]. Because worms are large and often migrate through the body,
they can damage the host's tissues directly by their activity or metabolism. Damage also occurs
indirectly as a result of host defense mechanisms. Almost all organ systems can be affected [39-41].

Studying the epidemiology of helminths is highly important because they have a wide
geographical distribution worldwide, especially in Sub-Saharan Africa, South America, Central
America, Middle East, the Caribbean, and Asia is described in Table 1, where the global prevalence
and regional distribution is detailed and a world map is explored in Figure 1 where the helminthic

infection is marked with different color distribution [42-47].



Table 1. The prevalence of different parasitic nematodes worldwide.

Helminths Species Global Region
Prevalence
Ascariasis Ascariasis lumbricoides 807 million Southeast Asia,
Africa, and Latin
America
Trichuriasis Trichuris trichiura 604 million Southeast Asia,
Africa, and Latin
America
Hookworm Haemonchus contortus 576 million Southeast Asia,
Necator americanus; Africa, and Latin
Ancylostoma duodenale America
Strongyloidiasis Strongyloides stercoralis 30-100 million | Southeast Asia,
Africa, and Latin
America
Lymphatic Wuchereria bancrofti 120 million India  and  sub-
Filariasis Brugia malayi continents, Southeast
Asia and sub-
Saharan Africa
Onchocerciasis Onchocerca volvulus 20.9 million Sub- Saharan Africa
Loiasis Loa loa 14.4 million Sub- Saharan Africa
Schistosomiasis Schistosoma haematobium 779 million Sub- Saharan Africa
Schistosoma mansoni Sub- Saharan Africa
and Eastern Brazil
Schistosoma japonicum China and Southeast
Asia
Clonorchis sinensis Southeast Asia
Opisthorchis viverrini Developing regions of
East Asia
Paragonimus spp Developing regions of
East Asia
Fasciolopsis buski Developing regions of
East Asia
Fasciola hepatica Developing regions of
East Asia
Cysticercosis Taenia solium 50 million Southeast Asia




High prevalence Low prevalence

Figure 1. Prevalence of helminthic infection around the world. The dark blue regions are showing
the high prevalence of infection i.e., in moderate and temperate regions and light green and white
regions are describing the low prevalence of helminth infection worldwide. (McCarty, 2014, World
Health Assembly, WHA)

H. contortus, a highly infectious gastrointestinal parasitic nematode responsible for acute
anemia, hemorrhagic gastroenteritis, diarrhea, depression, etc in mainly and not limited to ruminants
leads to the reduction of livestock production, milk, and meat production which caused huge
economic loss worth 120 billion USD worldwide every year [48, 49]. H contortus is a blood-sucking
nematode parasite, transmitted through infected soils in various species including humans [50, 51].
The H. contortus infection is highly prevalent in hot and humid climatic conditions and is found in
moderate and temperate regions globally. The adult females are usually 18- 30 mm and males are
10- 20 mm long and easily recognized in the infected areas of the intestine due to their red and white
appearance because of their blood-sucking feature [52].

The complete life cycle of H. contortus is divided into different stages including eggs, L1,
L2, L3, L4, and adult stages. H. contortus eggs are usually clear and about 70- 85 um long and 44
pum wide (Figure 2a). Then they develop into the L3 stage (Figure 2b) where they contain a defined
protective cuticle and further develop into male and female adults [52] (Figure 2c). Where adult

4



male worm is usually 10- 20 mm long and has a blunt anterior end and well-defined bursa region at

the end of the posterior end. Whereas adult female worms are 18- 30 mm long and have a sharp

anterior end and no bursa region at the posterior end but have a vulvar flap in the middle of the body

of the worm (Figure 3a-e).
oW

Figure 2. Different life stages of H. contortus are defined, (a) egg, (b) larvae or L3 stage, and (c)

adult

Figure 3. Morphology of H. contortus adult male
and female worm, isolated from sheep, a. anterior
end, b, bursa region of males, c, posterior end of
the female worm, d, Vulvar flap, and e, capsule-
shaped anterior end.

H. contortus female worms may produce a
huge number of the egg of approximately 5000-
15000 eggs per worm and usually prefer warm or
moderate weather to develop [53]. These eggs
come out of the body of the infected host through
the anal route and then develop into the L1 stage
and juvenile stage under 24- 29 °C temperature.
Then during the grazing process, small ruminants,

goats, and sheep get infected with L3 staged larvae.

These larvae travel to the abomasum of the host and grow into L4 (preadult larvae) and further

develop into adult male and female worms, feed on blood, mate, and live inside the abomasum

(Figure 4) [51, 54].
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Figure 4. The life cycle of H. contortus, the parasitic nematode is described here, where eggs come
out of the infected host through feces and develop into L2 larvae in the soil which then mature into
L3 in the soil environment and further get transmitted to ruminants while grazing and develop into
adult male and female worms inside the body (abomasum) of the host.

These parasites can survive in various conditions, where larval or L3 parasites can live in
extreme heat, cold or inside host to develop into an adult [55]. H. contortus infection in blood has
also been reported in many animals including goats, sheep, rabbits, humans, etc. causing
inflammation and immune-modulation [56]. Very selective targeted diagnostic techniques which are
used to track anemia and fecal egg count to estimate adult worm burdens infections, fecal flotation
assay, and fluorescein-labeled peanut lectin staining test to specifically identify H. contortus from
other trichostrongyle parasites [57]. The treatment of H. contortus infection involves the usage of
various antihelminthic drugs, albendazole, ivermectin, and medical treatments such as blood
transfusions and supportive care.

But resistance has been developed against all the antihelminthic drugs [58]. At present, there
are only a handful of drugs available (like benzimidazole, imidazothiazole, and ivermectin) for the
helminth treatment, and the development of chemoresistance is a major challenge of this field [59].
In 1964 the first report of chemo-resistance in H. contortus came against benzimidazole drug [60].
After that few more reports were published reporting the resistance against different antihelminthic

drugs. In 1983 Cawthorne and Whitehead were reported the resistance for inhibition of microtubule
6



polymerization by benzimidazole in the H. contortus [61]. Moreover, in 1979 Sangster has reported
the development of the resistance against imidazothiazole [62]. Gill, (1996) first-ever reported
resistance to albendazole in parasites [63]. Further, Hoti (2009), Ram (2007) reported the resistance
in presently available drugs (Albendazole, Levamisole, Fenbendazole, etc.) [63, 64]. Due to
overdosing or treatment frequency of antihelminthic drugs various side effects have arisen, such as
nausea, vomiting, headache, diarrhea and skin rashes etc.

Host defense can act through nonspecific mechanisms of resistance and specific immune
responses. Antibody-mediated, cellular, and inflammatory mechanisms all contribute to resistance.
However, many worms successfully avoid host defenses in a variety of ways and can survive in the
face of otherwise effective host responses. Prevalence of infection, shortage of drugs, undesired side
effects, and increasing resistance against existing drugs bring us a situation of the urgent need for

new drugs.



CHAPTER 1

A literature review



The parasitic helminthic infection is among the major Neglected Tropical Diseases (NTDs)
identified by the WHO as a focus for research and control [64]. Soil-transmitted helminthiasis is
caused by infections with the nematodes including A. lumbricoides, N. americanus, A. duodenale, T.
trichiura, H. contortus, T. canis, T. solium, and H. nana, etc. An estimated 5.3 billion people are at
risk, while 1.5 billion are infected with at least one of the soil-transmitted helminths [65]. Prevalence
of infection is high in Asia, followed by sub-Saharan Africa and Latin America. Infected people
predominantly live in poor conditions in the least developed countries, where households lack
adequate facilities such as clean water, hygiene, and social awareness. Despite the huge burden large-
scale control is still lacking behind the required [66, 67]. In 2001, WHO started various programs and
strategies to control soil-transmitted infection in preschool and school-aged children and pregnant
and lactating mothers, and in 2018, about 676 million children were treated with various
antihelminthic drugs in endemic countries. Moreover, WHO has taken a mission to reduce the
prevalence of moderate and heavy infections with soil-transmitted helminths in preschool and school-
aged children to below 1% by 2030 [68-70]. To achieve this target school children received regular
treatment of preventive chemotherapeutic drugs such as albendazole, mebendazole, levamisole,

pyrantel, and ivermectin [65].

1.1 Clinically available antihelminthic drugs in practice
The recommended doses for the drugs are as follows;

e Albendazole: A single dose of around 400 mg is given to infected adult patients and is the
same effect as mebendazole [71].

e Mebendazole: (100 mg for 3 days or 500 mg as a single dose). The high infection causes
adverse effects which give several symptoms like an infection in the Gl tract, headache,
and leucopenia [72].

e Levamisole: (150 mg for adults and 5 mg/kg for children) is recommended safe and is
effective in 77 % to 96 % of cases of Ascaris [73].

e Pyrantel pamoate: (11 mg/kg to a maximum of 1 g) is recommended as a single dose.
Adverse infection effects include Gl tract infection, headaches, rashes, and fever. Parasite
immobilization and death are seen, although it happens slowly. Complete clearance of
worms may take up to 3 days [74].

Ivermectin: This medicine causes paralysis to adult worms but is not generally used [75].
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1.1.1 Albendazole

Albendazole belongs to the group of Benzimidazole, also

S H
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N Robert J. Gyurik and Vassilios J. Theodorides and handed
to SmithKline Corporation for production [77]. This drug was first introduced to treat helminthic

0]

}‘O/ known as ‘Albendazolum’ is commonly used for the
N treatment of intestinal infestations [76]. It was invented by
H

infection in sheep in 1977 and then got approved for human parasitic treatment in 1982 by FDA
[78]. It is currently used for treating various diseases as well such as filariasis, hydatid disease,
ascariasis, trichuriasis, and neurocysticercosis, etc [79]. Albendazole is administered orally and has a
half-life in blood of around 8- 12 h [80].

The mechanism of action of albendazole involves degenerative alterations inside the body of
the intestinal worms [81]. This drug binds to the PB-tubulin of helminths and inhibits the
polymerization into microtubules (Figure 5). Treatment with albendazole also disrupts cell motility
and shape and intracellular transport. A single dose of albendazole is around 400 mg in adults and in
children it consisting of a single dose of 10 mg/kg of bodyweight for children [79, 82]. For
ruminants and cattle, 2500 mg/kg of body weight is given to the infected host but its overdose or
regular use causes headaches, lethargy, anorexia, anemia, nausea, abdominal pain, bone marrow

suppression, and liver inflammation [83].

Tubulin Microtubule Tubulin
dimers dimers

8

8 g 8
8

»8 88508 &

Albendazole
blocks assembly

Figure 5. The mechanism of action of Albendazole is described here, where they are attached to the

B tubulin and inhibit the polymerization (here red dot denotes binding of albendazole).
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Albendazole is commonly prescribed for the treatment of parasitic infection in cattle and
sheep but sometimes it is also found useful in the treatment of dogs, cats, birds, and pigs, etc. But
therapeutic resistance has been reported due to intensive use of the drug. Gill in 1996 first-ever
reported the albendazole resistance in sheep in India [84]. Then, Miller, 1996 showed the resistance
in albendazole treatment against H. contortus in small ruminants [85]. Horton, 2000 explored the
resistance in the efficiency of albendazole in humans to treat T. trichuriasis parasitic infection [79].
In 2016, Ramos reported the resistance against gastrointestinal worms in Brazil [86], and in 2018,
Rashid reported the resistance in the same in Australia [87]. Moreover, Coles, 2006 detected the
resistance in albendazole against in vivo assay of fecal egg count FEC, larval and adult stage of
tapeworms using PCR technique [88]. In 2000, Jackson developed the resistance in nematodes
against albendazole in sheep which further affected the non-sustainability of farming in tropical and
temperate regions of the United Kingdom and Europe [89]. Taylor in 2002, developed few methods
to measure the efficacy of antihelminthic resistance, FEC, larval developmental test, egg hatch
assay, etc [61]. Kaplan in 2002 reported the resistance of albendazole in nematodes of horses i.e.,
Strongylus vulgaris [90]. The understanding of the resistance among the drug in parasites is crucial
but a few measures listed below may be a cause of albendazole resistance.

e Treatment frequency: Where scientist suggests only 1-2 albendazole treatment per
year, cattle were treated 10-15 treatments per year.

e Overdosing

e Underdosing

e Mass prophylactic

e The single-drug regime

e Transmission of resistance

In 2019, Hodgkinson showed antihelminthic resistance in the process to alleviate the threat
to global food- security [91]. Ceballos in 2019 discovered egg hatch assay to be useful to measure
the albendazole resistance in Fasciola hepatica [92]. Therefore, certain combinations with
albendazole were designed such as with ivermectin, doramectin, pyrantel, etc. to overcome the
problem of resistance. But these combinations also failed and resistance developed against newly
synthesized drugs. Borgsteede, 2007 reported the resistance against albendazole and doramectin

combination [93]. Entrocasso, 2008 reported the resistance against albendazole and ivermectin
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combination drugs [94]. Moreover, Patel in 2019 showed the resistance of ivermectin and

albendazole combination against T. trichiura in school-aged children [95]. In addition to that,

Namara in 2004 reported that when albendazole is given to infected lactating mothers then 1.5 % (of

the total 400 mg) of albendazole gets mixed into the breast milk which results in malnutrition and
poor growth [96-98].

1.1.2 Mebendazole
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Mebendazole, derived from Benzimidazole, is commonly used
to treat parasites [99]. It was designed by Jansen
Pharmaceuticals, Belgium, and came into use in 1971 [100].

Mebendazole is usually used to treat antihelminthic infestation,

hookworm, whipworm, pinworm, guinea worm, and sometimes used as an anti-cancer drug in

chemotherapy as well [101]. This drug is administered orally and has a half-life of 3- 6 h and 5- 10 %

of the drug gets excreted through urine [102]. Mebendazole is usually used for a mild infection and is

poorly absorbed in the bloodstream. This drug is highly effective in treating the larval and egg staged

infections of the worm along with the adults. The prescribed dose of mebendazole by the FDA is 100

mg for 3days or 500mg as a single dose in adults and 10mg/kg body weight to infants [103].

Mebendazole has nearly the same mechanism of action as albendazole. It inhibits the

polymerization of microtubules and the binding of B- tubulin [104]. This drug is usually well

tolerated but sometimes it causes side effects that include vomiting, diarrhea, and headache, and
hair loss [105].

Further due to some ongoing factors a resistance has been developed against mebendazole. The

hypothetical mechanism of resistance of mebendazole is due to increasing changes in B- tubulin

protein, which further reduced the binding of - tubulin with mebendazole [106]. The reasons for

resistance are not exactly known but a few are listed below.

Treatment frequency

Overdosing
Underdosing
Mass prophylactic
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e The single-drug regime

Due to increasing resistance, various treatment failures have been observed. Kelly in 1979
reported the resistance to treat T. colubriformis [107]. Clercq, 1997 reported the failure of
mebendazole to treat human hookworm infestation [108]. Then Yadav in 1995 reported the multiple
drug resistance in H. contortus of Sheep in India [109]. Bordes in 2020 showed the resistance in
mebendazole combination with eprinomectin for the treatment of H. contortus in France [110].
Claerebout, 2020 reported the resistance in a combination of mebendazole and ivermectin in sheep
in Belgium [111]. Moreover, Wang in 2020 reported the chemoresistant in T-cells for the treatment
of leukemia cells [112]. Thus, to control the efficacy of parasites due to mebendazole resistance, an
urgent need has arisen to design new drugs with new formulations that could easily treat the rapidly

increasing helminthic infestation.

1.1.3 Levamisole

Levamisole is commonly used for helminthic infestations,

~ N usually, ascariasis and hookworm infection, and part of it have

CT:' also been used to treat skin infections, leprosy, ulcers, cancer,

N and nephritic syndrome in children [113]. It is administered

orally and has a half-life of 3-4 h and 70 % of the drug is
excreted through urine only [102]. This drug was discovered by Jansen Pharmaceuticals in 1966 and
got listed as an essential drug by WHO [100]. But serious side effects have been reported due to
various factors against levamisole, which includes vomiting, abdominal pain, skin rashes, febrile
illness, headache and sometimes causes liver toxicity. The mechanism of action of levamisole
involves that it binds to the L- subtype of nicotine acetylcholine receptors in parasite muscles and
further reduces the capability of males to reproduce muscles [114]. The effective dose recommended
by the FDA for the treatment of parasitic infection is 150mg for adults and 5 mg/kg for children
[115].

Due to various changes in animal species and humans, resistance has been developed against
levamisole. This may be due to a reduction in the number of receptors that bind with levamisole.
Lewis in 1980 reported the resistance in C. elegans [116]. Becerra-Nava in 2014 first-ever reported
the resistance of levamisole in gastrointestinal nematodes in Mexico [117]. Then Barrere, 2014

showed the resistance in H. contortus adult and larval stages [118]. Moreover, Hu in 2009
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discovered the resistance in levamisole and pyrantel combination [118]. Ruffell in 2018 and Santos
in 2019 reported the resistance in H. contortus [119, 120].

1.1.4 Pyrantel pamoate

0 Pyrantel pamoate is a class of drugs used to treat
OG DHOH Nl/j gastrointestinal parasitic infections [121]. It is usually used
oH {Sy7s7 w7l to treat pinworm, - hookworm, - trichostrongyliasis, and
S
CO OH roundworm infestations [122]. Pyrantel is administered
o

orally and has a half-life of 6- 8 h [123]. The drug was
developed in 1965 and acts by depolarizing the neuromuscular [124]. The recommendation of
pyrantel by the FDA is 11 mg/kg to a maximum of 1 g [125]. This drug causes paralysis in
helminths and is poorly absorbed in the intestine of the host [105]. Overdose or frequent treatment
causes various side effects of the drug such as dizziness, vomiting, diarrhea, abdominal cramps,
nausea, loss of appetite and headache, etc [126].

Due to various factors, resistance has been developed against pyrantel and its various
combinations with other drugs. Kaplan, 2002 and 2012 reported the resistance of drugs in
nematodes of horses [58, 90]. In 2012, Himmelstjerna reported the resistance in equine parasites in
horses [127]. In 2015, Lawson showed resistance in the treatment of parasitic infection in donkeys
in the United Kingdom [128]. Moreover, in 2011 Nareaho showed resistance against the
combination of ivermectin and pyrantel in strongyle infections in Finland [129]. Bodecek in 2018
discovered the resistance in avermectin and pyrantel combination against cyathostomina and
ascarids in horses [130]. In 2010, Ihler reported the resistance in Oesophagostumum spp. in Nordic
countries [131]. In 2013, Sarai reported the resistance in H. contortus, Trichostrongylus
colubriformis, and Teladorsagia circumcincta worms against levamisole and pyrantel in Australia
[132].

1.1.5 Ivermectin

= lvermectin is an FDA-approved, most common drug used for
po. 1 b o L\b/\l,o_..?/j/ the treatment of helminths, heart diseases, skin, and vision
O,E/.go],_._l 1 ﬁ} >

! : N

problems [133]. Moreover, some scientists have also reported

(/LCI?H/? I the use of ivermectin in treating COVID-19 [134]. It belongs
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to the family avermectin and is synthesized by the mixture of two avermectin B1 derivatives
[135]. Ivermectin was discovered by Campbell and started its medical use in 1981 and has a half-
life of 18 h inside the body of the host [136]. This drug has the least excretion <1% in urine and
has the longest absorbance than other antihelminthic drugs [137]. The mechanism of action of
ivermectin involves the hyperpolarization and increased flow of chloride channels in cell
membranes [138]. Ivermectin is unable to cross the blood-brain barrier due to the presence of P-
glycoprotein thus it is unable to treat parasites within the brain and spinal cord [139]. According to
WHO, ivermectin is the best available drug to treat onchocerciasis. Ivermectin is administered
orally and a dose has 150 to 200 pg/kg body weight [140]. Due to frequent treatment resistance
has developed in nematode parasites. The resistance mechanism involved mutation in P-
glycoprotein and acts as a transporter in the membrane which pumps the drug inside the cell [141].
Dent in 2000 showed the resistance in C. elegans due to mutation in Avr-14, avr-15, and GLC-1
genes [142]. In 2004, Currie reported the in vitro and in vivo resistance in Sarcoptes scabiei [143].
Redman in 2012, reported the resistance in H. contortus population in humans [144]. Waghorn in
2016 reported the resistance in Ostertagia ostertagi against ivermectin in cattle in New Zealand
[145] and Gall in 2018 reported resistance in Rhipicephalus (Boophilus) microplus in cattle [145].
Thus, due to increasing resistance in ivermectin, a need will be emerged in the future to develop a

new drug for the treatment of parasitic nematodes.

1.2 Antihelminthic drugs under development

Several reports of treatment failures of human schistosomes and nematodes have been
reported [106]. Partial or complete resistance has been frequently seen against drugs of
benzimidazole (BZ) group because of their similar action mechanisms control of benzimidazole
resistant parasites by levamisole can be expected because of its different action mode [146].
Nematodes resistant to levamisole are cross-resistant to morantel because of the similarities of their
action mechanisms. The global increase in antihelminthic single or multidrug-resistant worms in
humans and animals is a major health and economic concern. Despite intensive research,
anthelmintic resistance mechanisms are not fully been understood yet [147]. Therefore, the
development of new drugs/formulations and understanding of the mechanism of action of drugs is in
prime demand to overcome the present situation.

It should first be noted that the complete cure of hookworm infection (and most other

helminth infections for that matter is usually not achieved with any drug. Depending on the dosage
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and the coprological method applied (with lack of standardization and control methods being a
noteworthy problem), cure rates as low as 61% (400 mg) and 67% (800 mg) for albendazole, 0%
(single dose) and 23% (repeated dose) for levamisole, 30% (single) and 37% (repeated) for pyrantel
pamoate, 27% for thiabendazole, 19% (single) and 45% (repeated) for mebendazole have been
reported [148, 149]. Thus, at least some hookworm populations and immature stage show some
degree of (innate) tolerance to at least one of the drugs currently in use. The different susceptibilities
of the two species A. duodenale and N. americanus are well established. Most probably, the degree
of tolerance varies regionally, even locally, within a species and some of the encysted parasites
(hypobiotic larvae) may not be impacted by drug use [150].

Depending on local epidemiology, availability, and cost, these drugs have been widely
available in most health care systems for the curative treatment of clinical cases for many years.
Also, the use of anthelmintics is now being strongly advocated in a preventive, population-based

way as well [151].

1.2.1 Plant extract

The use of natural resources to treat various communicable and non-communicable diseases
is a practice from pre-historical ages [152]. Various herbal formulations are derived from chamomile,
nettle, shatavari, garcinia, neem, karela, pippali, ashwagandha, ajwain, fenugreek, wormwood, etc.,
are documented in Indian, Chinese, Vietnamese, and African traditional medicine [153, 154]. These
herbal formulations are rich in various secondary metabolites, including various polyphenolic
compounds like alkaloids, flavonoids, tannins, etc., which are documented to have antihelminthic
activity [155]. Despite the prevalence of helminthic infections, scarcity of medication, and profound
documentation of traditional medicines, only a handful of those natural resources have ever been
explored for their potential in modern medicine.

Eguale et al. (2011) performed in vitro antihelminthic activity using hydro-alcoholic and
aqueous extracts of Coriandrum sativum seeds for the investigation of inhibition of egg hatch and
growth in the adult stage [156]. Maciel et al. (2006) used the ethanol extract of the leaf and seed of
Melia azedarach plant on H. contortus larval growth inhibition and egg hatching to confirm its
antihelmintic activity [157]. Pessoa et al. (2002) used H. contortus eggs for checking Ocimum
gratissimum antihelminthic activity on the development of larva from eggs [158], whereas Tomar
and Preet (2017) synthesized silver nanoparticles using Azadirachta indica, an aqueous extract, to

analyze the antihelminthic activity against H. contortus [159]. Kumara Singha et al. (2016)
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performed antihelminthic activity on H. contortus using various ethnomedicinal plants like Lansium
domesticum, Linariantha bicolor, and Tetracera akara [160]. Ahmed et al. (2020) used traditional
medicinal plants like Artemisia herba-aba and Punica grantum to study the antihelminthic activity of
H. contortus worms [161]. Moreover, Zenebe et al. (2017) studied the in vitro antihelminthic activity
of gastrointestinal worms with the crude extracts of Cissus quadrangularis and Schinus molle [162].

In India (described in the Atharva Veda) herbs are being used as a traditional medicine from
1500 BC, and in China, the use of herbs for therapeutics is as old as 2700 BC (described in Neijing
Sawan). In the present day, almost 90% of the rural population depends on herbal medicines in
developing countries [163]. The use of herbs in therapeutics is becoming very popular and accounts
for a trade of US$ 85 billion annually worldwide which is expected to grow to U$ 117 billion by
2024. Several medicinal plant-based treatments with Allium sativum, A. cepa, and Mentha arvensis
species came into consideration for the development of new drugs to control gastrointestinal
parasitism [164-168]. Many seed oils such as pomegranate oil, grape oil, carvacrol, eugenol, cumin
oil had been reported to show their antihelminthic activities [169-173]. But some essential oils may
be toxic and highly volatile for example, Mentha arvensis and Chysanthemum zawadzki may cause
even mortality to the treated livestock [174-178]. Tanaka et al., 2002 isolated different onoceranoid
triterpenes and studied their toxicity against brine shrimp [179]. Ruhisha and Choudhury, 2017
showed the presence of different phytochemicals using various plant extracts [180]. Potipiranun et
al., 2018 showed the isolation of different plant compounds from the ethyl acetate extract and studied
its activity against maltase [181]. Moreover, Ramadhan et al., 2018 showed the antioxidant activity
and a-glucosidase effect with different compounds isolated from Lansium [182].

Plant-based drugs have created a keen interest among the scientist to control gastrointestinal
parasites [183]. This is due to emerging antihelminthic resistance in the nematode population and
growing concern about the presence of drug residues in animal products [184]. The parasitic helminth
infection is mostly found in countries with poor hygiene and low economy [185]. Therefore,
antihelminthic treatment remained a challenge for companies due to low cost-effectiveness.
Antihelminthic should be used in the majority of treatments where very scarce clinical support is
being found. From the last couple of decades, chemoresistance has been developed among the
presently available albendazole, benzimidazole, and ivermectin [186]. However, a large number of
plants-based treatments are available for parasitic infections but new potential plants are highly
needed to overcome the increasing efficacy of helminths. Moreover, more mechanistic studies are

also required to unravel the novel mechanisms of active principles.
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1.2.2 Pure compounds

Different pure compounds (natural or synthetic) have also been reported for their
antihelminthic activity [163]. Fei in 2018 reported the antiparasitic activity in Ascaris suum and
Trichuris suis when treated with lactone antibiotics [187]. Setoguchi, 2012 reported the
antihelminthic activity of phenylureido against Ascaris spp. [188]. Xu in 2020 explored the
antiparasitic activity of Radicicol, a lead compound, against praziquantel resistant Schistosoma
japonicum [189]. Pereira in 2020 and Probst in 2020 showed the antischistosomal activity with
aurone derivatives, a type of flavonoids, and phenylethanolamine derivatives, respectively against
the larval stage and adult worms of S. mansoni [190, 191]. Rehman in 2020 reported the antiparasitic
activity against adult F. gigantica worms and In 2016, Miyasaka showed the antihelminthic activity
against C. elegans when treated with curcumin [192, 193]. Lam in 2018 explored the antihelminthic
activity with Artemisinin against Schistosoma spp. in both humans and animals [194]. In 2014, Bah
explored the antiparasitic activity with oxytetracycline against Onchocerciasis, caused by filarial
nematode [195]. Nixon in 2019 showed the antihelminthic activity with antitrypanosomal
diarylamidines, diminazene, and pentamidine against H. contortus worms [196]. In 2020, Dar
explored the potential of sodium stibogluconate with ketoconazole for the treatment of leishmaniasis
[197]. In 2009, Verma showed treatment of the benzimidazole and avermectins resistance in A. suum
using neuropeptide (AF2) [189].

Tannins derived from diverse plant sources show high toxicity against anthelmintic effects.
Williams in 2014 showed the treatment of Oesophagostomum dentatum, a parasite affecting the pigs
using naturally extracted tannins [198]. Quijada in 2015 reported the treatment of H. contortus larval
and adult stage using plant-derived tannin, prodelphinidins [199]. In 2017, Fomum showed the in
vitro treatment of nematodes using alkaloids and tannins extracted from Crinum macowanii,
Gunnera perpensa, Nicotiana tabacum, Sarcostema viminale, Vernonia amygdalina, Zingiber
officinale, and Zizyphus mucronate [200]. Moreover, Assefa in 2017 published the report on the
treatment of larval and adult stages of H. contortus using condensed tannins extracted from
Balanites aegyptiaca, Tamarindus indica, and Celtis toka [201]. Despite the ongoing treatments
with pure compounds, the mechanism of action is still unknown therefore, new research aims to
develop drugs for the treatment of human and animal parasitic worms and study their mode of the

mechanism of action.
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1.2.3 Nanoparticles

According to popular belief, green synthesized nanoparticles give an advantage over
chemically synthesized nanoparticles using reduction of toxicity and use of hazardous chemicals
[202]. A variety of green nanoparticles with well-defined chemical composition, size, and
morphology have been synthesized by different methods and their applications in many cutting-edge
technological areas have been explored in recent days. All though the efficiency of nanoformulation
for their antihelminthic activity has never been explored, various new reports are coming up
showing potential benefits/ toxicity of nanoformulation against various pathogenic organisms and
vectors such as moths, beetles, lice, mosquitoes [203, 204].

Furthermore, the recent advancement of nanotechnology in the field of healthcare came up
with new hope for the management of infectious diseases like helminth infections. Rashid et al.
(2016) performed antihelminthic activity using Momordica charantia-coated silver nanoparticles
against gastrointestinal worms [205]. Shakir et al. (2015) used cadmium-coated nanoparticles and
observed the antiworm for parasitic worms [206]. Kar et al. (2014) used Nigrospora oryzae-coated
gold nanoparticles to check the antihelminthic activity of cestodes [207]. Barbosa et al. (2019)
showed the nematicide activity of silver nanoparticles coated with Duddingtonia flagrans on the
larval stage of A. caninum [208]. André et al. (2020) performed antihelminthic activity on the adult
stage of H. contortus using carvacrol-coated chitosan nanoparticles [209]. Ejaz et al. (2017) used
Artemisia vulgaris reduced silver nanoparticles to check the anti-worm effect on various nematodes
[210]. Rehman et al. (2019) used silver nanoparticles coated with Tribulus terrestris to observe the
antihelminthic activity of flukes [193]. Preet and Tomar (2017) bio-fabricated silver nanoparticles
using Ziziphus jujube for in vitro adulticidal and egg hatch assay for the same worm [211].

Therefore, in this work, we would like to explore the potential of natural resources, synthetic
drugs, and their nano-formulation for antihelminthic activity against parasitic worms. Based on the
above research gaps and resistance to drugs against the antihelminthic activity, this project proposal
aims to develop new drugs from various types of medicinal plant extracts, nano-based formulations,
and various synthetic compounds and study its antihelminthic activity. The research aims to develop
drugs for the treatment of human and animal parasitic worms and study their mode of the

mechanism of action.
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CHAPTER 2
Materials and Methods
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2.1.  Synthesis of Plant aqueous protected silver nanoparticles (AgNPs)

2.1.1 Materials
AgNO3z was procured from Sigma Aldrich, USA. RPMI, DMEM, Antibiotics, Fetal bovine
serum was purchased from Himedia Ltd., India. All other reagents were of analytical grade were

purchased from Loba Chemie, India.

2.1.2. Collection and preparation of Lansium parasiticum silver nanoparticles (LAgNPSs)

Fresh fruits of ‘Latka’ were collected during June and July from the local market of
foothills of eastern-Himalaya. The fruits were washed several times in water and then the cover of
the fruits, pulps, and seeds was separated from each other and was oven-dried for 8-10 days at 60
°C. Dried tissues were grounded into powder and stored at room temperature in air containers for
further use.

3 gm of the dried pulp plant powder was boiled in 100 ml distilled water for 60 mins. The
aqueous L. parasiticum extract (ALE) was then cooled and filtered using Whatman filter paper
No.1 and stored at 4 °C for future use. LAgNPs synthesis was carried out by using ALE as a
reducing and capping agent. For the preparation of nanoparticles, 240 uM AgNOz was added
dropwise in 5000 ul of ALE (pH 7.0) and was kept under sharp sunlight in slow starring conditions
for 30 minutes for the reduction of Ag* ions into Ag°.

2.1.3. Preparation of Leaf Extract of Selaginella moellendorffii (SAgNPs)

The Selaginella moellendorffii plant was collected from the forests of Kasauli (H.P). The
leaves were washed thoroughly with tap water and distilled water 2-3 times and dried at room
temperature at 37 °C overnight. Nearly 3 gms of the dried leaves were suspended in 100 ml
distilled water and boiled in a water bath at 60 °C for about 60 min or till the color of the extract
changed to yellow. The extract was filtered using Whatman filter paper No.1 and a clear solution
was obtained and then refrigerated at 4 °C for further experiments. Sterile conditions were

maintained throughout the experiment against contamination.
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2.1.4 Physical Characterization of AgNPs

Thus formed AgNPs were characterized using surface plasmon resonance (SPR) pattern
under UV- vis spectra ranging from 300-700 nm using Specord 205 spectrophotometers. The
average hydrodynamic diameter and stability of biogenic AgNPs were determined using dynamic
light scattering (DLS) and Zeta potential studies by Microtrac's DLS model Nanotrac. Shape and
size were examined by transmission electron microscopy (TEM) using JEOL-2100, JEM USA.
Fourier Transform Infrared Spectroscopy (FTIR) analysis of AgNPs and ALE was done to find out
the possible functional groups of biomolecules involved in AgNPs protection and was recorded
using Agilent Resolution Pro-carry 660.

2.2 Toxicity profiling of LAgNPs and SAgNPs on normal human cells

Human embryonic kidney cancer cells HEK239 were maintained and test cultured in the
DMEM (Dulbecco's Modified Eagle Medium) medium supplemented within 10% fetal bovine
serum in presence of 5% CO, at 37 °C. The cells were seeded in 96 well plates and treated with
LAgNPs and SAgNPs at ~70 % confluence for 24 h. After treatment 2 pM; MTT (3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyl tetrazolium bromide) solution was added and incubated for 3 h
at 37 °C. The final results were then observed by dissolving formazan crystals in DMSO (Dimethyl
sulfoxide) and measuring the absorption at 570 nm [212, 213].

2.3 Collection of H. contortus

Adult H. contortus were isolated from the abomasa of infected ruminants. After collecting
the infected abomasa from the slaughterhouses from Ludhiana, Punjab, India, they were readily
washed thoroughly with running water to remove unwanted contaminating material. Further, the
abomasum was dissected and the content was washed with the sieve and parasitic helminths were
identified and picked with a fine brush and immediately transferred to 1X phosphate buffer saline
(PBS) at pH 7.4 and identified [214].

2.3.1 Isolation of eggs of H. contortus
The eggs of H. contortus were retrieved from the female worms isolated from the abomasa
of the infected goat from the slaughterhouse. Female worms separated based on morphological

characteristics and were washed with a 1X PBS. Then centrifugation for 15 min at 11,000 x g was
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done to collect the selected worms. The process was repeated twice with fresh sterile saturated salt
solution and the topmost fluid containing eggs was collected. Finally, a suspension was diluted in
1ml of 1X PBS to obtain a concentration of 200 eggs/ml using the McMaster technique [215] and
stored at 4 °C for further use.

2.3.2 Harvesting L-3 Larvae of H. contortus

The Larval (L-3) stage of H. contortus was isolated from positive fecal samples of infected
ruminants after its culture over a week. The eggs isolated from the female worms of H. contortus
were also cultured for collecting L3 larvae. In a nutshell, the fecal samples were mixed with sterile
0.8% saline and slightly homogenized to obtain adequate oxygenation to promote better hatching
of the eggs. The fecal cultures were then incubated for 7 days at 25 °C temperature in dark with
regular water supplementation to avoid drying. Thereafter the infective larvae containing saline
water were collected from fecal effluent and stored at 4 °C for further use. The L3 larvae of H.
contortus were cleaned before drug treatment by centrifugation by adding 0.2 % sodium
hypochlorite to remove adherent bacteria. Finally, they were used in the in vitro bioassays for
larval mortality [216].

2.3.3 Adult mortality assay (AMA)

Mortality assay of H. contortus adults was performed by taking 15 male and 15 female worms
each, in 35 mm culture plates in presence of various concentrations of LAgNPs (15.8, 31.7, 63.5
and 158.7 nM), SAgNPs (24.7, 49.5, 123 and 247.5 nM), CA (37, 74, 185, 370 and 740 pg/ml/ 0.2,
0.5, 1, 2.5 and 5 mM) and quercetin (0.125, 0.2, 0.5, 1 and 2 mM) against RPMI media and Alb
(500 pg/ml) for 24 h in 1X RPMI (Roswell Park Memorial Institute- 1640, Lot: 98H83171) media.
After the incubation, direct microscopic counting (at 40X magnification) was done for mobility
(for 60 secs), response to physical stimuli, and morphology to monitor the mortality of the worms.
The observations were made at regular time intervals (0, 1, 3, 6, 12, and 24 h). The paralysis of
worms was observed when there was no visual movement at room temperature (37 °C) after
moderate agitation. Further death of worms was confirmed by observing the response to heat shock
at 50 °C in 0.8% saline for 10 secs. Thereafter, Lugol's staining was performed to check the
morphological changes [217]. Results were represented as an average of 3 independent

experiments.
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2.3.4 Larval mortality assay (L3)

In vitro mortality test of H. contortus larvae (L3) was performed by taking larvae
(Approximately 25- 30) in 200 pl of RPMI medium in 96 well plates in presence of various
concentrations of LAgNPs (15.8, 31.7, 63.5 and 158.7 nM), SAgNPs (24.7, 49.5, 123 and
247.5nM), CA (37, 74, 185, 370 and 740 pg/ml) and quercetin (0.125, 0.2, 0.5, 1 and 2mM) and
Alb (500 pg/ml) for 24 h. After the incubation, direct microscopic examination (at 40X
magnification) was done for mobility (for 20 secs), response to physical stimuli, and morphology
to monitor the mortality of the worms. Motile and spread larvae were considered as live otherwise
considered as dead. Thereafter, Lugol's staining was performed to check the morphological
changes. Results were represented as an average of 3 independent experiments. The mortality
percentage of larvae L3 (% ML3) was calculated by the following formula (i):

% ML3 = [(number L3 dead/ (humber of L3 dead + number of live L3)]* 100 0]

2.3.5 Egg hatch inhibition assay (EHA)

The inhibition of the hatching of eggs is very important for an effective antihelminthic
compound. Egg suspension (1 ml) containing nearly 200 eggs was placed into 24 well microtiter
plates, subsequently, to check the inhibition efficiency of drugs, eggs were treated at different
concentrations of LAgNPs (15.8, 31.7, 63.5, and 158.7 nM), SAgNPs (24.7, 49.5, 123 and
247.5nM), CA (37, 74, 185, 370 and 740 pg/ml) and Quercetin (0.125, 0.2, 0.5, 1 and 2 mM)
against two controls, one positive with 500 pg/ml of Alb and another negative with RPMI media.
After the inhibition treatment, the plates were incubated at 28 °C for 48 h. After 48 h, 10 pl of
Lugol’s iodine drop was added for the discontinuation of the process of hatching, and the final
count of the number of eggs hatched or inhibited was obtained under the microscope. Results were
represented as an average of 3 independent experiments. Further, the total larvae that came out in
each well were also counted and the percentage of inhibition (survival) of egg hatching (% EHI)
was determined by the following formula (ii):

% EHI = [(number of larvae/eggs hatched)/ (total number of eggs)] * 100 (i)
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2.4 SEM evaluation for physical damage of H. contortus

The physical damage due to the toxic effect of AgNPs (157.8nM LAgNPs, 247.5 nM
SAgNPs, 370 pg/ml CA and 1mM quercetin) on H. contortus was visualized using scanning
electron microscopy. The helminths were treated with AgNPs and synthetic compounds and with
controls for 12 h and then were washed with 1 X PBS. After washing, control and treated
helminths were dehydrated using ethanol concentration gradients from 50 % to 100 %. After
dehydration, the samples were coated using gold (15 pm) under a specific vacuum condition. The
gold-coated specimens were then observed using an SEM (JEOL JSM 6490LV) at electron
accelerating voltage at 15 (kV).

2.5 Total protein concentration measurement

The concentration of total protein in H. contortus was measured by using the Bradford
method [218]. In short 250 mg of treated helminth tissue samples were homogenized with 500 pl
of RIPA buffer (Radioimmunoprecipitation assay). Protein concentrations were estimated from the
clear supernatant of the homogenized mixture after centrifuging at 10,000 rpm for 15 mins. BSA

(Bovine serum albumin) standard curve was used as a standard.

2.6.1 Generation of oxidative stress by the measurement of reactive oxygen species (ROS) due to
newly synthesized drug stress

The cellular response was confirmed by the stress caused by the newly synthesized drugs
and observed the balance between the production of ROS (free radicals) and antioxidant defenses.
Haemonchus contortus adults (male and female) were treated with different concentrations of
LAgNPs (158.7 nM), SAgNPs (247.5 nM), CA (370 pg/ml), and quercetin (1 mM) for 3 h, and
thereafter different treated parts of the parasite were identified. Sectioning of the particular
identified treated parts was done and further treated with 100 nM of DCFDA (2, 7' -
dichlorofluorescein diacetate) and incubated for 20 min in dark at 37 °C. After incubation samples
were washed with distilled water and fixed in the slide for fluorescent imaging using a Dewinter
fluorescence inverted microscope. Anterior and posterior end (differentiating the male and the
female), and complete body structure was specifically observed to compare the ROS generation of
treated helminths against a set of controls [213, 219, 220].
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2.6.2 Generation of oxidative stress by the measurement of NOS

NOS (Nitric Oxide synthase) mediates the interactions between the reductase and the
oxygenase domains, having several layers of regulation by involving enzymatic activities.
Therefore, the hindrance of superoxide dismutase (SOD), reduction of glutathione, and loss of
other enzymatic activities could allow the increase in reactive oxygen species, which in turn further
improve the toxicity level of nitric oxide synthase. Thus, for nitric oxide generation, adult H.
contortus were treated as before for 3 h and NOS was determined from the total protein content.
Then in 0.05 ml of the above-homogenized sample, 0.1 ml of Greiss reagent was added (prepared
by mixing two stocks a) N (1- naphthyl) ethylenediamine dihydrochloride in distilled water and b)
1% sulfanilamide and 5% orthophosphoric acid, mixing both a and b in 1:1 ratio). After the
addition of the Greiss reagent, the test reaction was incubated at 37 °C and observed
spectrophotometrically at 540 nm at different time points, i.e. 30 min, 6 h, 12 h, and 24 h [221].

2.7 Measurement of antioxidant enzymes activity

During normal metabolic functions, the highly generated free radicals react with the
cellular molecules which induce the oxidative damage defense mechanisms which include the
following: CAT, SOD, GPx, and thiol-specific antioxidants. To monitor the changes the following

estimation were performed;

2.7.1 Estimation of superoxide dismutase activity

After the protein extraction, 25 mg of protein (in 1 ml 1 X PBS) was incubated with 1.4 ml
aliquot of reaction mixture (50 mM phosphate buffer pH 7.4, 20 mM Methionine, 1% (v/v) Triton
X-100, 10 mM Hydroxylamine hydrochloride, 50 mM EDTA) at 37 °C for 5 min. Then 50 uM of
riboflavin was added and exposed to the 200W white fluorescent lamp for 10 min. Thereafter 1 ml
Greiss reagent was added as the final step and absorbance was measured at 543nm [222]. The SOD

activity was determined by using the following equation (iii)

Absorbance x Vol. of assay x Dilution factor

Enzymatic activity = (i)

Vol. of enzyme x Time (in minutes)
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2.7.2 Estimation of catalase activity

Worm protein was extracted as before. Thereafter reaction mixture with 0.2 M; H20-
prepared in phosphate buffer (pH 7) was added to pre-incubated helminth protein 1 ml (25 mg/ml)
along with control. This was followed by the addition of dichromate acetic acid solution (v/v) after
0, 30, 60, 90 secs heating of the above mixture was done for 10 min and color change of the
solutions was monitored measuring absorption at 610 nm against positive control, RPMI media
solutions as negative control and 500 pg/ml Alb [223]. Total enzymatic activity was determined as
before the following equation (iii).

2.7.3 Estimation of glutathione peroxidase activity

The reduction ability of glutathione peroxidase was measured and calculated using 25 mg
of protein extracted from the treated helminths. Then 0.2 ml of Tris buffer, 0.2 ml EDTA and 0.1
ml of sodium azide (NaNs) in 0.5 ml tissue were homogenates. Following this 0.2 ml glutathione
and 0.1 ml of H.O; and incubated at 37 °C for 10 min. Then 0.5 ml trichloroacetic was added and
centrifuged to dissolve the pellet. The supernatant was collected and Na;HPO4 and DTNB (5,5'-
dithio-bis-(2-nitrobenzoic acid) were added and absorbance was observed at 412 nm against

positive and negative controls [224].

2.7.4 Estimation of total glutathione concentration

The oxidative stress was measured directly proportional to the increasing concentration of
test compounds. The reduction of glutathione was calculated using 1.0 ml of 10% tissue
homogenate and was precipitated using 4.0 ml metaphosphoric acid. Precipitation was removed
after centrifugation and 2 ml of supernatant, 2 ml NaHPO4 and 1 ml of DTNB were added and
absorbance was observed at 405 nm against a blank [225].

2.8 Statistical Analysis

Data were presented as the mean of at least five independent experiments. Statistical
analyses of data were conducted in MS Excel. The student’s t-test was performed to compare
between the groups. Measurements were considered statistically significant if the corresponding p-

value was <0.01.
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CHAPTER 3

The antihelminthic activity of medicinal plant extracts
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The use of traditional plant extracts to treat various communicable and non-communicable
diseases is a practice from pre-historical ages. Various plants contain medicinal properties through
which novel formulations are derived such as chamomile, nettle, shatavari, garcinia, neem, karela,
pippali, ashwagandha, ajwain, fenugreek, wormwood, etc., are documented in Indian, Chinese,
Vietnamese, and African traditional medicine. These herbal formulations are rich in various
secondary metabolites; including various polyphenolic compounds like alkaloids, flavonoids,
tannins, etc., which are documented to have antihelminthic activity. Here, Lansium parasiticum
and Selaginella moellendorffii, very commonly known plants are first ever used for the treatment

of helminthic parasites (Table 2).

Table 2. Medicinal plants and their traditional uses

Plant Family Traditional uses Secondary Metabolites Ref
Lansium Meliaceae dysentery and malaria | alkaloids, flavonoids, tannins | [182]
parasiticum
Selaginella Selaginellaceae | bleeding and chronic | phenolic acids, terpenoids, | [226]
moellendorffii inflammation, such as | steroids,

arthritis,  gonorrhea,

hepatitis, and mastitis
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3.1 Aqueous extract of Lansium Parasiticum fruit pulp

Lansium parasiticum also known as ‘latkan’ or ‘latko’ in West Bengal and Burmese grape
worldwide [181, 182]. The tree is found wild or cultivated in the sub-Himalayan tract in eastern
India from Bihar to Arunachal Pradesh and in the lower hills and valleys of Meghalaya, Assam,
Nagaland, Manipur, Mizoram, Tripura, and Orissa, ascending to an altitude of 900 m, and in
Andaman and Nicobar Islands, chiefly in the moist tropical forests [227] (Figure 6).

Latka Burmese grape has been exploited to a very small extent as far as the genotype and
its physicochemical properties are concerned so until now there is very limited literature available
regarding this plant. The different parts of the plant are used in various treatments: bitter seeds can
be pounded and mixed with water to make a deworming and ulcer medication. The bark of the tree
is used to treat dysentery and malaria; the powdered bark can also be used to treat scorpion stings.
The fruit's skin is used to treat diarrhea, and in the Philippines, the dried skin is burned as a
mosquito repellent. The skin, especially of the langsat variety, can be dried and burned as incense
[228].

Figure 6. Fruits of Lansium parasiticum also known as ‘Latkan’ or ‘Latko’ are shown that grow

usually in temperate regions and are known as Burmese grape worldwide.

3.1.1 Preliminary Phytochemical assay of Lansium parasiticum

Various plant extracts (hexane, chloroform, ethyl acetate, methanol, and aqueous) are tested for the
presence of different phytochemicals. Following tests are performed for the phytochemical essay
(Table 3 and 4).
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Test for Alkaloids- The extract was dissolved in dilute HCI separately, filtered and filtrates were
tested for the presence of alkaloids.

. Mayer’s test- The filtrates were treated with a few drops of Mayer’s reagent (2 gm I> + 6
gm Kl in 100 ml H2O). The formation of yellow-colored precipitates confirmed the presence of
alkaloids.

. Wagner’s test- The filtrates were treated with a few drops of Wagner’s reagent (1.36 gm
HgCl> + 5 gm KI in 100 ml H20). The formation of reddish/brown precipitates indicates the
presence of alkaloids.

Test for Carbohydrates- The extract was dissolved in distilled water, filtered and filtrates were
tested for the presence of carbohydrates.
. Benedict’s test- The filtrate was treated with a few drops of benedict’s reagent (10 gm
Na,COsz + 17.3 gm Na3CegHsO7+ 1.7 gm CuSOs). The formation of orange-red precipitates
indicates the presence of carbohydrates.

Test for Flavonoids-

. Alkaline reagent test- Each extract was tested with 2 ml of 1M NaOH. The formation of
intense yellow color which disappears with the addition of an equal amount of acid indicates the
presence of flavonoids.

. Lead acetate test- Each extract was treated with a few drops of lead acetate and the

formation of a yellow precipitate indicates the presence of flavonoids.

Test for Glycosides-

. Modified Borntrager’s test- The extracts were treated with 1-2 ml of FeCls and then heated
over the water bath for 5 minutes. This solution was allowed to cool and then extracted with equal
volumes of benzene. The benzene layer was separated and treated with a few drops of ammonia

solution. Pink coloration indicates the presence of glycoside.

Test for Saponins
. Froth test- The extracts were diluted with distilled water in a graduated cylinder up to 10
ml and this was shaken for 5 minutes. The formation of a foam layer of at least 1 cm indicates the

presence of saponins.
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. Foam test- 2-3 ml of extract was shaken with water in a test tube for 5 minutes. If the foam

persisted for 10 minutes, it indicates the presence of saponins.

Test for Phenols-
. Ferric Chloride test- The extracts were treated with 1-2 ml of FeCls solution. The

formation of bluish-black precipitates indicates the presence of phenols.

Test for Tannins- The extracts were dissolved in 5 ml distilled water for the following tests and
filtered.

. Lead Acetate test- To 1-2 ml of filtrate a few drops of 1% lead acetate were added. The
formation of yellow precipitates infers the presence of tannins.

. FeCls test- To 1-2 ml filtrates, a few drops of 5% FeCls was added. The formation of a

green precipitate indicates the presence of tannins.

Test for Steroids- Each extract was dissolved in 5 ml chloroform and filtered. The filtrate was
analyzed for the presence of steroids.

. Salkowaski’s Test- The filtrate was treated with a few drops of H2SQOs, shaken for a few
minutes, and allowed to stand undisturbed for some time. The appearance of a golden yellow
coloration indicates the presence of steroids.

. Libermann Burchard’s test- The filtrate was treated with a few drops of acetic anhydride.
The solution was boiled and then allowed to cool. To this a few drops of conc. H.SO4 was added.

The appearance of a brown ring at the junction indicates the presence of steroids.

Test for Proteins and Amino Acids-
. Xanthoprotic test- The extracts were treated with a few drops of nitric acid. The appearance

of yellow color indicates the presence of proteins.

Test for Oils and Fats-
. Filter paper test- Different extracts were pressed between filter papers. An oil stain on the

filter paper indicates the presence of oils and fats.
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Table 3. Phytochemical Analysis of fruit pulp extract of L. parasiticum

S. Test Hexane | Chloroform | Petroleum | Ethyl Methanol | Aqueous

No. | Performed Extract | Extract Ether Acetate | Extract Extract
Extract

1 Alkaloids

Mayer’s Test - + + + + +

Wagner’s Test - + + + + +

2. Carbohydrates

Benedict’s Test - + - - + +

3. Flavonoids

Alkaline R. Test - + + - + -

Lead Acetate Test - + + - + -

4. Glycosides

Borntrager’s Test - - - - - -

5. Saponins

Froth Test - - - - + ¥

Foam Test - - - - + +

6. Phenols

FeCls Test - - - + + ¥

7. Tannins

Lead Ac. Test - - - - + +

FeCls Test - - - - + n

8. Steroids

Salkowski Test + + - + - +

Liebermann’s Test + + - + - +

9. Proteins

Xanthoprotic Test - - - - - +

10. | Oils and Fats

Filter Paper Test - - - - + +
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Table 4. Phytochemical composition of the aqueous fruit pulp extract of L. parasiticum.

Phytochemicals Total amount (mg)
Alkaloids 0.64
Flavonoids 2.56
Terpenoids 0.52
Tannins 1.55

3.1.2 Experimental design for collection and treatment of H. contortus worms

Adult H. contortus worms were isolated from the abomasa of infected ruminants. The adult
male and female worms were treated with an aqueous extract of L. parasiticum and compared
against albendazole (Alb) and control (RPMI Media) for 24 h.

The detailed procedure for the paralysis and death time analysis has been discussed in
Chapter 2 (2.3.3).

3.1.3 Results:

Table 5. Paralysis and Death time analysis of ALE on adult H. contortus. Fifteen worms (male and

female) were exposed to ALE and Alb in RPMI media for 24 hr. Death and paralysis of worms
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were analyzed at various time points. The table shows the number of worms affected per culture

plate.
Time of Paralysis Time | Death Time
Exposure (h) Male worms
Control Alb ALE Control Alb ALE

0 - - - - - -
0.5 - - - - - -

1 - - - - - -

3 - - - - - -

6 - - 5+0.5 - - -
12 - - 10£0.5 - - -
24 1 - 12+0.5 - - 0.7+0.7

Female worms

0 - - - - - -
0.5 - - - - - -

1 - - - - - -

3 - - - - - -

6 - - 3+0 - - -
12 - - 5+0.5 - - -
24 - - 8+0.5 - - -
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3.2 Aqueous extract of Selaginella moellendorffii leaf

Pteridophytes are considered as one of the oldest groups of plants that are present on the
earth and they consist of a large group of vascular cryptograms [229]. They have made the group
fascinating because of their position between the lower cryptograms and the higher vascular plants
[229]. They are present in the Coastal and the Himalayan regions of India and they prefer moist
and shady habitats with moderate temperature conditions. Out of 1,200 species of the
Pteridophytes that are present in India, about 170 species are used for medicine, food, oil, dye, bio-
fertilizer, flavor, fiber, and the production of biogas, etc [230].

Selaginella moellendorffii is an ancient plant with vascular lineage which formed the
largest section in the world during the Carboniferous period [231]. These pteridophytes do not

have true leaves and roots but have microphylla instead (Figure 7). Due to the unavailability of

enough knowledge on this plant, very limited research has been done [232].

Figure 7. Leaves of Selaginella moellendorffii belonging to the family Selaginellaceae are shown

above, usually grown in cold regions.

3.2.1 Preliminary Phytochemical assay of Lansium parasiticum

Various plant extracts (hexane, chloroform, ethyl acetate, methanol, and aqueous) are tested for the
presence of different phytochemicals. Following tests are performed for the phytochemical essay
(Table 6).
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Test for Alkaloids- The extract was dissolved in dilute HCI separately, filtered and filtrates were
tested for the presence of alkaloids.

. Mayer’s test- The filtrates were treated with a few drops of Mayer’s reagent (2 gm I> + 6
gm Kl in 100 ml H20). The formation of yellow-colored precipitates confirmed the presence of
alkaloids.

. Wagner’s test- The filtrates were treated with a few drops of Wagner’s reagent (1.36 gm
HgCl> + 5 gm KI in 100 ml H20). The formation of reddish/brown precipitates indicates the
presence of alkaloids.

Test for Flavonoids-

. Alkaline reagent test- Each extract was tested with 2 ml of 1M NaOH. The formation of
intense yellow color which disappears with the addition of an equal amount of acid indicates the
presence of flavonoids.

. Lead acetate test- Each extract was treated with a few drops of lead acetate and the
formation of a yellow precipitate indicates the presence of flavonoids.

Test for Glycosides-

. Modified Borntrager’s test- The extracts were treated with 1-2 ml of FeCI3 and then heated
over the water bath for 5 minutes. This solution was allowed to cool and then extracted with equal
volumes of benzene. The benzene layer was separated and treated with a few drops of ammonia

solution. Pink coloration indicates the presence of glycoside.

Test for Saponins

. Froth test- The extracts were diluted with distilled water in a graduated cylinder up to 10
ml and this was shaken for 5 minutes. The formation of a foam layer of at least 1 cm indicates the
presence of saponins.

. Foam test- 2-3 ml of extract was shaken with water in a test tube for 5 minutes. If the foam

persisted for 10 minutes, it indicates the presence of saponins.

Test for Phenols-
. Ferric Chloride test- The extracts were treated with 1-2 ml of FeClz solution. The
formation of bluish-black precipitates indicates the presence of phenols.
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Test for Tannins- The extracts were dissolved in 5 ml distilled water for the following tests and
filtered.

. Lead Acetate test- To 1-2 ml of filtrate a few drops of 1% lead acetate were added. The
formation of yellow precipitates infers the presence of tannins.

. FeClI3 test- To 1-2 ml filtrates, a few drops of 5% FeClz was added. The formation of a
green precipitate indicates the presence of tannins.

Test for Steroids- Each extract was dissolved in 5 ml chloroform and filtered. The filtrate was
analyzed for the presence of steroids.

. Salkowaski’s Test- The filtrate was treated with a few drops of H.SOa, shaken for a few
minutes, and allowed to stand undisturbed for some time. The appearance of a golden yellow
coloration indicates the presence of steroids.

. Libermann Burchard’s test- The filtrate was treated with a few drops of acetic anhydride.
The solution was boiled and then allowed to cool. To this a few drops of conc. H.SOswas added.

The appearance of a brown ring at the junction indicates the presence of steroids.
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Table 6. Phytochemical Analysis of leaf extract of S. moellendorffii

S. No. Test Performed Agueous Extract
1 Alkaloids

Mayer’s Test +
Wagner’s Test +
2. Flavonoids

Alkaline R. Test -
Lead Acetate Test -
3. Glycosides

Borntrager’s Test -
4. Saponins

Froth Test +
Foam Test +
5. Phenols

FeCls Test +
6. Tannins

Lead Ac. Test +
FeCls Test +
7. Steroids

Salkowski Test +
Liebermann’s Test +
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3.2.2 Experimental design for collection and treatment of H. contortus worms

Adult H. contortus worms were isolated from the abomasa of infected ruminants. The adult
male and female worms were treated with an aqueous extract of L. parasiticum against albendazole
(Alb) and control (RPMI Media) for 24 h.

A detailed procedure for the paralysis and death time analysis has been discussed in Chapter
2(2.3.3).

3.2.3 Results:

Table 7. Paralysis and Death time analysis of ASE on adult H. contortus. Worms were exposed to
ALE and Alb in RPMI media for 24 h. Death and paralysis of worms were analyzed at various

time points.

Time of Paralysis Time Death Time
Exposure (h) Male worms
Control Alb ASE Control Alb ASE

12 - - 5+0.5 - - -
24 1 - 9+0.5 ] - _
Female worms

0 } - - - - }
0.5 } - - - - }
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Conclusions:

The unprecedented antihelminthic efficiency of different aqueous plant extracts showed the mild
antihelminthic effect on the parasitic worms, H. contortus. Therefore, no significant reduction in
paralysis and death time was observed after the plant extract treatment. Henceforth, the plant
extracts can’t stand alone as an antihelminthic drug. Therefore, further detailed antihelminthic
studies have been done using silver nanoparticles of L. parasiticum and S. moellendorffii plant

extracts to understand the active principle(s), efficacy, and mechanism of action.
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CHAPTER 4
The antihelminthic activity of aqueous plant extracts

protected silver nanoparticles (AgNPs)
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Despite the efficacy of traditional plants to treat helminthic infections, scarcity of medicinal
information, has been reported and only a handful of those natural resources have ever been
explored for their potential in modern medicine. L. parasiticum and S. moellendorffii are well
known for their therapeutic uses in dysentery, malaria, and bleeding, chronic inflammation, such as
arthritis, gonorrhea, hepatitis, and mastitis but still, they are not highly useful in the wake of the
increasing problem of helminthic infection. Thus, here in this section silver nanoparticles have
been synthesized by coating the aqueous plant extract of the same plant to study their detailed
antihelminthic studies to understand the active principle(s), efficacy, and mechanism of action.

4.1 Lansium parasiticum silver nanoparticles

The use of natural resources to treat various communicable and non-communicable
diseases is a practice from pre-historical ages [152]. Various herbal formulations are derived from
chamomile, nettle, shatavari, garcinia, neem, karela, pippali, ashwagandha, ajwain, fenugreek,
wormwood, etc., are documented in Indian, Chinese, Vietnamese, and African traditional medicine
[153, 154]. These herbal formulations are rich in various secondary metabolites, including various
polyphenolic compounds like alkaloids, flavonoids, tannins, etc., which are documented to have
antihelminthic activity [155]. Despite the prevalence of helminthic infections, scarcity of
medication, and profound documentation of traditional medicines, only a handful of those natural
resources have ever been explored for their potential in modern medicine.

Lansium parasiticum is a widely grown plant in the northeastern Himalayan regions of
India, Bangladesh, Myanmar, etc., used mainly for eating and timber purposes [233]. The fruits of
the plant grow during July and August season and are rich in polyphenolic compounds like
minerals (potassium, sodium, manganese, phosphorus, etc.), organic acids (maleic acid, citric acid,
and glycolic acid), and vitamins (vitamin C, vitamin A, thiamine, riboflavin, niacin, etc.) [234]. It
is known for its use in deworming, ulcer medication, dysentery, and malaria in traditional
medicine. Langsat contains nutritional-rich vital elements like minerals, proteins, vitamins, dietary
fibers, and carbohydrates. The presence of antioxidants in Langsat inhibits the damage to cells
caused by free radicals. Moreover, the pulp of the former fruits contains oleoresin that helps in the
treatment of digestive tract problems. The seed extract of L. parasiticum is known for its use in
deworming, ulcer medication, dysentery, and malaria in traditional medicine. Tanaka, 2002

isolated different onoceranoid triterpenes and studied their toxicity against brine shrimp [179].
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Ruhisha and Choudhury, 2017 showed the presence of different phytochemicals using various
plant extracts [180]. Potipiranun, 2018 showed the isolation of different plant compounds from the
ethyl acetate extract and studied its activity against maltase [181]. Moreover, Ramadhan, 2018
showed the antioxidant activity and a-glucosidase effect with different compounds isolated from
Lansium [182]. Kumara Singha, 2016 performed antihelminthic activity on H. contortus using
various ethnomedicinal plants like Lansium domesticum, Linariantha bicolor, and Tetracera akara
[160].

Here we show the novel antihelminthic activity of the fruit extract-protected silver
nanoparticles (LAgNPs) for the first time, which opens the scope of exploring this plant for the

development of modern medicine.

4.1.1 Experimental design for the treatment of egg hatch, larval stage, and paralysis and death
of adult H. contortus worms with LAgNPs.

Adult H. contortus worms were isolated from abomasums of infected ruminants. The adult
worms were treated with an aqueous extract of L. parasiticum coated silver nanoparticles (15.8,
31.7, 63.5, and 158.7 nM) compared against albendazole, Alb (9.4uM), Ag" (100uM), and control
(RPMI Media) for 24 h to observe theirs in vitro mortality.

In vitro morbidity test of H. contortus larvae (L3) was performed by taking larvae
(Approximately 25-30) in 200 pl of RPMI medium in 96 well plates in presence of LAgNPs (15.8,
31.7, 63.5 and 158.7 nM), Alb (9.4uM) and Ag* (100uM) for 24 h. After the incubation, a direct
microscopic examination (at 40X magnification) was done for mobility (for 20 secs).

Egg suspension (1 ml) containing nearly 200 eggs was taken into 24 well microtiter plates,
subsequently, to check the inhibition efficiency of drugs, eggs were treated at different
concentrations of LAgNPs (15.8, 31.7, 63.5, and 158.7 nM), against two controls, one positive
with Alb (9.4uM) and Ag* (100uM) and another negative with RPMI media. After the inhibition
treatment, the plates were incubated at 28 °C for 48 h.

A detailed procedure for adult motility assay (2.3.3), larval motility assay (2.3.4), egg hatch
assay (2.3.5), and morphological analysis, SEM (2.4), generation of oxidative stress with ROS
(2.6.1), NOS (2.6.2), and catalytic activities CAT, 2.7.1, SOD, 2.7.2, GPx, 2.7.3 and GSH, 2.7.4

has been explained in Chapter 2.
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4.1.2 Results:

4.1.2.1 Evaluation of ALE protected AgNPs physical properties

The formation of LAgNPs under the sunlight was visibly observed by color change (Figure 8) and

thereafter was confirmed by observing by SPR. Upon the formation of LAgNPs, a time-dependent

blue shift in the SPR peak position (absorption maximum) was observed from 450 nm. A

saturation of peak intensity and the completion of the SPR shift at 435 nm were observed after 30

min of incubation (Figure 9).

Preparation of ALE
extract

Green synthesis of
LAgNPsunder the
sunlight

Omn §f Smin llOm |20l1| l Wi |

Color changesunder the sunlight
during formation of LAgNPsusing
ALE

Figure 8. Schematic representation of the preparation of aqueous Lansium parasiticum pulp

extract (ALE) and the synthesis of L. parasiticum protected silver nanoparticles (LAgNPs) under

sunlight.
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Figure 9. Characterization of silver nanoparticles (AgNPs). (a) Surface plasmon resonance spectra
of photo-reduced AgNPs of different sizes. The spectra were scanned in the range of 300 nm-700
nm. (b) Dynamic light scattering study showing the distribution of hydrodynamic diameter and
disparity of the LAgNPs. The hydrodynamic size obtained was 17 nM. (c) Transmission electron
microscopic studies for the size and shape of the AgNPs. The inset is showing the mean values of
the LAgNPs. (d) FTIR studies confirmed the changes in functional groups, including plant extract
and LAgNPs.
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Figure 10. Physical characterization of citrate-protected AgNPs: (a) Surface plasmon
resonance spectra of citrate reduced AgNPs. The spectra were scanned in the range of 300 nm-700
nm. (b) Dynamic light scattering study showing the distribution of hydrodynamic diameter and
disparity of the citrate coated AgNPs. The hydrodynamic size obtained was 23 nm.

Visible color changes under the sunlight during the formation of LAgNPs at different time
intervals, 0-30 min. DLS data showed the formation of monodispersed nanoparticles with an
average hydrodynamic diameter of 17 £ 9 nm (Figure 9b). Furthermore, the zeta potential analysis
of LAgNPs showed the formation of a stable particle surface charge of —21 mV. TEM studies
confirmed the synthesis of spherical nanoparticles with an average diameter of ~16 + 5 nm (Figure
9c). Images of LAgNPs at higher magnifications are presented in the inset. The stability and metal
leaching of LAgNPs Inductively coupled plasma atomic emission spectroscopy (ICP-AES),

(AGILENT, 4100) studies were performed after the aging of samples up to 6 months (Table 8).

Table 8. The maximum amount of around ~30% Ag" release was observed after 6 months of
aging. LAgNPs lasted for 6 months and found a maximum of ~ 30% release of silver ions in the

solution. Therefore 30% silver solution was kept as the control for most of the experimental sets.

Parameters Results for Ag* leaching for LAgNPs

Time of Aging 0 Months 2 Months 4 Months 6 Months
Silver ions (Ag*) in|0.1+£0.1 1.27 +0.567 3.24 +0.891 7.72+1.458
mg/I (~5 %) (~12 %) (~30 %)

In addition to these studies, to check the involvement of different functional groups of ALE
in the synthesis of LAgNPs, FTIR studies were performed. The surface protection of AgNO3 was
observed with the formation of the Ag—OH (557 cm™) bond in LAgNPs. Along with this, the other
bonds C=C and O-H shift from 2,118.5 and 3,299 cm™* in ALE to 2,155 and 3,245 cm?,
respectively, in LAgNPs, indicating that these functional groups may play an important role in the
reduction and capping of LAgNPs (Figure 9e). The band positions and respective shifts in FTIR
along with the references are given in Table 9 [235-238].
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Table 9. FTIR analysis for functional groups for Lansium parasiticum and silver nanoparticles

coated with Lansium parasiticum

Functional Groups Wavenumber (cmt) References
Agueous Lansium LAgNPs
parasiticum extract
Ag-OH - 557 [239]
C-Br stretching 609.8 609.8 [236]
C-H stretching 663.3 648.4 [237]
C=0 stretching 1637 1637 [237]
C=C stretch 2118.5 2155 [238]
Unknown  (maybe Carbonate 2354 2348.4
compound )
Unknown - 2695
O-H stretch 3299 3245 [235]

4.1.2.2 Toxicity of LAgNPs on the human normal kidney cells

The cell viability results showed mild toxicity of LAgNPs on HEK293 cells for 24 h
exposure. At the lowest concentration (15.8 nM), there were no significant changes were observed
in HEK293 viability. With an increase in LAgNPs concentration, however, the percentage of
viable cells was observed (77.5 = 5.06 %, 71.3 = 9.8 %, and 62.1 + 9.3 %) for 31.7, 63.5, and
158.7nM treatments respectively. Further, silver nanoparticles are known for their leaching effect,
and a maximum of ~30% (70 uM) silver leaching was observed upon 6 months of storage of silver
nanoparticles (Table 8). Therefore, we have also checked toxicity caused by the leaching effect
HEK?293 cells were treated with various concentrations (50-250 uM) of Ag+ for 24 h. 76.5 + 8.8%,
72.5 £ 5.8%, and 68.4 + 0.2% cells were found to be alive due to (50, 100 and 250 uM) of Ag+
treatment for 24 h. On the contrary, H. contortus cells showed high susceptibility in the presence of
LAgNPs. A sharp loss of cell viability (28.2+ 7.3, 32+ 12.4, 58.6 + 3.3, and 68.8 £+ 16.6 % loss of
cell viability was observed for (15.8, 31.7, 63.5, 158.7 nM LAgNPs treatment respectively (Figure
11).
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Figure 11. Cell viability study of humans and adult H. contortus upon exposure to LAgNPs. (a)
Human embryonic kidney (HEK239) cells were treated with various concentrations of LAgNPs
and different concentrations of Ag+ (100 uM) for 24 h and thereafter MTT assay was performed to
determine the viability of cells. LAgNPs showed mild toxicity on HEK239 cells upon 24 h
exposure. With a maximum dose of 158.7 nM, 62.1 £ 9.3% of cells died after 24 h in LAgNPs,
whereas 60.5 + 2.9 % of cells died because of 24 h treatment of 100 uM Ag+. (b) H. contortus
were treated with various concentrations of LAgNPs (15.8, 31.7, 63.5, and 158.7 nM) for 3 h, and
thereafter MTT assay was performed to determine the viability of cells. LAgNPs showed higher
toxicity on worm cells upon 3 h exposure. Upon exposure to LAgNPs just for 3 h worms showed
72 +8.3%, 68 £15.4 %, 41.6 + 3.3 and 31.2 + 16.6 % respectively.

4.1.2.3 Assessment of antihelminthic activities

The results for the antihelminthic activities are discussed below:
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4.1.2.3.1 Adult Motility and Morbidity Assay (AMMA)

The effect of LAgNPs on the viability of H. contortus is concentration-dependent.
Approximately 60 % and 20 % of males and female worms respectively were paralyzed in 1 h.
100% of male worms and 80% of the female worms died within 12 h of treatment with 158.7 nM
LAgNPs compared against 31.2 £ 16.6 % loss of cell viability in HEK239 after 3 h treatment. The
detailed death and time of paralysis are given in Table 10. The LDsg values were found to be 65.6
+ 32.8 and 139.6 = 39.9 nM for adult male and female worms for 12 h treatment (Figure 13 for

male @ and female (b) adult worms respectively).
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Table 10. Paralysis and Death time analysis of AgNPs on adult H. contortus. Worms were exposed to LAgNPs of different doses
(15.8 nM, 31.7 nM, 63.5 nM, 158.7 nM), Alb (9.4 uM) and Ag* (100 uM) in RPMI media for 24 h. Death and paralysis of worms were

analyzed at various time points in between. Worms were first noted for their movement. If no movement was observed then worms were

exposed to a warm saline solution (50 °C) for 1 min to stimulate movement. The counts were taken for the number based on the worm's

movement. If the worm previously immobile worm starts moving upon exposure to warm saline, then considered as paralyzed otherwise

considered alive.

Paralysis Time Death Time
Time of Male Worms
EXxposure
Control| Citrate | Alb Ag" |158 |31.7 63.5 158.7 Control | Citrate | Alb | Ag® | 158 | 31.7 63.5 | 158.7
(RPMI)| AgNPs (RPMI) | AgNPs
0Oh . - - - . . _ . - - - - - - -
05h - i i - - - - 3205 i i i i i i i i
lh - - - - - - 6+0.5 6+0.5 - - - - - - - -
3h - 110 - - - - 9205 12+£05 |- - - - - - - -
6h - 4+ 0.5 - - 30.5 12+05 | 9405 - - - - - - - 620.5
12 h _ 15+ 0.5 + 3+0.5 605 9+05 0 - 4+1 - 3405 | 7+0.7 6+0.5 | 1540
24 h 1 15+ 0.5 6+05 | g4 3+05 |0 0 - 15+ 0 1520 | 9+05 | 15x0 | 12+05 | 150 | 1540
Female Worms
0Oh . - - - _ . _ . - - - - - - - -
05h _ - - - _ i i i - - - - - - - -
1h - - - - - - - 3x05 |- - - - - - - -
3h - i i i - - - 9+05 |- i i i i i i i
6h - - - - - - 605 1540 - - - - - - - -
12 h - 57+05 |- - 3+0.5 | 3+05 6+0.5 620 - 1.7+1 3+05 |- - 3+0.5 9+05 | 9405
24 h 1 107413 |- 305 | 3105 | 6+05 0 0 - 55+13 | 6+05 |- 3405 | 9+05 150 | 150
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4.1.2.3.2 Larval Morbidity Assay (LMA)

After 24 h treatment with different concentrations of LAgNPs and respective controls as
before L3 larvae looked for movement of morphological changes like shrinkage and ruptured
morphology. Concentration-dependent loss of viability of L3 larvae was prominent with LAgNPs.
33.3+26,295+1.7,22.2+25and 14.8 + 2.1 % survival of larvae was observed for 15.8, 31.7,
63.5 and 158.7 nM LAgNPs treatment respectively, whereas the recommended dose of Alb (9.4
uM) showed 60 £ 0.5 % and Ag+ (100 uM) showed 31 + 0.7 % survival for 24 h treatment
(Figure 12). For the larval mortality inhibition, LDso has obtained 64.3 + 8.5 nM for 24 h (Figure
13 (c)). The p-values for the LMA for L3 of H. contortus worms, when treated with different

concentrations of LAgNPs, are described in Table 11.

4.1.2.3.3 Egg Hatch Assay (EHA)

After 48 h of treatment with LAgNPs and respective controls number of eggs hatched was
calculated using the equation (ii). The treatment concentration-dependent reduction of egg hatching
efficiency was due to LAgNPs treatment. 32.1 £ 2.6, 45 £ 2.7, 47.2 £ 1.3, and 51.2 £ 1.9 %
reduction of egg hatching were observed in comparison with control for 15.8, 31.5, 63.5, and 158.7
nM LAgNPs respectively. Whereas recommended dose of Alb (9.4 uM) showed 13.5 £ 0.5 % and
Ag+ (100 uM) 33 + 0.7 % reduction of egg hatching or larvae (L1) formation (Figure 12). LDsg
for inhibition of egg hatch obtained was 144.4 + 3.1 nM for 48 h (Figure 13 (d)). The p-values for
the EHA for L3 of H. contortus worms, when treated with different concentrations of LAgNPs, are
described in Table 11.
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Figure 12. Percentage viability effect of Lansium parasiticum protected silver nanoparticles
(LAgNPs) on L3 larvae survival and hatching of Haemonchus contortus eggs. (Gray) Viability
(survival) percentage of the larval stage L3 after 24 h of treatments with different concentrations of
LAgNPs along with controls. (Red) Comparative graph showing the influence of LAgNPSs on egg
hatching assay. For 48 h, the treatment was performed using LAgNPs of different concentrations
along with controls. In each well, around 200 eggs were taken, and the results of three independent

experiments were presented as an average.

Table 11. The p-values for the Egg Hatch Assay and Larval Motility Assay (L-3) of H. contortus
worms when treated with different concentrations of LAgNPs (15.8 nM, 31.7 nM, 63.5 nM, and
158.7 nM). Statistical analysis of data was conducted by a student’s t-test, by using MS Excel, and
two measurements were statistically significant if the corresponding p-value was <0.01.

15.8nM 31.7 nM 63.5nM 158.7 nM
Egg Hatch Assay 1.38355E-11 | 2.18651E-11 | 1.13407E-10 | 6.27186E-10
Larval Motility Assay | 5.50957E-13 | 2.37401E-12 | 9.97562E-12 | 7.93434E-11

The half-minimal inhibitory concentration (LDso) was measured against the death percentage of

adult H. contortus, (L3) larvae, and egg hatch assay.
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Figure 13. LDso values of LAgNPs against various forms of H. contortus: In (a) Male death

percentage in 12 h (b) Female death percentage (c) Larval Motility assay in 24 h and (c) Inhibition
of egg hatch percentage in 48 h.

4.1.2.3.4 Ultra morphological analysis for tissue damage due to LAgNPs exposure

The extent of physical damage of H. contortus was monitored using scanning electron
microscopy. A complete comparative study for the changes in the morphology of tissue damage is
shown in Figure 14, comparing control (RPMI Media), Alb (9.4 uM), Ag+ (100 uM), and 158.7
nM LAgNPs after 3 h of treatment. The complete body region of the adult worm is depicted in
Figures 14a, d, g, j. The untreated H. contortus worm with a smooth cuticle and having a well-
developed body region of an adult can be seen in Figures 14a, d, g, whereas in Figure 14j, a
complete distortion of the outer morphology along with prominent shrinkage of the worm body can
be observed. Figures 14b, e, h, k shows the adult helminths' anterior region. Almost no distortions
were observed in the control (Figure 14b). Partial and complete disruptions were observed in Ag+,
Alb, and LAgNPs treated (158.7 nM) worms, respectively (Figures 14c, h, k). Similar
observations were prominent in the posterior ends of the control and treated worms as well
(Figures 14c, f, i, I).
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Figure 14. Study of ultramicroscopic morphological damage in an adult H. contortus under the
influence of L. parasiticum protected silver nanoparticles (LAgNPs). The helminth was treated for
12 h, and after treatment, the helminths were dehydrated and gold-coated. Thereafter, the ultra-
structures were observed using SEM at 15 (kV). (a, b, c¢) treatment with control, RPMI media; (d,
e, f) Ag" (100 uM), and (g, h, i) 9.4 uM Alb treated adult worms. (j, k, 1) Adult worms after
treatment with 158.7 nM LAgNPs. (a, d, g, and j) Whole-body of the control and Ag*-treated, Alb
treated, and LAgNPs treated worms, respectively. (b, e, h, and k) The anterior end of the control
and Ag" treated, Alb-treated, and LAgNPs treated worms, respectively. (c, e, f, and I) Posterior
ends of the control and Ag* treated, Alb-treated, and LAgNPs treated worms, respectively.
LAgNPs treated worms showed profound damages to tissue architecture and loss of tissue

integrity, with disorganization of the bursa regions.

4.1.2.3.5 Generation of Reactive oxygen species (ROS) stress due to LAgNPs exposure
Massive cellular stress response for ROS generation had been observed due to LAgNPs
(158.7 nM) treatment within 3 h. A complete comparative study for the changes in ROS generation

of the stress response is shown in Figure 15, comparing control (RPMI media), Alb (9.4 uM), Ag"
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(100 uM), and 158.7 nM LAgNPs after 3 h of treatment. In the control tissue (Figure 15), the low
level of ROS generation showed a moderate level of ROS that was observed using DCFDA
fluorescence. Figures 15a, d, g, j showed the complete body region of LAgNPs treated adult H.
contortus, where a, d, and g showed a very less or partial generation of ROS, respectively, and
showed a high generation of ROS. The generation of ROS was prominent in the anterior (Figures
15b, e, h) and the posterior ends (Figures 15 c, f, i) when treated with control (RPMI media), Ag™,
and Alb, but the high generation of oxygenated species was observed in k (anterior) and |

(posterior) ends when treated with LAgNPs.

0.94M Albendazole

Control 0.1M AgNO,

158.7nM LAgNP

Body region

Anterior end

Posterior end

Figure 15. Generation of oxidative stress in adult worms due to exposure of L. parasiticum
protected silver nanoparticles (LAgNPs). Adult H. contortus were treated for 3 h with LAgNPs and
controls and processed for reactive oxygen species (ROS) [staining with 2',7'-dichlorofluorescein
diacetate (DCFDA)]. (a, b, c) amount of ROS in the body, anterior and posterior regions,
respectively, of the adult helminth in the control, RPMI media. (d, e, f) Amount of ROS in the
body and the anterior and posterior regions, respectively, of the adult helminth in 100 uM Ag™. (g,
h, i) Amount of ROS in the body and in the anterior and posterior regions, respectively, of the

adult helminth, when treated with 9.4 uM Alb. (j, k, I) Amount of ROS when treated with the
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highest concentration of LAgNPs (158.7 nM). After the desired treatment, the worms were
incubated with 100 nM DCFDA in the dark for 20 min. Thereafter, the images were taken using an

inverted fluorescence microscope by Dewinter, Italy.

4.1.2.3.6 Determination of nitric oxide synthase

The generation of NOS with the stress response in the worm due to LAgNPs treatment was
monitored using the Greiss reagent. The results showed a dose-dependent and subsequently time-
dependent increase in the NOS level in the worms. The NOS level has increased from 0.0462 +
0.028 to 0.081 + 0.01 within 24 h for the lowest dose (15.8 nM) of LAgNPs, whereas the NOS
response becomes further significantly prominent and increases from 0.07767 + 0.01 and 0.351 +
0.01 (within 24 h) due to 158.7 nM LAgNPs treatment (Figure 16). The change of NOS level in
response to Ag+ and Alb was moderate and not of high significance (Figure 16). The p-values for
the NOS for adult H. contortus worms, when treated with different concentrations of LAgNPs, are
described in Table 12.
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Figure 16. Alteration of activity of nitric oxide synthase (NOS) enzyme due to LAgNPs stress. A
comparative graph showing the generation of nitric oxide free radicals as a result of NOS activity
in H. contortus worms after treating with LAgNPs different concentrations (158.7 nM) along with
controls for 30 mins, 6 h, 12 h, and 24 h.
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Table 12. The p-values for nitric oxide synthase (NOS) activity of H. contortus worms when
treated with different concentrations of LAgNPs (15.8 nM, 31.7 nM, 63.5 nM, and 158.7 nM).
Statistical analysis of data was conducted by a student’s t-test, by using MS Excel, and two

measurements were statistically significant if the corresponding p-value was <0.01.

15.8 nM 31.7nM 63.5 nM 158.7 nM
6h 8.21842E-10 6.22619E-10 4.13012E-10 1.76271E-10
12 h 9.49E-10 8.7E-10 8.13E-10 4.35E-10
24 h 1.74E-09 1.64E-09 1.7E-09 1.62E-09

4.1.2.3.7 Alteration of catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase
(GPX) activity in response to LAgNPs induced oxidative stress

The increase of reactive oxygen and nitrogen species due to LAgNPs treatment generated
huge oxidative stress within the worm's physiological system, which may alter the change in the
activity of metabolic and stress-responsive enzymes. A steady enhancement in CAT activity with
an increase of LAgNPs concentration, increase in stress response, had been observed. In different
concentrations of LAgNPs (15.8, 31.7, 63.5, and 158.7 nM), the amount of CAT enzyme was
calculated as 4.75 £ 0.17, 5.35 £ 0.36, 7.9 £ 0.37, and 8.2 £ 0.4 U/mg proteins, respectively, after 3
h of treatment, in comparison with the 0.22 + 0.05, 4.1 £ 0.37, and 0.52 = 0.05 U/mg proteins for
the untreated control, Alb (9.4 uM), and Ag* (100 uM), respectively Table 13. A consistent SOD
activity increment with an increase in stress response had also been observed. The SOD enzyme
activity after the treatment was found to be 5.70 £ 0.4, 5.85 + 0.17, 6.11 £ 0.26, and 6.60 = 0.54
U/mg protein for LAgNPs 15.8, 31.7, 63.5, and 158.7 nM, respectively, in relation to the control
where 4.8 £ 0.22 Alb and 0.56 + 0.07 Ag+ were used. The untreated worms showed a SOD
activity of 0.21 + 0.018 U/mg of worm protein (Table 13). In contrast to other antioxidant
activities, the activity of GPx also increases when the worms were exposed to LAgNPS' increasing
concentrations. At 340 nm, spectrophotometrically, the amount of GPx was observed. The activity
of the GPx enzyme was calculated using Equation (3). The GPx enzymes' active amount was 2.5 +
0.15, 2.6 £ 0.16, 2.73 £ 0.15, and 2.9 £ 0.16 U/mg protein for different concentrations of LAgNPs

(15.8, 31.7, 63.5, and 158.7 nM, respectively), in comparison with the control where the amount
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was 2.6 = 0.25 U/mg proteins in Alb and 0.58 + 0.058 U/mg proteins in Ag™. In the untreated
worms, it was found to be 0.21 £ 0.071 U/mg proteins (Table 13). The p-values for the enzymatic
activity of different catalysts SOD, CAT, GPx, GSH of adult H. contortus worms when treated
with different concentrations of LAgNPs are described in Table 14.

4.1.2.3.8 ROS enhances cellular combat by increasing the concentration of reduced glutathione
(GSH)

In combat to ROS, cellular response induced by GSH causes oxidative stress in the worms
when exposed to LAgNPs. A significant enhancement in the amount of GSH produced was
measured in LAgNPs treated worms. The increase in GSH was observed (0.28 + 0.05 uM/ mg for
untreated) along with the increase of the dose of LAgNPs (15.8, 31.7, 63.5 and 158.7 nM) from
1.105 + 0.025, 1.24 + 0.06, 1.3 £ 0.141 and 1.41 + 0.1078 M/ mg protein respectively. Treatment
of Alb also induced a significant increment in the GSH concentration (1.75 + 0.050 uM/ mg
protein) and Ag+ causes 0.59 £ 0.009 uM/ mg protein accumulation of GSH (Table 13).
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Table 13. Oxidative stress-responsive elements in H. contortus to counter the toxic effect of LAgNPs on infectious helminths. Due
to the generation of oxide synthase-related stress helminth counteracts conditions through alteration of its metabolic functions. The toxic
effect of LAgNPs on the body of the helminth reacts with the cellular molecules as normal metabolic functions and increases the
regeneration of free radicals induced by oxidative damage defense mechanisms to include the following: enzymatic factors such as CAT,
SOD, GPx, and GSH. The enzymatic activity was measured as the enzyme unit per mg of protein (U/ mg protein) for CAT, SOD, and
GPx and (uUM/ mg protein) in GSH.

U/mg protein HM/mg protein
Treatment CAT SOD GPx GSH
Concentrations
Control 0.22+ 0.05 0.21+0.018 0.25+ 0.07 0.28+0.01
9.4uM Alb 4.1+ 0.37 4.8+0.2 2.6+ 0.25 1.4+ 0.05
100uM Ag* 0.56+ 0.05 0.52+ 0.07 0.58+ 0.057 0.59+ 0.009
15.8 nM LAgNP 7.9+0.37 6.11+0.26 2.73+0.15 1.3+ 0.14
31.7 nM LAgNP 8.2+ 0.41 6.6+ 0.54 2.9+ 0.16 1.41+0.10
63.5 NnM LAgNP 8.36+ 0.1 6.83+0.20 3.2+ 0.25 1.59+0.11
158.7 nM LAgNP 10.7+0.37 7.74+0.89 3.3+£0.18 1.75+ 0.05
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Table 14. The p-values for the enzymatic activity of different catalysts SOD, CAT, GPx, GSH of
adult H. contortus worms when treated with different concentrations of LAgNPs (15.8 nM, 31.7
nM, 63.5 nM, and 158.7 nM). Statistical analysis of data was conducted by a student’s t-test, by
using MS Excel, and two measurements were statistically significant if the corresponding p-value

was <0.01.

LAgNPs Superoxide Catalase (CAT) Glutathione Glutathione
concentration Dismutase (SOD) Peroxidase (GPx) (GSH)
15.8nM 3.62694E-13 2.74722E-11 5.2248E-13 1.62E-11
31.7nM 2.5069E-12 4.51635E-11 2.57836E-12 3.17E-11
63.5nM 1.65888E-11 5.05788E-11 1.22419E-11 8.49E-11
158.7nM 1.41278E-10 4.43158E-10 8.71562E-10 3.84E-10
Conclusion:

Due to the shortage of drug availability and the development of resistance against existing
drugs, there is an utmost necessity to develop new drugs for the treatment and management of
parasitic worm infections. This is the first report showing the antihelminthic activity of L.
parasiticum aqueous extract-protected silver nanoparticles. Here biocompatible, stable, and eco-
friendly LAgNPs were synthesized using the green synthesis technique under the sunlight. L.
parasiticum is a relatively less studied plant for medical purposes, although the use of seed extracts
as antihelminthic and anti-ulcer medication treatment had been reported in Vietnamese traditional
medicine [181]. Further use of bark extract had been reported for dysentery and malarial treatment
[240]. Traditionally, the fruit extract of the same has also been reported for diarrhea treatment
[227]. Despite the abundance of production, the use of this plant for modern medication has not
been explored to its true potential. H. contortus is resistant to albendazole, a widely used
antihelminthic drug of the benzimidazole group. Treatment of H. contortus with LAgNPs showed
a rapid elevation of (within 3 h) ROS-dependent stress in the worms' bodies. Due to the generation
of stress, the worms undergo metabolic changes which were also evident by observing the change
in the activity of ROS-neutralizing enzymes in the worm's body due to LAgNPs treatment. As a
control experiment, citrate-protected AgNPs showed limited antihelminthic activity in comparison
with LAgNPs, suggesting a significant role of the active principal component(s) of ALE. Although
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the active principal component(s) of ALE has not been identified yet, these findings open hope for
the development of next-generation antihelminthic drugs (Figure 17).

Henceforth, the findings are highly useful in the wake of the increasing problem of drug
resistance to the commercially available antihelminthic, an increase of life quality, and reduction of
healthcare cost, but further detailed studies are required to understand the active principal
component(s), efficacy, and toxicity of the system in animal models. In addition to that, the utility
of the formulations against other parasitic infections, including helminthic infections, needs to be
evaluated in the future.

Preparation of ALE extract
e
®q° Adult stage
o

Control Treated
r .

. LAgNPs

treatmment

Green synthesis of LAgNPsunder
the sunlight

a -

Egg Hatch Assay

Figure 17. Scheme showing the synthesis of LAgNPs under direct sunlight, then treatment of adult
H. contortus worms, L3 stage, and egg hatch assay with LAgNPs at different concentrations. After
that, changes in morphology were analyzed using SEM and then the generation of ROS was
observed.
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4.2 Selaginella moellendorffii silver nanoparticles

Green Nanotechnology is also referred to as the photo biological approach that uses the
plants and the plant extracts as reducing and capping agents for AgNPs synthesis [241]. In this
context, the AgNPs are biosynthesized using the Selaginella moellendorffii plant species extract.
Pteridophytes are considered as one of the oldest groups of plants that are present on the earth and
they consist of a large group of vascular cryptograms [229]. They have made the group fascinating
because of their position between the lower cryptograms and the higher vascular plants. They are
present in the Coastal and the Himalayan regions of India and they prefer moist and shady habitats
with moderate temperature conditions [229]. Out of 1,200 species of the Pteridophytes that are
present in India, about 170 species are used for medicine, food, oil, dye, bio-fertilizer, flavor, fiber,
and the production of biogas, etc. Selaginella moellendorffii is much unexplored virgin plant
species which is creating great interest among the scientist for its various uses in industries,
medicine, and therapeutic uses.

Selaginella moellendorffii Hieron. is a traditional Chinese folk herb and belongs to the
family Selaginellaceae, and with various useful resources [226]. Shi in 2008 showed the traditional
uses for the treatment of chronic inflammation, like hepatitis, gonorrhea, and bleeding with
Selaginella moellendorffii Hieron [242, 243]. Cao, 2010 showed the isolation of the new flavones
from the herb Selaginella moellendorffii Hieron and studied their cytotoxic activity against Hep
G2.2.15 cell line[244]. These flavones also showed inhibitory activity on the hepatitis B virus.
Almeida in 2013 showed the presence of flavonoids [245] and Cao in 2010 showed the presence of
phenols in Selaginella doederleinii [245]. Thus, making Selaginella ideal for hyperuricemia and
gouty arthritis. Moreover, the presence of flavonoids and phenols also makes it a perfect model for
antioxidant and anti-inflammatory studies.

4.2.1 Experimental design for the treatment of egg hatch, larval stage, and paralysis and death
of adult H. contortus worms with SAgNPs.

Adult H. contortus worms were isolated from abomasums of infected ruminants. The adult
worms were treated with aqueous extract of S. moellendorffii coated silver nanoparticles (24.7,
49,5, 123, and 247.5 nM) compared against albendazole, Alb (9.4uM), Ag* (100 uM), and control
(RPMI Media) for 24 h to observe theirs in vitro mortality.
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In vitro morbidity test of H. contortus larvae (L3) was performed by taking larvae
(Approximately 25-30) in 200 pl of RPMI medium in 96 well plates in presence of SAgNPs (24.7,
49.5, 123 and 247.5 nM), Alb (9.4 uM) and Ag* (100 uM) for 24 h. After the incubation (37 °C), a
direct microscopic examination (at 40X magnification) was done for mobility (for 20 secs).

Egg suspension (1 ml) containing nearly 200 eggs was taken into 24 well microtiter plates,
subsequently, to check the inhibition efficiency of drugs, eggs were treated at different
concentrations of SAgNPs (24.7, 49.5, 123, and 247.5 nM), against two controls, one positive with
Alb (9.4 pM) and Ag* (100 uM) and another negative with RPMI media. After the inhibition
treatment, the plates were incubated at 28 °C for 48 h.

A detailed procedure for adult motility assay (2.3.3), larval motility assay (2.3.4), egg hatch
assay (2.3.5), and morphological analysis, SEM (2.4), generation of oxidative stress with ROS
(2.6.1), NOS (2.6.2), and catalytic activities CAT, 2.7.1, SOD, 2.7.2, GPx, 2.7.3 and GSH, 2.7.4

has been explained in Chapter 2.

4.2.2 Results:

4.2.2.1 Evaluation of APE protected AgNPs physical properties

The synthesis of SAgNPs under the sunlight (Figure 18) was confirmed visibly by
monitoring change of color (Figure 19) and thereafter was confirmed by observing surface
plasmon resonance (SPR) with an extinction maximum at 435 nm (Figure 20a). Dynamic light
scattering (DLS) data showed the formation of monodispersed highly stable SAgNPs with an
average hydrodynamic diameter of 91 nm (Figure 20b) surface charge of -24 mV (Zeta potential
analysis). Transmission electron microscopic (TEM) studies further confirmed sheet nanoparticles
formation, (Figure 20c) a further amplified picture of single SAgNPs has been presented in the
inset. Elemental analysis using EDS showed the involvement of 16.21% silver by weight in the
SAgNPs. As a typical absorption peak of metal silver, synthesis showed an optical absorption peak
at 3 keV (shown in Figure 21). To confirm the interaction of reducing agents of the ASE with
AgNPs, FTIR studies were performed. The formation of the Ag-OH bond along with the
involvement of C-Br, C-H, C=0, C=C, O-H has been observed (Figure 20d). The band positions
and respective shifts are given in Table 15.
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Figure 18. Schematic representation of the synthesis of silver nanoparticles (AgNPs) using

aqueous plant extract of Selaginella moellendorffii under direct sunlight.
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Figure 19. Color changes under the sunlight during the formation of SAgNPs using agqueous S.

moellendorffii extract (ASE) as a reducing agent. The pictures were taken at different time

intervals 0-30 min
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Figure 20. Characterization of silver nanoparticles (AgNPs). (a) Surface plasmon resonance
spectra of photo-reduced AgNPs of different sizes. The spectra were scanned in the range of 300
nm-700 nm. (b) Dynamic light scattering study showing the distribution of hydrodynamic diameter
and disparity of the SAgNPs. The hydrodynamic size obtained was 91 nM. (c) Transmission
electron microscopic studies for the size and shape of the AgNPs. The inset is showing the mean

values of the SAgNPs. (d) FTIR studies confirmed the changes in functional groups, including
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Figure 21. Below EDS microanalysis confirmed the presence of silver. The qualitative analysis

showed a 16 % weight percentage of silver.
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Table 15. FTIR analysis for functional groups for S. moellendorffii and silver nanoparticles coated

with aqueous S. moellendorffii extract.

Functional Groups Wavenumber (cm™)
Aqueous S. SAgNPs References
moellendorffii extract

Ag-OH - 526 [246]
Alkyne 630 630 [247]
C-H bending 777 777 [247]
C-X stretching 817 817 [248]
C-N stretching 1266 1266 [248]
C-H stretching 1619 1619 [249]
C=N=0 2377 2377 [249]
N-H stretching 2932 2932 [250]
O-H stretching 3425 3425 [251]

4.2.2.2 Toxicity of SAgNPs on the human normal kidney cells

The cell viability results showed mild toxicity of SAgNPs on HEK293 cells for 24 h
exposure. At the lowest concentration (247.5 nM), there were no significant changes were
observed in HEK293 viability. With an increase in SAgNPs concentration, however, the
percentage of viable cells was observed (71.15 *+ 8.4 %, 60.63 + 4.09 %, and 51.13 = 0.8 %).
Further, silver nanoparticles are known for their leaching effect, and a maximum of ~30 % (70
uM) silver leaching was observed upon 6 months of storage of silver nanoparticles. Therefore, we
have also checked toxicity caused by the leaching effect HEK293 cells were treated with various
concentrations (50-250 uM) of Ag+ for 24 h. 76.5 £ 8.8 %, 72.5 £ 5.8 %, and 68.4 = 0.2 % cells
were found to be alive following (50, 100 and 250 uM) of Ag" treatment for 24 h (Figure 22a). On
the contrary, H. contortus cells showed high susceptibility in the presence of SAgNPs. A sharp loss
of cell viability absorbance (1.84+ 0.26, 1.21+ 0.11, 1 £ 0.07, and 0.82 + 0.19 loss of cell viability
was observed for (24.7 nM, 49.5 nM, 123 nM and 247.5 nM) SAgNPs treatment respectively
(Figure 22b).
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Figure 22. Cell viability study of humans and adult H. contortus upon exposure to SAgNPs. (a)
Human embryonic kidney (HEK239) cells were treated with various concentrations of SAgNPs
and different concentrations of Ag* (100 uM) for 24 h and thereafter MTT assay was performed to
determine the viability of cells. SAgNPs showed mild toxicity on HEK239 cells upon 24 h

exposure.

4.2.2.3 Assessment of antihelminthic activities
The results for the antihelminthic activities are discussed below:

4.2.2.3.1 Adult Motility and Morbidity Assay (AMMA)

The effect of SAgNPs on the viability of H. contortus is concentration-dependent.
Approximately 13% and 6% of males and female worms respectively were paralyzed in 1 h and
26% of male worms and 40% of the female worms died within 12 h of treatment with 247.5 nM

SAgNPs. The detailed death and time of paralysis are given in Table 16.

68



Table 16. Paralysis and Death time analysis of AgNPs on adult H. contortus. Worms were exposed to SAgNPs of different doses
(24.7nM, 49.5nM, 123nM and 247.5nM), Alb (9.4uM) and Ag* (100uM) in RPMI media for 24 h. Death and paralysis of worms were

analyzed at various time points in between. Worms were first noted for their movement. If no movement was observed then worms were

exposed to a warm saline solution (50 °C) for 1 min to stimulate movement. The counts were taken for the number based on the worm's

movement. If the worm previously immobile worm starts moving upon exposure to warm saline, then considered as paralyzed otherwise

considered alive.

Time of Paralysis Time Death Time
Exposure Male Worms
Control | Alb Ag* 24.7 49.5 123 2475 | Control | Alb Ag* 24.7 | 495 | 123 | 2475
0.5h - - - - - - 140 - - - - - - -
1h - - - - - 4+0.7 | 2+0.7 - - - - - - -
3h - - - - - 6+0.5 [ 2+0.7 - - - - - - -
6 h - 3+0.5 - - 1+0 1+0 3+0.5 - - - - - - 4+0.7
12 h - 6+0.5 | 3+0.5 | 3+0.5 | 2+0.7 1+0 0 - - 2+0.7 | 2+0.7 | 4+0.7 | 4 £0.7
24 h 1 0 6+0.5 | 3+0.5 | 2+0.7 0 0 - 15+0 | 9+0.5 | 1240.5 [ 9+0.5 | 15+0 | 150
Female Worms
0.5h - - - - - - - - - - - - -
1h - - - - - 140 - - - - - - -
3h - - - - - 4+0.5 - - - - - - -
6h - - - - 4+0.7 | 4+0.7 - - - - - - -
12 h - - 2+0.7 1+0 6+0.5 [ 3+0.5 - 3+0.5 - - 3+0.5 | 4+0.7 | 6+0.5
24 h 1 0 3+0.5 1+0 3+0.5 0 0 - 6+0.5 - 3+0.5 | 9+0.5 | 9+0.5 | 12+0.5
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4.2.2.3.2 Larval Morbidity Assay (LMA)

After 24 h treatment with different concentrations of SAgNPs and respective controls as
before L3 larvae looked for movement of morphological changes like shrinkage and ruptured
morphology. Concentration-dependent loss of viability of L3 larvae was prominent with SAgNPs.
42 +2.6,26+1.7,19+ 25and 7 + 2.1 % survival of larvae was observed for 24.7 nM, 49.5 nM,
123 nM and 247.5 nM SAgNPs treatment respectively, whereas the recommended dose of Alb (9.4
uM) showed 52 + 0.5 % and Ag+ (100 uM) showed 61 £ 0.7 % survival for 24 h treatment
(Figure 23). The p-values for the Larval Motility Assay (L-3) of H. contortus worms, when treated

with different concentrations of SAgNPs, are described in Table 17.

4.2.2.3.3 Egg Hatch Assay (EHA)

After 48 h of treatment with SAgNPs and respective controls number of eggs hatched was
calculated using the equation (ii). The treatment concentration-dependent reduction of egg hatching
efficiency was due to SAgNPs treatment. 63 £ 2.6, 34 £ 2.7, 10 £ 1.3, and 3.5 £ 1.9 % reduction of
egg hatching were observed in comparison with control for 24.7nM, 49.5nM, 123nM and 247.5nM
SAgNPs respectively. Whereas recommended dose of Alb (9.4 uM) showed 68 + 0.5 % and Ag+
(100 uM) 72 = 0.7 % reduction of egg hatching or larvae (L1) formation (Figure 23). The p-values
for the Egg Hatch Assay of H. contortus worms, when treated with different concentrations of
SAgNPs, are described in Table 17.

100 A B L3 Motility Assay
I Egg Hatch Assay

Percentage Inhibition

247.5nM

Q +
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(@) o S

70



Figure 23. Percentage viability effect of SAgNPs on L-3 Larvae survival and hatching of H.
contortus eggs (Black) viability (survival) percentage of the larval stage L3, after 24 h treatments
with SAgNPs different concentrations along with controls. (Red) Comparative graph showing
SAgNPs the influence of on egg hatch. For 48 h the treatment was performed using the SAgNPs
different concentrations along with the controls. In each well around 200 eggs were taken and the

results of 3 independent experiments were represented as an average.

Table 17. The p-values for the Egg Hatch Assay and Larval Motility Assay (L-3) of H. contortus
worms when treated with different concentrations of SAgNPs (24.7 nM, 49.5 nM, 123 nM, and
247.5 nM). Statistical analysis of data was conducted by a student’s t-test, by using MS Excel, and
two measurements were statistically significant if the corresponding p-value was <0.01.

24.7nM 49.5 nM 123 nM 247.5nM
Egg Hatch Assay 1.37641E-10 1.69269E-10 8.17911E-11 1.03611E-10
Larval Motility Assay | 2.12529E-13 2.92879E-13 4.16119E-12 1.63234E-10

4.2.2.3.4 Ultra morphological analysis for tissue damage due to SAgNPs exposure

The extent of physical damage of H. contortus was monitored using scanning electron
microscopy. In Figure 24, between the sets of the control’s comparative studies (RPMI media),
and SAgNPs (247.5 nM) treated H. contortus are shown. A complete comparative study for the
changes in the morphology of tissue damage is shown in Figure 24, comparing control (RPMI
Media), Alb (9.4 uM), Ag+ (100 uM), and 247.5 nM SAgNPs after 3 h of treatment. The complete
body region of the adult worm is depicted in Figure 24a- c. The untreated H. contortus worm with
a smooth cuticle having a well-developed body region of an adult was seen in Figure 24a.
Whereas in Figure 24j- |, a complete distortion of outer morphology along with prominent
shrinkage worm body was observed when treated with SAgNPs. Figure 24e, h, and k showed the
adult helminths anterior region. Almost no distortions were observed in the control (Figure 24b).

Complete disruptions were observed in SAgNPs (247.5 nM) treated worms (Figure 24k). Similar
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observations were prominent in the posterior ends of the control and treated worms as well (Figure
24c, f,i,and ).

Anterior end Body region

Posterior end

Figure 24. Study of ultramicroscopic morphological damage in H. contortus adults under the
SAgNPs influence. For 3 h helminths were treated and after that, the helminths were dehydrated
and coated with gold, and then using SEM at 15 (kV) ultra-structures was observed. (a, b, and c)
images show the treatment with control (RPMI media), (d, e, and f) shows adult worms after
treatment with 100uM Ag®, (g, h and i) showed treatment with 9.4uM Alb and (j, k, and I) showed
treatment with 247.5 nM SAgNPs. a, d, g, and j are describing the whole body of the controls, and
worms treated with SAgNPs respectively. b, e, h, and k are showing the anterior end of the
controls, and worms treated with SAgNPs respectively. c, f, i and | are showing controls posterior
ends, and worms treated with SAgNPs respectively. SAgNPs treated worms showed profound

tissue architecture damages and tissue integrity loss and bursa region's disorganization.

4.2.2.3.5 Generation of Reactive oxygen species (ROS) stress due to SAgNPs exposure
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A complete comparative study for the changes in ROS generation of the stress response is
shown in Figure 25, comparing control (RPMI Media), Alb (9.4 uM), Ag+ (100 uM), and 247.5
nM SAgNPs after 3 h of treatment. In control tissue (Figure 25) low level of ROS generation
showed a moderate level of ROS was observed using DCFDA fluorescence. Massive cellular stress
response for ROS generation had been observed due to SAgNPs (247.5 nM) treatment within 3 h.
Figure 25 a, d, g, and j showed a complete body region of SAgNPs treated adult H. contortus.
The high generation of ROS was prominent in both anterior (Figure 25 k) and posterior ends
(Figure 251).

Control 100pM Ag* 9.4pM Alb 247.5nM SAgNP

Body region

Anterior end
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Figure 25. Oxidative stress generation in the adult worms due to SAgNPs exposure in H. contortus
adults was treated with SAgNPs for 3 h and controls and then processed for ROS (DCFDA
staining). (a, b, and c¢) images show the treatment with control (RPMI media), (d, e, and f) shows
adult worms after treatment with 100uM Ag™, (g, h and i) showed treatment with 9.4uM Alb and
(J, k, and 1) showed treatment with 247.5 nM SAgNPs. a, d, g, and j are describing the whole body
of the controls, and worms treated with SAgNPs respectively. b, ¢, h, and k are showing the

anterior end of the controls, and worms treated with SAgNPs respectively. c, f, i and | are showing
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controls posterior ends, and worms treated with SAgNPs respectively. After the desired treatment
of the worms were incubated for 20 mins with DCFDA (100 nM) in dark. Thereafter inverted
fluorescence microscope by Dewinter, Italy was used for taking the images.

4.2.2.3.6 Determination of nitric oxide synthase

The generation of NOS with the stress response in the worm due to SAgNPs treatment was
monitored using the Greiss reagent. The results showed a dose-dependent and subsequent time and
increase in the NOS level in the worms. The level NOS has increased from 0.057 + 0.016 to 0.074
+ 0.05 within 24 h for the lowest dose (24.7 nM) of SAgNPs, whereas the NOS response become
further significantly prominent and increase from 0.084 + 0.03 and 0.62 + 0.01 (within 24 h) due to
247.5 nM SAgNPs treatment (Figure 26). Whereas the change of level of NOS in response to Ag*
and Alb was moderate and not of high significance.
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0.3
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Control 9.4uMAIb  100uM Ag+ 24.7nM 49.5nM 123 nM 247.5nM

Figure 26. Alteration of activity of nitric oxide synthase (NOS) enzyme due to SAgNPs stress. A
comparative graph showing the generation of nitric oxide free radicals as a result of NOS activity
in H. contortus worms after treating with SAgNPs different concentrations (247.5 nM) along with
controls for 30 mins, 6 h, 12 h, and 24 h.
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4.2.2.3.7 Alteration of catalase, superoxide dismutase, and glutathione peroxidase activity in
response to SAgNPs induced oxidative stress

The increase of reactive oxygen and nitrogen species due to SAgNPs treatment generated
huge oxidative stress within the worm's physiological system which may alter the change in the
activity of metabolic and stress-responsive enzymes. A steady enhancement in CAT activity with
an increase of SAgNPs concentration results in an increase in stress response had been observed. In
different concentration of SAgNPs (24.7nM, 49.5nM, 123nM and 247.5nM) the amount of CAT
enzyme was calculated as 2.36 £ 0.15, 4.62 + 0.17, 5.63 = 0.24 and 6.22 + 0.18 U/mg proteins
respectively after 3h of treatment in comparison with the 0.22 + 0.05, 4.1 + 0.37 and 0.52 £ 0.05
U/mg proteins for untreated control, Alb (9.4 uM) and Ag+ (100 uM) respectively Table 18. A
consistent SOD activity increment with an increase in stress response had also been observed. The
SOD enzyme activity after the treatment was found to be 2.21 + 0.7, 2.55 + 0.15, 3.01 £ 0.18 and
3.19 = 0.25 U/mg protein for SAgNPs 24.7nM, 49.5nM, 123nM and 247.5nM respectively in
relation to the control where 4.8 + 0.22 Alb and 0.56 + 0.07 Ag* amount was used. Untreated
worms showed SOD activity of 0.21 + 0.018 U/mg of worm protein Table 18. In contrast to other
antioxidant activities, the activity of GPx also increases when worms are exposed to SAgNPs'
increasing concentrations. At 340 nm spectrophotometrically the amount of GPx was observed.
The activity of the GPx enzyme was calculated using the (iii) equation. The GPx enzymes active
amount was 2.22 + 0.057, 2.67 = 0.21, 3.21 + 0.08 and 3.4 £ 0.15 U/mg protein for SAgNPs
different concentrations (24.7nM, 49.5nM, 123nM and 247.5nM) respectively in comparison with
the control where the amount was 2.6 + 0.25 U/mg proteins in Alb and 0.58 + 0.058 U/mg proteins
in Ag*. Untreated was found to be 0.21 + 0.071 U/mg proteins (Table 18). The p-values for the
enzymatic activity of different catalysts SOD, CAT, GPx, GSH of adult H. contortus worms when
treated with different concentrations of SAgNPs are described in Table 19.

4.2.2.3.8 ROS enhances cellular combat by increasing the concentration of reduced glutathione
In combat to ROS, cellular response induced by GSH causes oxidative stress in the worms
when exposed to SAgNPs. A significant enhancement in the amount of GSH produced was
measured in SAgNPs treated worms. The increase in GSH was observed (0.28 + 0.05 uM/ mg for
untreated) along with the increase of the dose of SAgNPs (24.7nM, 49.5nM, 123nM and 247.5nM)
from 2.23 £ 0.15, 3.49 + 0.24, 4.02 + 0.7 and 4.21 = 0.057 uM/ mg protein respectively. Treatment
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of Alb also induced a significant increment in the GSH concentration (1.75 + 0.050 uM/ mg
protein) and Ag+ causes 0.59 + 0.009 uM/ mg protein accumulation of GSH (Table 18). The p-
values for the enzymatic activity of different catalysts SOD, CAT, GPx, GSH of adult H. contortus

worms when treated with different concentrations of SAgNPs are described in Table 19.
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Table 18. Oxidative stress-responsive elements in H. contortus to counter the toxic effect of SAgNPs on infectious helminths. Due

to the generation of oxide synthase-related stress helminth counteracts conditions through alteration of its metabolic functions. The toxic

effect of SAgNPs on the body of the helminth reacts with the cellular molecules as normal metabolic functions and increases the

regeneration of free radicals induced by oxidative damage defense mechanisms to include the following: enzymatic factors such as CAT,

SOD, GPx, and GSH. The enzymatic activity was measured as the enzyme unit per mg of protein (U/ mg protein) for CAT, SOD, and
GPx and (uUM/ mg protein) in GSH.

U/mg protein

uM/mg protein

Treatment CAT SOD GPx GSH
Concentrations

Control 0.22 £0.05 0.21+0.018 0.25+0.07 0.28+0.01
9.4uM Alb 4.1+0.37 48+0.2 2.6 +0.25 1.4 +0.05
100pM Ag* 0.56 +0.05 0.52 +0.07 0.58 + 0.057 0.59 + 0.009
24.7 nM SAgNP 2.35+0.15 2.21+£0.07 2.22+0.15 2.23+0.15
49.5 nM SAgNP 4.62 +0.17 2.55+0.15 2.67+0.16 3.49+0.24
123 nM SAgNP 5.63+0.24 3.01+0.18 3.21+£0.08 4.02 +0.07
247.5 nM SAgNP 6.22 £0.18 3.19+0.25 3.48+£0.15 4.21 +0.057
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Table 19. The p-values for the enzymatic activity of different catalysts SOD, CAT, GPx, GSH of
adult H. contortus worms when treated with different concentrations of SAgNPs (24.7, 49.5, 123,
and 247.5 nM). Statistical analysis of data was conducted by a student’s t-test, by using MS Excel,
and two measurements were statistically significant if the corresponding p-value was <0.01.

SAgNP Superoxide Catalase Glutathione Glutathione
concentration Dismutase (SOD) (CAT) Peroxidase (GPx) (GSH)
24.7nM 6.69354E-10 7.72E-11 1.28E-10 2.63E-10
49.5nM 4.13047E-10 2.87E-10 3.76E-10 1.94E-10
123nM 1.69716E-09 1.1E-09 1.47E-09 8.56E-10
247.5nM 2.49973E-08 2.5E-08 1.254-09 3.84E-10
Conclusions:

The Silver Nanoparticles (AgNPs) were synthesized successfully from the bio-reduction of
AgNO:s solution using the plant leaf extracts of the Selaginella moellendorffii. The biosynthesized
silver nanoparticles were appropriately characterized using UV-vis spectroscopy, FTIR analysis,
DLS, and Zeta Potential. The UV-vis analysis showed that the absorption spectra of the silver
nanoparticles synthesized in the reaction media have absorption maxima in the range of 400 - 475
nm because of the surface plasmon resonance of the silver nanoparticles. From the DLS study, we
came to know about the hydrodynamic size that was 91 nm in counts and the stability of the
nanoparticles in the solution, whereas the chemical composition of the aqueous extract and
biosynthesized AgNPs were analyzed by FTIR. The qualitative analysis was also performed that
showed the phytochemical constituents such as the alkaloids, flavonoids, tannins, saponins,
phenolic compounds, steroids, and glycosides are present in the Selaginella moellendorffii plant
species and which may possess various medical and pharmaceutical values. Therefore, plant
species also possessed some antihelminthic activities. Significant percentage inhibition of viability
of larvae and egg hatch assay showed the toxic nature of pteridophytes. Thus, reduction in the
growth of larvae and adults and egg hatching proves efficient antihelminthic nature of pteridophyte
plants that are easily available in hilly regions and are pocket friendly and environment friendly as
well.

This is the first report of the unprecedented antihelminthic efficiency of S. moellendorffii

aqueous extract-protected AgNPs by increasing both ROS and NOS and thereby causing alteration
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of metabolic activity and physical damage in worm tissue. H. contortus shows high resistivity
against albendazole, which was also consistent in our findings, whereas SAgNPs not only killed
adult worms but also showed a significant effect of reducing larval viability and egg hatching
(Figure 27).

Henceforth, the findings are highly useful in the wake of the increasing problem of drug
resistance to the commercially available antihelminthic, an increase of life quality, and reduction of
healthcare cost, but further detailed studies are required to understand the active principal
component(s), efficacy, and toxicity of the system in animal models. In addition to that, the utility

of the formulations against other parasitic infections, including helminthic infections, needs to be
evaluated in the future.
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Figure 27. Schematic figure showing the synthesis of SAgNPs under direct sunlight, then
treatment of adult H. contortus worms, L3 stage, and egg hatch assay with SAgNPs at different

concentrations. After that, changes in morphology were analyzed using SEM and then a generation
of ROS was observed.
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CHAPTER 5

The antihelminthic activity of pure compounds
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Since all the herbs in the world have been used for therapeutic purposes. In India,

traditional medicine is used since 1500 BC, and in China, the use of herbs for therapeutics is as old

as 2700 BC. In the present day, almost 90% of the rural population depends on herbal medicines in

developing countries [163]. Several medicinal plant-based treatments with Allium sativum, A. cepa,

and Mentha arvensis species came into consideration for the development of new drugs to control

gastrointestinal parasitism [164-168].

Many seed oils such as pomegranate oil, grape oil,

carvacrol, eugenol, cumin oil had been reported to show their antihelminthic activities [169-173].

Here, plant-based synthetic compounds, cuminaldehyde, and quercetin have been used to analyze

the antihelminthic effect against H. contortus and studied the novel mechanism of action of the

same (Table 18).

Table 18. Pure compounds and their traditional uses

Compound Structure Source Uses References
Cuminaldehyde C cH: | eucalyptus, myrrh, | diarrhea, colic, [[252, 253]
4 cn, | Cassia, cumin bowel spasms, and
gas
apples, berries, | Arthritis, [254]

Quercetin

Brassica vegetables,
capers, grapes, onions,
and

shallots, tea,

tomatoes

bladder infections,

and diabetes.
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5.1 Cuminaldehyde

Cumin, a novel monoterpenoid belonging to the family Apiaceae is a common aromatic
herb growing annually [178]. Though Cumin is indigenous to India, it is a widely used spice
cultivated in India, Iran, Egypt but later refined widely in areas such as Asia, North Africa,
southern Russia, and southern America [255, 256]. Cumin contains fixed oil (about 10%), volatile
oil (about 1.5%), protein, sugar and phenolic constituents [257, 258]. Various pharmacological
potentials of cumin such as digestive conditions, toothache, epilepsy, antitumor, anti-bacterial,
anti-fungal, anticonvulsant, anti-inflammatory, antihelminthic (anti-tapeworm), and antioxidant
have been reported.

(Madhavan and Tharakan, 2017) had reported the antihelminthic activity of C. cyminum
aqueous extract against Indian common earthworm Pheretima posthuma [259] The seed extract of
Nigella sativa (black cumin) has extensively been used in Indian and African traditional medicine
because of its therapeutic potential and possesses a wide spectrum of activities, namely, diuretic,
antihypertensive, antidiabetic, anticancer, immune-modulatory, antimicrobial, anthelmintic,
analgesic and anti-inflammatory, spasmolytic, bronchodilator, gastroprotective, hepato-protective,
and renal protective properties [260]. Mnif et al. 2015 showed the biological activities,
phytochemical profile, and pharmacological uses of the Cuminum cyminum L [257].

Cuminaldehyde (CA), is a natural monoterpenoid with an aldehyde group abundant in
cumin oil [261]. CA has been reported to show beneficial effects against various diseases such as
skin diseases, fever, vomiting, nausea, anticancer, antidiabetic, neuroprotection, and anti-
inflammation [262, 263]. Monteiro-Neto et al. 2020 explored the antimicrobial activity against S.
aureus and E. coli induced infections in comparison to ciprofloxacin [264]. Moreover,
nephroprotective, gastroprotective, and neuroprotective activities along with nutraceutical effects
have been studied by Srinivasan et al. 2018 [265]. Wongkattiya et al. 2019 showed the antibacterial
activity against food-borne pathogens such as Bacillus cereus, Staphylococcus aureus, Escherichia
coli, and Salmonella Typhi using cuminaldehyde [266].

Here, in this work, we have reported the antihelminthic effect of CA for the first time
against H. contortus and studied the novel mechanism of action of the same. We found CA induces
oxidative stress to various stages of H. contortus causing a change in metabolism, physical
damage, and death of the worms. Thus, CA could be evaluated for its clinical use against gastro-

intestinal parasitic infection with special emphasis on Haemonchus contortus.
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5.1.1 Experimental design for the treatment of egg hatch, larval stage and paralysis, and death
of adult H. contortus worms with CA.

Adult H. contortus worms were isolated from the abomasa of infected ruminants. The adult
worms were treated with CA (37, 74, 185, 370, and 740 pg/ml) and compared to albendazole, (500
pg/ml), and control (RPMI Media) for 24 h to observe theirs in vitro mortality.

In vitro morbidity test of H. contortus larvae (L3) was performed by taking larvae
(Approximately 25-30) in 200 pl of RPMI medium in 96 well plates in presence of CA (37, 74,
185, 370, and 740 pg/ml), and Alb (500 pg/ml) for 24 h. After the incubation, a direct microscopic
examination (at 40X magnification) was done for mobility (for 20 secs).

Egg suspension (1 ml) containing nearly 200 eggs was placed into 24 well microtiter plates,
subsequently, to check the inhibition efficiency of drugs, eggs were treated at different
concentrations of CA (37, 74, 185, 370, and 740 pg/ml), against two controls, one positive with
Alb (500 pg/ml) and another negative with RPMI media. After the inhibition treatment, the plates
were incubated at 28 °C for 48 h.

A detailed procedure for adult motility assay (2.3.3), larval motility assay (2.3.4), egg hatch
assay (2.3.5), and morphological analysis, SEM (2.4), generation of oxidative stress with ROS
(2.6.1), NOS (2.6.2), and catalytic activities CAT, 2.7.1, SOD, 2.7.2, GPx, 2.7.3 and GSH, 2.7.4
has been explained in Chapter 2.

5.1.2 Results:

5.1.2.1 Assessment of death time and paralysis time H. contortus due to the treatment of CA

In male worms, CA was most active at 740 pg/ml concentration, where Approximately
73% of the worms were paralyzed in 1 h and nearly 80% of the worms died within 6 h of CA
treatment. Further, in female worms also, CA was most active in 740 pg/ml concentration, where
Approximately 80% of the worms were paralyzed in 3 h and nearly 60% of the worms died within
12 h of CA treatment. Whereas CA at 37 pug/ml at 12 h of treatment, showed only 20% of the

female worms were paralyzed and 20% died in 24 h of CA treatment. The LDso values of 184.5 +
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12.1, 127.3 + 7.5ug/ml for an adult female, adult male worms at 12 h of CA exposure (Figure 30a-

b). The dose-dependent death and paralysis time of adult worms are represented in Table 19.
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Table 19. Paralysis and Death time analysis of CA on adult H. contortus. Worms were exposed to CA of different doses (37, 74, 185,

370, and 740 pg/ml), Alb (500 pg/ml) in RPMI media for 24 h. Death and paralysis of worms were analyzed at various time points in

between. Worms were first noted for their movement. If no movement was observed then worms were exposed to a warm saline solution

(50 °C) for 1 min to stimulate movement. The counts were taken for the number based on the worm's movement. If the worm previously

immobile worm starts moving upon exposure to warm saline, then considered as paralyzed otherwise considered dead.

Paralysis Time Death Time
Time of
EXxposure Male Worms
Control| Alb 37 74 185 347 740 | Control | Alb 37 74 185 370 740
(500) (500)

Oh : - . }
05h . - . 90

1h - - 6+0 12+0.5

3h - - 3:05 | 9+0 | 12+05 | 15#0

6 h R 3+0.5 R 6+0 12+0.5 9+0 3+0 3+£0.5 610 12+0.5
12 h . 6205 | 6405 9+0 9+0 3405 00 6+0.5 | 12405 | 1540
24 h 140 020 | 405 | 12405 0+0 0+0 00 15#0 | 3x05 | 305 | 150 1540 | 150

Female Worms

Oh - .
0.5h . .

1h - . 340.5 6+0.5

3h - - - 320 620.5 12+10

6h - - 3+05 | 9405 1240 12+0.5 - - - 305
12 h . 340 9+0 1540 0+0 6+0.5 340 00 9+0 | 905
24 h 140 020 | 3405 | 9+05 0+0 0+0 00 6+0 3+0 | 6205 | 1520 1540 | 1540
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The morphological modifications after treatment were observed visually in Figure 28(a-c) under
an optical microscope at 40X magnification. The control H. contortus contained a smooth cuticle
along with well-developed anterior and posterior ends and a smooth body with well-organized
morphological features. But after treatment with CA any dose (370 pg/ml shown in Figure 28c),
the cuticle of the worm got ruptured; disorganization of the complete body morphology along with
loss of anterior ends was observed. Similar damages were also been found for albendazole (500
pg/ml) treated worms [267, 268].

Control 500 pg/ml Alb 370 pg/ml CA

Adultstage
After 24h of treatment

Larvaestage
After 24h of treatment

\
N\
\
\
J
=

Figure 28. Optical microscopic images of control and treated adult and L-3 larval stages of H.

contortus. The worms were isolated from the abomasums of the ruminants, washed, and identified.
Thereafter they were treated with CA and Alb along with control. After treatment, the worms were
stained with Lacto phenol cotton blue (LPCB) for at least 15- 20 min, before taking a picture under
an optical microscope at 40X magnification. (a) shows of adult H. contortus treated with RPMI
media for 24 h, as a negative control (b) shows of adult H. contortus treated with 500 pg/ml Alb,
as a positive control (c) shows of adult H. contortus treated with CA at 24 h of treatment at
concentration, 370 pug/ml. (d) ) shows of L-3 larvae H. contortus treated with RPMI media for 24
h, as a negative control (e) shows of L-3 larvae H. contortus treated with 500 pg/ml Alb, as a
positive control (f) shows of L-3 larvae H. contortus treated with CA at 24 h of treatment at

concentration, 370 pg/ml.
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5.1.2.2 Assessment of larval motility assay (LMA)

The L3 larvae extracted from the infected fecal matter or eggs isolated from adult female
worms (after culture) were treated with CA and control (0.8 percent normal saline) for 24 h.
Further morphological details were observed under an optical microscope. The response to CA
treatment (morphological changes) against the control set of worms is shown in Figure 28 (d-f).
Spindling, shrinkage, and ruptured morphology of L-3 larvae were observed in the case of CA (370
pg/ml) treatment whereas no such changes were observed in control as well as Alb (500 pg/ml)
treat samples. Moreover, the LMA inhibition percentage was calculated after 24 h with the
equation mentioned above in methods. The effect of CA on larval motility was concentration
depended. The percentage of larval survival were obtained 68%, 48.1%, 33.3%, 18.5%, 7.4% and
7.4%, respectively for (0-740 pg/ml) of CA treatment respectively in compared to 60.2% for
widely used antihelminthic drug, Alb (500pg/ml) Figure 29a. LDsg for inhibition of larva
mortality obtained was 104.1 £ 7.9 pg/ml for 24 h (Figure 30c). The p-values for the Larval
Motility Assay (L-3) of H. contortus worms, when treated with different concentrations of CA, are
described in Table 20.

5.1.2.3 Assessment of egg hatch in response to CA treatment

The EHA inhibition percentage was calculated after 48 h with the equation mentioned
above in methods using the Mc Master slide. The effect of CA on egg hatching was found to be
dose-dependent. The percentage of hatched eggs into larvae were obtained 89%, 57%, 48%, 36%,
28.5%, and 14.5% respectively for (0-740 pg/ml) of CA treatment respectively in compared to
77% for widely used antihelminthic drug, Alb (500ug/ml) Figure 29b. Over 50% inhibition of egg
hatching was observed at as low as 142.4 + 11.4 ug/ml CA concentrations at 48 h treatment
(Figure 30d). The results depict that the CA is highly effective in inhibiting the egg hatching of H.
contortus. The p-values for the Egg Hatch Assay of H. contortus worms, when treated with

different concentrations of CA, are described in Table 20.
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(a) Egg hatch Assay (b) Larvae Motility Assay (L3)
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Figure 29. Inhibitory effect of CA on L-3 Larvae survival and egg hatching of H. contortus. (a)
Percentage of inhibition (survival) of the L3, larval stage after treatment with different
concentrations of CA for 24 h along with controls. (b) Comparative graph showing the influence of
CA on egg hatch. The treatment was performed for 48 h in the presence of different concentrations
of CA along with controls. Around 200 eggs were taken in each well and results were represented
as an average of 3 independent experiments.

Table 20. Table showing the p-values for the Egg Hatch Assay and Larval Motility Assay (L-3) of
H. contortus worms when treated with different concentrations of Cuminaldehyde (37, 74, 185,
370, and 740 pg/ml). Statistical analysis of data was conducted by a student’s t-test, by using MS

Excel, and two measurements were statistically significant if the corresponding p-value was <0.01.

37 pug/ml 74 png/ml 185 pg/ml 370 pg/ml 740
pg/mi
Egg Hatch Assay | 7.2909E-09 2.45E-09 1.0865E-09 | 2.63E-11 3.2635E-
09
Larval Motility | 4.1768E-09 3.986E-09 | 1.4565E-09 | 3.552E-08 2.5523E-
Assay 08
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Figure 30. The half-minimal inhibitory concentration (LDso) was measured against the death
percentage of adult H. contortus, (L- 3) larvae, and egg hatch assay. In (a) Male death percentage
in 12 h (b) Female death percentage (c) Larval Motility assay in 24 h and (d) Egg hatch assay in 48
h.

5.1.2.4 Damage as seen from the ultra-structural features due to CA treatment

To check the extent of damage in ultra-microscopic studies were done for control and
treated samples. In Figure 31, comparative studies between a set of controls (RPMI media), Alb
(500 pg/ml) and CA treated (370 ug/ml) H. contortus are shown. Figure 31a-c shows the whole
body region of the adult helminth Figure 31a depicts the complete intact cuticle of the body region
of adult H. contortus where united parts can be identified when treated with RPMI media Figure
31b partial disorganizations of the cuticle when Alb treated helminths where analyzed, where
limited shrinkage of the entire body was observed and Figure 31c complete rupturing and
disorganizations of the complete body region are observed when treated with high dosage
concentration of CA, shrinkage of the entire body, and rupturing of the cuticle can be seen. Further,
Figure 31d-f shows the anterior region of the adult helminth Figure 31d when treated with media,

the complete sharp anterior end can be visualized where no disruptions and intact bloodsucking
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mouth region are observed Figure 31e partial shrinkage and folds on the anterior end can be
visualized when treated with Alb but the blood-sucking mouth region remains intact Figure 31f
after the treatment with CA complete rupturing and shrinkage of the anterior end with complete
loss of blood-sucking mouth region was observed. Further, Figure 31g-i shows the posterior
region of the adult helminth Figure 31g well-defined bursa region of the male adult helminth can
be identified when treated with media, Figure 31h partial loss of the bursa region and shrinkage
can be visualized when treated with Alb Figure 31i loss of complete bursa region of the male and
shrinkage of the helminth along with rupture of cuticle was observed when treated with CA.

Body

Posteriorend Anteriorend

500 pg/ml Alb

) troI 370/m|

Figure 31. Study of morphological damage in adults H. contortus under the influence of CA.
Scanning electron microscopic images of helminth treated with the highest concentration of cumin
aldehyde, 370 pg/ml. The helminth was treated for 12 h and after treatment, the helminths were
processed, coated and the ultra-structures were observed using SEM at 15 (kV). (a, d, and g)
images show the treatment with negative control, RPMI media, (b, e, and h) are showing Alb (500
ug/ml) and (c, f and i) are showing 370 pg/ml CA treated adult male worms. a, d and g are
anterior regions of the control, Alb treated and CA treated worms respectively. b, e and h are
showing the whole body of the control, Alb treated and CA treated worms respectively. c, f and i
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are showing posterior ends of the control, Alb treated and CA treated worms respectively. CA
treated worms showed profound damages to tissue architecture and loss of tissue integrity and

disorganization of bursa regions.

5.1.2.5 Reactive Oxygen Species dependent stress due to exposure to CA

Different concentrations of CA triggered the typical concentration free radical response, i.e.
higher the concentration of CA higher was the stress response. Massive cellular stress response
was seen in the anterior and posterior ends of the helminths after the treatment with CA, whereas a
moderate ROS response was seen in the body region. In control helminths noticeable sharp ends
were visible but after the treatment with CA, the rupturing of the anterior end was observed. The
finding suggests that CA penetrates deep into the parasite body and causes rupturing and
disorganizations. Figure 32a-h exhibits the amount of ROS in Figure 32a anterior end and Figure
32c posterior ends and Fig. 4b body in the negative control, where no generation of ROS was seen,
Figure 32d-f exhibited the Alb treated helminths, where a minimal generation was seen and in
(Figure 32g, h and i) depicted the high generation of ROS when treated with CA (highest
concentration, 370 pg/ml.

5.1.2.6 Determination of NOS when treated with CA

NOS generation with the response to CA treatment was monitored using Greiss reagent.
The experimental results exhibited a subsequent increase in NOS generation from 0.04467+ 0.02 in
lowest concentration 37pug/ml (at 30 min) to 0.31567+ 0.016 in 370 pg/ml (at 24 h), represented in
Figure 32j. The results were recorded spectrophotometrically at 540 nm at different times, i.e.
30min, 6 h, 12 h, and 24 h for all the different concentrations. Therefore, as a result of the nitric
response, the generation of oxide species increased with an increase in concentration and time
whereas in the negative control, no generation of oxide species was observed but a slight increase

in oxide species generation with an increase in time was analyzed in positive control.
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Figure 32. Generation of oxidative stress in adult worms due to exposure of CA adult H.
contortus were treated for 3 h with CA and positive as well negative controls and processed for
ROS (staining with DCFDA) or NOS (using Greiss reagent). (a-c) are showing the amount of ROS
in anterior, intestinal, and posterior regions respectively of the adult helminth in the negative
control, RPMI media. (d-f) are showing the amount of ROS in anterior, intestinal, and posterior
regions respectively of the adult helminth in the positive control, 500 pug/ml Alb. (g- i) is showing
the amount of ROS in anterior, intestinal, and posterior regions respectively of the adult helminth
when treated with the highest concentration of CA (370 pg/ml). After the desired treatment the
worms were incubated with 100 nM of DCFDA in dark for 20 mins. Thereafter the images were
taken using an inverted fluorescence microscope by Dewinter, Italy. (j) A comparative graph

showing the result of nitric oxide free radicals’ generations in H. contortus adult worms after
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treatment with different concentrations (37-740 pg/ml) of CA along with controls for 30 mins, 6 h,
12 h, and 24 h.

Table 21. Table showing the p-values for nitric oxide synthase (NOS) activity of H. contortus
worms when treated with different concentrations of Cuminaldehyde (37, 74, 185, 370, and 740
pg/ml). Statistical analysis of data was conducted by a student’s t-test, by using MS Excel, and two

measurements were statistically significant if the corresponding p-value was <0.01.

37 pg/ml 74 pg/ml 185 pg/ml 370 pg/ml 740 pg/ml
6h 1.24729E-09 1.41995E-10 6.14231E-09 1.25952E-08 2.62196E-11
12h 1.77E-09 1.76E-09 1.83E-09 1.32E-09 4.34E-09
24h 3.22E-09 3.16E-09 3.64E-09 4.45E-09 1.07E-08

5.1.2.7.1 Measurement of Superoxide Dismutase overexpression as a response to ROS induced
stress

The helminths showed increased stress conditions when treated with CA. The activity of
SOD was measured spectrophotometrically at 543nm, the higher the concentration of CA higher
was the stress-induced. A steady increase of SOD activity with an increase of stress response had
been observed and the amount of active SOD enzyme in different concentrations of CA (37, 74,
185, 370, and 740 pg/ml) was found to be 2.15+ 0.1, 2.92+ 0.2, 4.12+ 0.5, 4.81+ 0.20 and 5.59+
0.1 U/mg protein, respectively in comparison with the control where the amount was 4.8+ 0.22. In
Figure 33a the average value of active SOD enzyme per mg of protein of different concentrations
of CA in comparison to positive and negative controls is displayed.

5.1.2.7.2 Activation of catalase to combat with ROS generated stress

The enzymatic activity was calculated using equation (iii). A steady increase in CAT
activity with an increase in stress response with an increase of CA concentration had been
observed. The amount of CAT enzyme in different concentrations of CA (37, 74, 185, 370 and 740
pg/ml) was calculated as 5.08+ 0.4, 9.43+ 0.8, 12.71+ 0.4, 14.14+ 0.1, and 17.63% 0.1 U/mg
protein respectively in comparison with the control where the amount was 4.1+ 0.01. The average
value of active CAT enzyme per mg of protein of different concentrations of CA in comparison to

positive and negative controls is represented in Figure 33b.
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5.1.2.7.3 The increase of glutathione peroxidase activity due to CA stress

In contrary to other antioxidant activities, GPx also shows an increase in activity when
exposed to CA of increasing concentrations. After following the protocol OD was taken at 340 nm.
The activity of the enzyme GPx was calculated using equation 1. The amount of active GPx
enzymes were 8.03+ 0.2, 8.58+ 0.1, 9.19+ 0.4, 10.15+ 0.5 and 10.73+ 0.04 U/mg protein for
different concentration of CA (37, 74, 185, 370 and 740 pg/ml) respectively in comparison with
the amount 2.6+ 0.008 in negative control Figure 33c.

5.1.2.7.4 Cellular combat with ROS by increasing the reduced glutathione concentration

In combat to ROS, GSH also induces cellular response which causes oxidative stress in
helminths when exposed to CA. We found a significant increase in GSH content in CA-treated
helminths. The amount of GSH increased from 23.08x 0.6, 24.5+ 0.5, 26.6+ 0.7, 40+ 0.1 uM/ mg
protein to 41.5+ 0.030 UM/ mg protein for different concentration of CA (37, 74, 185, 370 and 740
pg/ml) respectively Figure 33d.
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Figure 33. Oxidative stress-responsive elements in H. contortus to counter the toxic effect of

CA on infectious helminths. Due to the generation of oxide synthase-related stress helminth

counteracts conditions through alteration of its metabolic functions. The toxic effect of CA on the
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body of the helminth reacts with the cellular molecules as normal metabolic functions and
increases the regeneration of free radicals induced by oxidative damage defense mechanisms to
include the following: enzymatic factors such as (a) CAT (b) SOD (c) GPx and (d) GSH. The
enzymatic activity was measured as the enzyme unit per mg of protein (U/ mg protein) for CAT,
SOD, and GPx and (uUM/ mg protein) in GSH.

Table 22. Table showing the p-values for the enzymatic activity of different catalysts SOD, CAT,
GPx, GSH of adult H. contortus worms when treated with different concentrations of
Cuminaldehyde (37, 74, 185, 370, and 740 pg/ml). Statistical analysis of data was conducted by a
student’s t-test, by using MS Excel, and two measurements were statistically significant if the

corresponding p-value was <0.01.

Cuminaldehyde | Superoxide Catalase Glutathione Glutathione
concentration Dismutase (SOD) | (CAT) Peroxidase (GSH)
(GPx)
37 pug/ml 5.83121E-10 7.54E-10 1.5E-11 2.677E-10
74 png/ml 1.0478E-09 6.71E-10 1.2591E-10 1.2584E-09
185 pg/ml 2.70251E-09 1.76E-09 1.67562E-09 6.3855E-09
370 pg/ml 2.53101E-08 2.51E-08 2.52652E-08 2.5752E-08
740 pg/ml 9.52201E-09 1.06E-08 9.31654E-09 8.2722E-09
Conclusion:

Helminth infection is predominantly present in countries with a low economy and poor
hygiene therefore the cost-effectiveness of the antihelminthic remained a challenge for companies
to engage in antihelminthic research. Furthermore, for tropical medicine, antihelminthic must be
used in mass chemotherapy programs in regions where clinical support is sparse and therefore
drugs need to be very well tolerated in animals. For the last couple of decades, albendazole,
benzimidazole, and ivermectin have been used for both veterinary and human use. But prolonged
use of antihelminthic drugs resulted in the development of chemoresistance. The first report of
chemoresistance in H. contortus came from Drudge et al., 1964 against benzimidazole [269]. Soon

after many more reports got published reporting resistance against various antihelminthic drugs
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such as Cawthorne and Whitehead, 1983; reported the resistance in microtubule inhibition of
polymerizations by Benzimidazole in H. contortus [270]. Sangster et al., 1979 reported resistance
development against imidazothiazole [271]. This pattern very common in different temperate
regions including In India, such as benzimidazole, imidazothiazole, and ivermectin derivatives was
reported on multiple occasions in various reports like Das et al., 2015; Dixit et al., 2017; Easwaran
et al., 2009; Rajagopal et al. 2017 [272-275]. But due to the progressive development of resistance
against the existing drugs the mankind is on the verge of urgent need of novel, inexpensive and
effective drugs [267]. This is the first report of cuminaldehyde, an abundant compound present in
widely used herb cumin to have a potential inhibitory effect against the egg, larvae, and adult
stages of H. contortus, one of the most economically important parasitic nematodes which cost a
loss of 120 billion of USD every year worldwide [94, 268, 276]. In this work, the antihelminthic
effect of CA against H. contortus has been evaluated by novel mechanisms. The potential of CA
has been found higher than the widely used, antihelminthic drug albendazole. It has been found
that CA exerts quenching of free oxygen radicals on lipid peroxidation of several compounds and
enhances the activity of endogenous antioxidant enzymes [277] and induces oxidative stress to
various stages of H. contortus causing a change in metabolism, physical damage, and death of the
worms. In the antimicrobial activity of cumin, the phenolic components constituted by antioxidant
properties are responsible for membrane permeabilizes and increased membrane permeability leads
to proton, phosphate, and potassium leakage, which further affects pH homeostasis and equilibrium
of inorganic ions [278]. Moreover, according to Juglal et al. 2002; the mechanism of antimicrobial
action of spices involves the bonding of phenolic compounds to membrane proteins causing
membrane disruption and destruction of electron transport systems [279]. These in vitro studies are
highly useful in the wake of the increasing problem of drug resistance to commercially available
antihelminthic. The exact mechanism of action for its antihelminthic activity is not clear as most
components in Cuminaldehyde have several targets. Predictions about the mode of action of crude
cumin require thorough investigations of their constituents, target sites, and their interactions with
the surrounding environment. Further CA could be evaluated by in vivo models for its use against
gastro-intestinal parasitic infection with special emphasis on Haemonchus contortus (Figure 34).
Therefore, these findings have opened a new window of the pharmaceutical application of CA for

the treatment of gastrointestinal helminth infection.
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Figure 34. Scheme showing the effect of CA on various stages of H. contortus worms. CA causes

oxidative stress-mediated damage in the parasitic worm.

97



5.2 Quercetin

Nematodes are considered the largest phyla in the animal kingdom [3, 4]. Despite, the true
number of nematodes ranges between 100,000 and 10 million, only 20,000 — 30,000 species have
been described [5]. In particular, Caenorhabditis elegans (C. elegans) is the most studied
nematode, which is used as a popular genetic model system across biological disciplines to study
complex behavior, drug responses, microbiome, and pathophysiology of human diseases [280-284]
[285-289]. The nervous system of C. elegans has been studied extensively and only for C. elegans,
the complete system-wide neural-connectome is known [290-293]. Nevertheless, the overall
designs of the nervous system in nematodes are found to be largely similar across the phylum
[294]. The overall structure displays the invariant features of the nerve ring as the central nervous
system at the anterior part of the body, the ganglia, the ventral cord that runs longitudinally
throughout the body, and the commissural connections. Besides, the similarity in the total number
of neurons and their anatomic consonance are remarkable [294]. These similarities have helped us
immensely in understanding the functioning of the neural circuits and drug-related toxicity
responses in the nematodes [295-299]. For example, several antihelminthic drugs, such as
avermectins, nicotinic antagonists, benzimidazole, latrotoxin, are reported to show the common
lethal effect on the neuromuscular systems of various parasitic nematodes, like Ascaris
lumbricoides, Pristionchus pacificus, H. contortus, and Hymenolepis nana [300, 301]. Though the
evidence of direct targeting is lacking in these studies, however these results are extremely
important from the standpoints of clinical applications of antihelminthic drugs, especially at the
face increasing developments of drug-resistance in the parasitic nematodes.

Among the intestinal parasitic helminths, H. contortus is a highly pathogenic candidate,
causing gastrointestinal infections, primarily and not restricted to small ruminants, with global
distribution [13, 302]. 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 warm climatic regions, and
arguably on a global basis [217]. H. contortus causes anemia and infirmity, which further is
responsible for severe economic losses in sheep and goat breeding globally [303, 304].
Importantly, multiple reports of human infections from different continents, with H. contortus,
have raised serious medical concerns while considering the development of resistance in this

parasite against the available antihelminthic drugs [305]. Antihelminthic resistance is now a
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widespread problem, especially in H. contortus, due to its enormous genetic diversity, which
possibly is allowing the antihelminthic resistance alleles to be rapidly selected [306, 307]. At
present, there are only a handful of drugs available (like benzimidazole, imidazothiazole, and
ivermectin) for the treatment of helminths, albeit the development of chemoresistance is posing a
massive therapeutic challenge [58, 273]. In 1983, Cawthorne and Whitehead have reported the
development of resistance against benzimidazole in the H. contortus [270]. Other studies showed
the mechanism of benzimidazole resistance due to point mutations in the B-tubulin gene; the target
site of the drug [106, 308]. In vitro development of resistance in H. contortus against
thiabendazole has highlighted the significance of point mutation (from glutamate to alanine) at
codon 198 of the B-tubulin gene which expressed in vivo relevance for sheep and goats [309, 310].
Besides, detection of a point mutation at codon 167 of the isotype 1 B-tubulin gene was also shown
to be associated with benzimidazole resistance in H. contortus [311]. Moreover, resistance was
also observed against other antihelminthic drugs, ivermectin, mebendazole, Pyrantel, and
Praziquantel in H. contortus, Nectar americans, Ancylostoma duodenale, and Schistosoma
mansoniparasites [108, 312, 313]. Haemonchus placei, which is one of the most threatening
parasitic nematodes of cattle in the tropical areas, also developed molecular resistance mechanisms
against ivermectin, which includes the efflux of the drug from the cells and the eventual
ineffectiveness of drug action [314-316]. Due to the shortage of available antihelminthic drugs
along with the developments of resistance against the existing drugs, there exists an utmost
urgency to develop new drugs for the effective treatment and management of the parasitic worm
infections.

To cope up with the worldwide problem of the development of resistance in H. contortus
against the antihelminthic drugs, researchers are actively engaged in discovering alternative plant-
based antihelminthic [317]. Screening of phytochemicals with antihelminthic properties against
Haemonchus contortus although has identified multiple candidates, however, their use as potential
therapeutics can be hindered due to lack of knowledge on their mechanisms of action [158, 318-
321]. Thus, a great demand exists for better antihelminthic remedies that can target a specific
system to cause quick mortality in the parasitic worms.

To this end, we have designed our study to investigate the antihelminthic activity of
quercetin, a phytochemical, against H. contortus. Quercetin is a naturally occurring flavonoid,
present in onions, green tea, apples, berries, garlic, etc [322, 323] and is well recognized for its
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anti-cancer, anti-inflammatory, and antioxidant properties [324, 325]. Quercetin has multiple
intracellular molecular targets with the potential to reverse treatment resistance [326, 327]. 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 but not the adults and
importantly quercetin alone showed no antihelminthic activity [328]. Previously, another study on
H. placei was also found quercetin to be ineffective against the ivermectin-resistant field isolates of
H. placei when used in combination with ivermectin [329]. Therefore, the role of quercetin as an
effective antihelminthic agent remains questionable. In the present work, we found, for the first
time, that quercetin, acts as an effective antihelminthic remedy and targets the central nervous
system (CNS) of the parasitic nematode, H. contortus. We studied the novel mechanism of action
of the compound in which quercetin inflicted tissue-damage and eventual death of the adult worms
through oxidative-stress. The generation of reactive oxygen species in the CNS of H. contortus and
eventual paralysis and mortality of the adult worms are extremely interesting findings keeping in
mind that quercetin has characterized roles, in the CNS of animal models, as neuroprotective
(inhibits oxidative stress mediated neuronal damage), anti-neuroinflammatory (suppresses of NF-
kB sinagling, clearance of f-amyloid peptide and hyperphosphorylated tau) and neurogenesis agent
(increases neuronal longevity by modulating signaling pathways mediated by NGF, BDNF and
various kinases) [330], as well as contrastingly it can exert oxidative stress under certain conditions
[331]. 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.

5.2.1 Experimental design for the treatment of egg hatch, larval stage and paralysis, and death
of adult H. contortus worms with Quercetin.

Adult H. contortus worms were isolated from abomasums of infected ruminants. The adult
worms were treated with quercetin (0.125, 0.2, 0.5, 1, and 2mM) against albendazole, Alb
(0.2mM), and control (RPMI Media) for 24 h to observe theirs in vitro mortality.

In vitro morbidity test of H. contortus larvae (L3) was performed by taking larvae
(Approximately 25-30) in 200 pl of RPMI medium in 96 well plates in presence of quercetin
(0.125, 0.2, 0.5, 1 and 2mM) for 24 h. After the incubation, a direct microscopic examination (at

40X magnification) was done for mobility (for 20 secs).
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Egg suspension (1 ml) containing nearly 200 eggs was taken into 24 well microtiter plates,
subsequently, to check the inhibition efficiency of drugs, eggs were treated at different
concentrations of quercetin (0.125, 0.2, 0.5, 1, and 2mM), against two controls, one positive with
Alb (0.2mM) and another negative with RPMI media. After the inhibition treatment, the plates
were incubated at 28 °C for 48 h.

A detailed procedure for adult motility assay (2.3.3), larval motility assay (2.3.4), egg hatch
assay (2.3.5), and morphological analysis, SEM (2.4), generation of oxidative stress with ROS
(2.6.1), NOS (2.6.2), and catalytic activities CAT, 2.7.1, SOD, 2.7.2, GPx, 2.7.3 and GSH, 2.7.4
has been explained in Chapter 2.

5.2.1.1 Histopathology of H. contortus

H&E stain’s simplicity and ability to elucidate the tissue’s basic morphology by staining
nuclei and cytoplasm in different colors. For H&E (Hematoxylin & Eosin) staining, female worm
samples were treated with toxic quercetin (1mM) extract compared against control (RPMI Media),
and Alb (0.2mM) was performed at room temperature. Worms were stored in 99.9% ethanol
(MERCK). Ascending dehydrations of the worm tissue were done overnight. Wax blocks were
prepared by embedding the worm tissue inside. Blocks were stored at -20 °C, to become even
harder for sectioning. Sections were done in Microtome (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 at 65 °C on a hot plate, such as to allow the extra wax to melt for the fixation of the
worm on the slide. Then a staining procedure (Thomson, 1986) was followed [291]. The slides
were kept for 2 min in all the alcohol concentrations and 1 min each in H&E stains. Further,

microscopic examinations were done to identify morphological changes.

5.2.2 Results

5.2.2.1 Adult Motility Assay (AMA)

In male adult worms, quercetin was found to be most active at the concentration of 1mM,
at which 40% of the worms were paralyzed after 1 h and 80% were paralyzed after 3 h of
exposure. At 6 hrs, 40% were dead and after 12 h, we found 80% mortality in the adult worms

(Table 23). Furthermore, in adult males, quercetin at 1mM concentration caused 100 % mortality
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within 12 h after the treatment. In the case of the adult females, quercetin showed a slower effect
than the males as 40% paralysis of the adults took 3 h, and only at 6 h, 80% of worms were
paralyzed. Mortality in the females was only visible at 12 h (60%) and 100% mortality was found
after 24 h of quercetin treatment (Table 23). The LDso values respectively for the adult male and

female worms were 1.25 + 0.23 mM and 1.56 + 0.14 mM at 12 h of quercetin exposure.
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Table 23: Paralysis and Death time analysis of quercetin on adult H. contortus worm. Adult H. contortus were exposed to quercetin of
different doses (0.125, 0.25, 0.5, 1 and 2mM), Alb (0.2mM) in RPMI media for 24 h. Paralysis and death time was analyzed at different
time points after the treatment with quercetin. The viability of the worms was observed after the treatment. If no movement was observed
then they have exposed to a warm saline solution (50 °C) for 1 min to stimulate movement. The counts were taken for the number based
on the worm's movement. If the worm previously immobile worm starts moving upon exposure to warm saline then considered as

paralyzed otherwise considered dead.

Paralysis Time Death Time

Time of|

Exposu Male Worms

re Control| Alb 0.125 | 0.25 0.5 1 2 Cont | Alb | 0.125 0.25 0.5 1 2

rol
Oh - - - ] ] ] ]
05h ] - - ] ] ] 940
1h - - - - R 60 12+0.5 -
3h - ) - - 00 | 12¢05 | 0 i i i i i I v
6 h ] 340.5 - ] 12405 0+0 0 - - - - 340.5 6+0 1540
12 h . 6+0.5 340 605 9+0 3405 0 - - - 6+0.5 | 12405 | 1540
24 h 140 00 9205 | 19405 040 0+0 0 - 1540 - 340 1540 1540 1540
Female Worms

Oh - - -

0.5h ] - - ] ] ]

1h - - - - - 3405 6+0 -
3h : : - : 350 | 6205 | 12205 | - : : : : : 350
6h - - - - 9+05 | 1240 0 - - - - - - 15£0
12 h ] - - 340 150 640 0 - 340 - - 00 9+0 1540
24 h 140 0+0 340 3405 0+0 0+0 0 - 6+0 - 340 1520 15+0 15+0
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5.2.2.2 Larval Motility Assay (LMA)

Spindling shrinkage and ruptured morphology of L-3 larvae were observed in the case of
quercetin treatment, whereas no such changes were found in the albendazole-treated samples
(Figure 36 grey). The survival of larvae was measured after 24 h of quercetin treatment using
equation (i). The percentages of survival were respectively 66.6+ 0.6%, 33.3+ 0.7%, 18.5 £ 0.5,
7.4+ 0.9%, 0 and O respectively for 0.125, 0.25, 0.50, 1, 2 and 5 mM. In contrast, albendazole
(Alb) showed 81.4% 0.5% survival of the L-3 larvae compared to the control. We measured the
LDso and p-value of 0.310 + 0.24mM for the larva mortality for 24 h of quercetin treatment
(Figure 35, Table 24).

5.2.2.3 Egg Hatch Assay (EHA)

For egg hatch assay, the percentages of EHA inhibition were measured after 48 h of
quercetin treatment and quantified using equation (ii). The results for the toxic effect of quercetin
showed respectively 74+ 0.6%, 34.5+ 0.7%, 29+ 0.7%, 19.5+ 0.6%, 16+ 0.7% and 10+ 0.8% of
egg hatching for the concentrations of 0.125, 0.25, 0.50, 1, 2 and 5mM. Contrastingly, albendazole
(0.2 mM) showed 75+0.5% eggs hatched (presence of larvae L1). Thus, we found a concentration-
dependent effect for quercetin in which nearly 80% inhibition of egg hatching was measured at
1mM. LDsg and p-value were measured for the inhibition of egg hatching was 0.43 + 0.071 mM
for 48 h (Figure 35 blue, Table 24).
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Figure 35. Inhibitory effect of quercetin on L-3 Larvae survival and egg hatching of H. contortus.
(Grey) Percentage of inhibition (survival) of the L3, larval stage after treatment with different
concentrations of quercetin for 24 h along with controls. (Blue) Comparative graph showing the
influence of quercetin on egg hatching assay. The treatment was performed for 48 h in the presence
of different concentrations of quercetin along with controls. Around 200 eggs were taken in each

well and results were represented as an average of 3 independent experiments.

Table 24. The p-values for the Egg Hatch Assay and Larval Motility Assay (L-3) of H. contortus
worms were treated with different concentrations of Quercetin (0.25, 0.5, and 1 pM). Statistical
analysis of data was conducted by a student’s t-test, by using MS Excel, and two measurements

were statistically significant if the corresponding p-value was <0.01.

0.25 0.5 1
Egg Hatch Assay 4.91E-09 9.74E-09 2.11E-08
Larval Motility Assay 3.21803E-09 9.69793E-09 2.11146E-08
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5.2.2.4 Physical damage due to quercetin exposure

0.2mM Alb

(b)

Control 1mM Quercetin

Adultstage
After 24h of
treatment

Figure 36. Optical microscopic images of control and adult treated H. contortus worm. After
treatment, the worms were stained with Lacto phenol cotton blue (LPCB) for at least 15- 20 min,
before taking a picture under an optical microscope at 40X magnification. (a) Adult H. contortus
treated with RPMI media for 24 h, as a negative control (b) Adult H. contortus treated with 0.2
mM Alb, as a positive control (c) Adult H. contortus treated with 1mM quercetin at 24 h of
treatment at 1mM concentration.

The physical damage after the treatment with 1mM quercetin was observed visually in
Figure 36(a-c) under an optical microscope at 40X magnification in the control group, treated with
RPMI Media, smooth cuticles with well-developed body regions (Figure 37a) were seen in the
adult female worm. Intact sharp end and blood-sucking mouth region were identified, with no
disruption, in the anterior part (Figure 37b) as well as sharp posterior end having intact tail region
was identified (Figure 37c). In the case of albendazole-treated worms (0.2 mM for 3 h), folds,
partial shrinkage, and disorganization of the cuticle were observed throughout the entire body
(Figure 37d) as well as at the anterior (Figure 37¢) and posterior (Figure 37f) ends of the worms.
Figure 37g is showing complete disorganization, disruption of the body regions, and loss of cuticle
in the body region after the treatment with 1 mM quercetin for 3 hrs. Shrinkage of the ends, loss of
blood-sucking anterior mouth region, and rupturing of the cuticle (of the tail) were observed at the

anterior and posterior parts (37h and 37i).
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Figure 37. Study of morphological damage in adults H. contortus under the influence of quercetin.
Scanning electron microscopic images of helminth treated with the highest concentration of
quercetin, ImM. The helminth was treated for 3 h and after treatment, the helminths were
processed, coated and the ultra-structures were observed using SEM at 15 (kV). (a, b, and c)
images show the treatment with negative control, RPMI media, (d, e, and f) are showing Alb (0.2
mM) and (g, h, and i) are showing 1mM quercetin treated adult male worms. a, d and g are
showing the whole body of the control, Alb treated and quercetin treated worms respectively. b, e,
and h are showing anterior regions of the control, Alb treated and quercetin treated worms, and c, f
and i are showing posterior ends of the control, Alb treated and quercetin treated worms
respectively. Quercetin-treated worms showed profound damages to tissue architecture and loss of

tissue integrity and with disorganization of bursa regions.

5.2.2.5 Disruption in morphology caused by the quercetin treatment

Massive changes in morphology, caused by quercetin, were observed in the 40X
and 400X magnifications of the light microscope (Figure 38c) whereas Alb (Figure 38b) and
control (Figure 38a) showed little and no change in the morphology. In the control, complete
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intact anterior and posterior ends were visible along with (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. Mild
disruptions of isthmus and brut in this group were observed due to the procedure. In the Alb-
treated worm, disruptions were visible at the isthmus and pseudocoele along with partially-
punctured muscle cells, a ruptured ovary, and globular leukocytes with a smaller number of
surrounding cells. However, quercetin treatment has caused complete disruption of the anterior
end, a near-total disruption of the ovary and loss of eggs, splitting of the pseudocoele, and presence

of punctured muscle cells and damaged globular leukocytes with limited counts of surrounding

cells.
Control 0.2mM Alb ImM Quercetin
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Figure 38. The H & E staining of complete body region showing, anterior and posterior regions of
the H. contortus worm after the treatment with (a) control, (b) 0.2 mM Alb and (c) 1 mM

quercetin. a, showed control worm, with intact anterior and posterior end along with ai, bi and ci

isthmus, aii, bii and cii showed Brut, aiii, biii and ciii- pseudocoele, aiv, biv and civ- showed
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globular leukocytes (surrounded with small cells), av, bv, and cv- showed muscle cells, avi, bvi,
and cvi- intestinal epithelium region, avii, bvii and cvii- ovum and growth zone of the ovary, and
aviii, bviii and cviii skin tissue of the worm. b showed Alb treated worm with partial stress
caused by a resistant drug and ¢ showed a high generation of stress after treatment with a high
dosage of quercetin. ¢ showed completely disrupted anterior end with different other distorted
sections, ruptured ovary growth zone along with split pseudocoele. ci, showed the presence of
some completely punctured muscle cells, civ, and cvi, ovum. Moreover, civ, completely wrecked

globular leukocytes with a limited count of surrounding cells.

5.2.2.6 Generation of reactive oxygen species due to quercetin treatment

Reactive oxygen species (ROS) was found to be generated in the adult worm when treated
with both Alb (0.2mM) and quercetin (ImM) for 3 h (Figure 39b and 39c). Compared to the
RPMI (media)-treated control (Figure 39a), higher ROS was generated in the anterior and
posterior parts of the worms in the two drug-treated groups. However, quercetin treatment
produced more ROS than Alb as well as disruptions in different body parts viz. anterior and
posterior ends and body regions. Figure 40d, e, and f are respectively showing the generation of
ROS induced by quercetin in the nerve ring (at the anterior end), commissural connections (in the
middle of body region) and ventral cord, and tail ganglia (at the posterior end) at 400 X

magnification.
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Figure 39. Generation of oxidative stress in adult worms due to exposure of Quercetin adult H.
contortus were treated for 3 h with quercetin and positive as well negative controls and processed
for ROS (staining with DCFDA) or NOS (using Griess reagent). (a, d, g) are showing the amount
of ROS in body anterior, and posterior regions respectively of the adult helminth in the negative
control, RPMI media. (b, e, h) are showing the amount of ROS in the body, anterior and posterior
regions respectively of the adult helminth in the positive control, 0.2mM Alb. (c, f, i) are showing
the amount of ROS in body, anterior, and posterior regions respectively of the adult helminth when
treated with the highest concentration of quercetin (1 mM). After the desired treatment the worms
were incubated with 100 nM of DCFDA in dark for 20 mins. Thereafter the images were taken

using an inverted fluorescence microscope by Dewinter, Italy.
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Control 1mM Quercetin
(RPMI) 0.2mMAIb A

Figure 40. The stress caused by quercetin treatment on the central nervous system is shown by the
generation of ROS. In a and b., the microscopic fluorescent images (40X) after the treatment with
RPMI media and standard 0.2mM Alb are shown, where the partial generation of ROS and no
differential parts of the nervous system were identified. c, quercetin (ImM) treated worms showed
a high amount of ROS as compared to control and standard available drug. In d the yellow arrows
are showing the nerve rings (400X). Further, e. shows the presence of commissures (400X) and in

f, the white arrow shows the tail ganglion.

5.2.2.7 Alterations in activities of catalase, superoxide dismutase, and glutathione peroxidase
after quercetin treatment

Next, we have tested whether high ROS generation due to quercetin may have increased
the oxidative stress within the worm's body, which in turn altered the activity levels of the enzymes
involved in reducing oxidative stress, such as catalase (CAT), superoxide dismutase (SOD), and
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glutathione peroxidase (GPx). An increase in catalase activity with an increase in the quercetin
concentration was observed (Table 25). The activity levels of CAT calculated were 5.2+ 0.5, 5.9+
0.1, 7.2 £ 0.52, 16.1+ 0.18, and 16.6.2+ 0.2 U/mg proteins respectively at the concentrations of
quercetin, 0.125 mM, 0.2 mM, 0.5 mM, 1.0 mM and 2.0 mM, after 3hrs of treatment. Increased
catalase activity was also observed after Alb treatment compared to the control (Table 25). A
similar increase in the activity levels of the enzyme, superoxide dismutase (SOD) was also found
with the increase in quercetin concentration (Table 25). The activity levels of SOD calculated were
2.13+ 0.56, 3.09+ 0.47, 4.02+ 0.56, 6.68+ 0.21, and 7.61+ 0.34 U/mg protein respectively at the
concentrations of quercetin, 0.125 mM, 0.2 mM, 0.5 mM, 1.0 mM and 2.0 mM, after 3hrs of
treatment. 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 at the concentrations of
quercetin, 0.125 mM, 0.2 mM, 0.5 mM, 1.0 mM and 2.0 mM (Table 25). The p-values for the
enzymatic activity of different catalysts SOD, CAT, GPx, GSH of adult H. contortus worms when
treated with different concentrations of Quercetin are described in Table 26.

5.2.2.8 Increase in concentrations of the reduced glutathione due to quercetin exposure

To combat the oxidative stress generated by ROS, cellular glutathione gets reduced (GSH).
We found a significant increase in the amount of GSH in the quercetin-treated worms. The
activities of GSH quantified, along with the increase in the dose of quercetin were 18.75+ 0.58,
24+ 0.38, 40.25+ 0.61,62.6 £ 0.49, and 68.41 + 0.68 uM/mg protein (Table 25). Treatment of Alb
also induced a substantial increase in the GSH concentration (68.41+ 0.030 uM/ mg protein)
(Table 25). The p-values for the enzymatic activity of different catalysts SOD, CAT, GPx, GSH of
adult H. contortus worms when treated with different concentrations of Quercetin are described in
Table 26.

Table 25. Oxidative stress-responsive elements in H. contortus to counter the toxic effect of
Quercetin on infectious helminths. Due to the generation of oxide synthase-related stress helminth
counteracts conditions through alteration of its metabolic functions. The toxic effect of Quercetin
on the body of the helminth reacts with the cellular molecules as normal metabolic functions and

increases the regeneration of free radicals induced by oxidative damage defense mechanisms to

112



include the following: enzymatic factors such as CAT, SOD, GPx, and GSH. The enzymatic
activity was measured as the enzyme unit per mg of protein (U/ mg protein) for CAT, SOD, and
GPx and (uUM/ mg protein) in GSH.

U/mg protein puM/mg protein

Treatment

CAT SOD GPx GSH
Concentration
Control 0.2+ 0.8 0.25+0.18 0.22+0.34 2.2+ 0.65
0.2mM Alb 4.1+0.7 2.8+ 0.27 4.6+ 0.54 20.4+£0.74
0.125mM 52+ 0.5 2.13£0.56 6.32+ 0.78 18.7+ 0.58
0.25 mM 5.9+0.1 3.09+ 0.47 9.39£ 0.51 24+ 0.38
0.50 mM 7.2+ 0.5 4.02+ 0.56 15.05+ 0.31 40+ 0.61
1 mM 16.1+ 0.18 6.68+ 0.21 17.28+ 0.56 62.66+ 0.49
2mM 16.6+ 0.2 7.61+0.34 18.47+0.2 68.41+ 0.68

Table 26. Table showing the p-values for the enzymatic activity of different catalysts SOD, CAT,
GPx, GSH of adult H. contortus worms when treated with different concentrations of Quercetin
(0.25, 0.5, and 1 uM). Statistical analysis of data was conducted by a student’s t-test, by using MS
Excel, and two measurements were statistically significant if the corresponding p-value was <0.01.

Quercetin Superoxide Catalase Glutathione Glutathione

concentration | Dismutase (CAT) Peroxidase (GSH)
(SOD) (GPx)

0.25 5.71352E-09 5.7812E-09 3.46E-09 4.98469E-09

0.5 9.93177E-09 1.2206E-08 3.29E-09 8.19435E-09

1 2.52471E-08 2.4999E-08 2.5E-08 2.50034E-08

Conclusion:

The choice of quercetin was particularly based on its therapeutic properties. It acts as strong
reducing agent for hydrogen and inhibits lipid peroxidation, which inhibits or reduces free radical
toxicity and enhances antioxidant properties in the body. The present study provides strong
evidence that quercetin has a significant impact on adult H. contortus, examined in terms of

paralysis and death time analysis at different intervals and different concentration gradients.
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Moreover, the egg hatch assay and the larval assay were also observed to test the toxic nature of
quercetin among the nematodes. This is the first report presenting the neuronal target and
histopathology of H. contortus through ROS generation and H and E staining, respectively on the
evaluation of the antihelminthic activity of quercetin. In male worms, quercetin was most active in
1 mM, where Approximately 80 % of the worms were paralyzed in 12 h and nearly 100 % of the
worms died within 24 h of quercetin treatment. Whereas, 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. The
larval stage (24 h) and egg hatch assay (48 h) were also studied to confirm the toxicity of quercetin
on various stages of the worm, and its lethal dosage was calculated as 0.310 + 0.24mM and 0.43 +
0.071mM respectively. Thus, huge changes in metabolism and morphology were observed after
the treatment with quercetin as compared to control (RPMI media) and albendazole. The
morphological damage was further confirmed by SEM and fluorescence imaging for oxidative
stress. CAT, SOD, and GPx further showed that oxidative stress was induced by free radicals
expressed during defense mechanisms (Figure 41).

Based on these results, quercetin showed a significant dose-dependent free radical
scavenging and in vitro antihelminthic activity against H. contortus. Thus these in vitro
antihelminthic studies provide a way against the increasing problem of drug resistance to
commercially available drugs. Therefore, this work has paved the new way for the treatment of

quercetin for GIN helminthic infection.
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Figure 41. Scheme showing treatment of adult H. contortus worms, L3 stage, and egg hatch assay
with Quercetin at different concentrations. After that, changes in morphology were analyzed using
SEM and then the generation of ROS was observed. Moreover, neuronal targeting with Quercetin

was studied in this part of the research.
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Conclusion and Future prospective:

Helminth infection is predominantly present in countries with a low economy and poor
hygiene therefore the cost-effectiveness of the antihelminthic remained a challenge for companies
to engage in antihelminthic research. Furthermore, for tropical medicine, antihelminthic must be
used in mass chemotherapy programs in regions where clinical support is sparse and therefore
drugs need to be biocompatible, stable, effective, and side-effect-free in animals and humans. For
the last couple of decades, albendazole, benzimidazole, and ivermectin have been used for both
veterinary and human use. But prolonged use of antihelminthic drugs resulted in the development
of chemoresistance [332-334]. Thus, resistance to one particular compound may be accompanied
by resistance to other members of the group [217, 335]. Despite their immunogenicity, many
helminths survive for extended periods in the bodies of their hosts [336]. Some of the reasons
have already been mentioned (size, motility), but we now know that worms employ many
sophisticated devices to render host defenses ineffective [337]. Therefore, an urgent requirement
has risen to synthesize new drug formulation for the treatment of H. contortus, parasitic nematode,
and control the rapidly increasing infection rate among ruminants and humans.

The unprecedented antihelminthic efficiency of different aqueous plant extracts, silver
nanoparticles AgNPs by increasing reactive oxygen species thereby causes alteration of metabolic
activity and physical damage in the worm tissue. Plant extracts and synthetic compounds are
present in ample amounts widely in nature and have a promising inhibitory effect against the adult,
larval, and egg stages of H. contortus. The antihelminthic potential of AgNPs and synthetic
compounds have been found far effective than the presently available drugs. It has been observed
that AgNPs, cuminaldehyde, and quercetin induce antioxidant stress against various stages of the
worm, which causes a predominant change in metabolism, physical damage, and death of worms.
H. contortus shows high resistivity against Albendazole which was also consistent in our findings,
whereas AgNPs, and synthetic compounds not only killed adult worms but also showed a
significant reduction of larval viability and egg hatching. Henceforth, the in vitro studies with
quercetin are extremely useful for increasing the efficacy against the worms resistant to
commercially available drugs. Moreover, quercetin is analyzed to target the neuronal system and
for the very first time already available anticancer drug is reposed used alone for in vitro

antihelminthic studies. Further quercetin should be analyzed by in vivo models for the treatment
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against GIN parasitic infection. But further detailed studies are required to understand the active
principle(s), efficacy, and toxicity of the system in animal models.

In addition to the utility of the formulations against other parasitic infections including
helminthic infections need to be evaluated in the future. Moreover, pre-clinical and clinical studies
need to be carried out to overcome gastrointestinal parasitic infection. Dose formations and clinical
trials may lead to the manifestation of helminthic infection to some extent. Moreover, most
helminthic species have the same morphology and physiology, thus these newly synthesized

formulations can be used to treat the same.

117



List of Publications:

Published articles:

= Goel, V., Kaur, P., Singla, L. D., & Choudhury, D. (2020). Biomedical evaluation of
Lansium parasiticum extract protected silver nanoparticles against Haemonchus contortus,
a  parasitic  worm. Frontiers in  Molecular  Biosciences, 7, 396.  doi:
10.3389/fmolb.2020.595646 (Impact Factor 4.188)

= Goel, V., Singla, L.D., and Choudhury, D. (2020). Cuminaldehyde induces oxidative
stress-mediated physical damage and death of Haemonchus contortus. Biomedicine &
Pharmacotherapy. 130, 110411. doi: 10.1016/j.biopha.2020.110411 (Impact Factor: 4.545)

Other Publications:

1. Dutt, S., Goel, V., Garg, N., Choudhury, D., Mallick, D., & Tyagi, V. (2020). Biocatalytic
Aza-Michael Addition of Aromatic Amines to Enone Using o-Amylase in
Water. Advanced Synthesis & Catalysis, 362(4), 858-866. doi: 10.1002/adsc.20191254.
(Impact factor 5.451)

= Kaur, P., Sharma, A. K., Nag, D., Das, A., Datta, S., Ganguli, A., Goel, V., ... &
Choudhury, D. (2019). Novel nano-insulin formulation modulates cytokine secretion and
remodeling to accelerate diabetic wound healing. Nanomedicine: Nanotechnology, Biology
and Medicine, 15(1), 47-57. doi: 10.1016/j.nan0.2018.08.013 (Impact factor 6.5)

Articles under preparation / communicated:

= Goel, V., Singla, L.D., Chakroborty, N., and Choudhury, D. Targeting Central Nervous

System of Parasitic worm, Haemonchus contortus.

= Goel, V., Kaur, P., Singla, L. D., & Choudhury, D. Antihelminthic activity of Silver
nanoparticles protected with Selaginella moellendorffii, a Himalayan pteridophyte extract.

= Goel, V., Kaur, P., Sharma, S., & Choudhury, D. Silver nanoparticles Cause Oxidative
Stress-Mediated Physical Damage and Death in Free-Living Soil Organism Eisenia fetida.

118



Goel, V., Kaur, P., Bau, S., & Choudhury, D. Eco-friendly synthesis of highly stable
monodispersed silver nanoparticles using an aqueous extract of Ocimum sanctum bark for

its enhanced catalytic activity.

Goel, V., Kaur, P., Singla, L. D., & Choudhury, D. Evaluation of antihelminthic activity
against Haemonchus contortus, a parasitic worm using silver nanoparticles coated with

Chenopodium quinoa extract.
International Conference:

“Harnessing Engineering, Technology & Innovation for Sustainable Growth, (HETIS) at
Panjab University, Chandigarh, (Sep 30 - Oct 1, 2016)

International Conference on Nano for Energy and Water (NEW) 2017 and Indo French
Workshop on Water Networking”, University of Petroleum and Energy Studies (UPES),
Dehradun, (Feb 22- 24, 2017)

International Conference on Advanced Nanomaterials and Nanotechnology, ICANN-2017,

December 18-21, 2017, Indian Institute of Technology, Guwabhati.

119



References

[1] K. Ziegelbauer, B. Speich, D. M&usezahl, R. Bos, J. Keiser, J. Utzinger, Effect of sanitation on
soil-transmitted helminth infection: systematic review and meta-analysis, PLoS Med 9(1) (2012)
e1001162.

[2] F. Samuel, Status of soil-transmitted helminths infection in Ethiopia, Am J Health Res 3(3)
(2015) 170-176.

[3] M. Dorris, P. De Ley, M. Blaxter, Molecular analysis of nematode diversity and the evolution
of parasitism, Parasitology today 15(5) (1999) 188-193.

[4] J.-P. Hugot, P. Baujard, S. Morand, Biodiversity in helminths and nematodes as a field of
study: an overview, Nematology 3(3) (2001) 199-208.

[5] K.J. Gaston, J.I. Spicer, Biodiversity: an introduction, John Wiley & Sons2013.

[6] R. Mahmud, Y.A.L. Lim, A. Amir, Nematodes: Roundworms, Medical Parasitology,
Springer2017, pp. 79-116.

[7] S. Knopp, P. Steinmann, J. Keiser, J. Utzinger, Nematode infections: soil-transmitted helminths
and Trichinella, Infectious Disease Clinics 26(2) (2012) 341-358.

[8] C.G. Scanes, S.R. Toukhsati, Parasites, Animals and Human Society, Elsevier2018, pp. 383-
412.

[9] M. Katz, D.D. Despommier, R. Gwadz, Parasitic diseases, Springer Science & Business
Media2012.

[10] D. Bundy, E. Cooper, Trichuris and trichuriasis in humans, Advances in parasitology,
Elsevier1989, pp. 107-173.

[11] P.M. Jourdan, P.H. Lamberton, A. Fenwick, D.G. Addiss, Soil-transmitted helminth
infections, The Lancet 391(10117) (2018) 252-265.

[12] A. Loukas, P.J. Hotez, D. Diemert, M. Yazdanbakhsh, J.S. McCarthy, R. Correa-Oliveira, J.
Croese, J.M. Bethony, Hookworm infection, Nature Reviews Disease Primers 2(1) (2016) 1-18.
[13] R. Besier, L. Kahn, N. Sargison, J. Van Wyk, The pathophysiology, ecology and
epidemiology of Haemonchus contortus infection in small ruminants, Advances in parasitology,
Elsevier2016, pp. 95-143.

[14] K. Manochitra, S. Padukone, P.A. Selvaratthinam, S.C. Parija, Prevalence of intestinal
parasites among patients attending a tertiary care centre in South India, Int J Curr Microbiol App
Sci 5(9) (2016) 190-7.

[15] A.F. Adenowo, B.E. Oyinloye, B.I. Ogunyinka, A.P. Kappo, Impact of human schistosomiasis
in sub-Saharan Africa, Brazilian Journal of Infectious Diseases 19(2) (2015) 196-205.

[16] S.N. Yadav, S. Mahato, Study on intestinal helminth parasites in school children of Rangeli
Municipality of Morang District in Eastern Nepal, American Journal of Health Research 5(2)
(2017) 50-53.

[17] A.R. Orr, J.E. Quagraine, P. Suwondo, S. George, L.M. Harrison, F.P. Dornas, B. Evans, A.
Caccone, D. Humphries, M.D. Wilson, Genetic markers of benzimidazole resistance among human
hookworms (Necator americanus) in Kintampo north municipality, Ghana, The American journal
of tropical medicine and hygiene 100(2) (2019) 351-356.

[18] K.J. Reinhard, L.F. Ferreira, F. Bouchet, L. Sianto, J. Dutra, A. Ifiiguez, D. Leles, M. Le
Bailly, M. Fugassa, E. Pucu, Food, parasites, and epidemiological transitions: a broad perspective,
International Journal of Paleopathology 3(3) (2013) 150-157.

120



[19] S. Narahari, D. Daulatabad, K. Prasanna, Human Helminthic Infections (Nematodes,
Cestodes, and Trematodes), Comprehensive Approach to Infections in Dermatology 355 (2016).
[20] L. Yurttas, B.K. Cavusoglu, D. Osmaniye, U.A. Cevik, An Overview of Helminthiasis,
Medicinal Chemistry of Neglected and Tropical Diseases: Advances in the Design and Synthesis
of Antimicrobial Agents (2019).

[21] H. Mehlhorn, Worms (Helminths), Animal Parasites, Springer2016, pp. 251-498.

[22] D. Jacobs, M. Fox, L. Gibbons, C. Hermosilla, Principles of veterinary parasitology, John
Wiley & Sons2015.

[23] P.J. Skelly, A.A. Da'dara, X.-H. Li, W. Castro-Borges, R.A. Wilson, Schistosome feeding and
regurgitation, PLoS pathog 10(8) (2014) e1004246.

[24] M.E. Viney, J.B. Lok, The biology of Strongyloides spp, WormBook 16 (2015) 1-17.

[25] B. Bharti, S. Bharti, S. Khurana, Worm infestation: Diagnosis, treatment and prevention, The
Indian Journal of Pediatrics 85(11) (2018) 1017-1024.

[26] O.S. Ayanda, O.T. Ayanda, F.B. Adebayo, Intestinal Nematodes: A Review, group 2 (2010)
4.

[27] P.P. Reddy, Impact of climate change on insect pests, pathogens and nematodes, Pest
Management in Horticultural Ecosystems 19(2) (2013) 225-233.

[28] Z.A. Bhutta, J. Sommerfeld, Z.S. Lassi, R.A. Salam, J.K. Das, Global burden, distribution,
and interventions for infectious diseases of poverty, Infectious diseases of poverty 3(1) (2014) 21.
[29] R. Tinsley, L. Stott, J. York, A. Everard, S. Chapple, J. Jackson, M. Viney, M.C. Tinsley,
Acquired immunity protects against helminth infection in a natural host population: long-term field
and laboratory evidence, International journal for parasitology 42(10) (2012) 931-938.

[30] H. Hoste, J. Torres-Acosta, J. Quijada, I. Chan-Perez, M. Dakheel, D. Kommuru, I. Mueller-
Harvey, T. Terrill, Interactions between nutrition and infections with Haemonchus contortus and
related gastrointestinal nematodes in small ruminants, Advances in parasitology, Elsevier2016, pp.
239-351.

[31] R.K. Chandra, P.M. Newberne, Nutrition, immunity, and infection: mechanisms of
interactions, Springer Science & Business Media2012.

[32] P. Pham-Duc, H. Nguyen-Viet, J. Hattendorf, J. Zinsstag, C. Phung-Dac, C. Zurbrigg, P.
Odermatt, Ascaris lumbricoides and Trichuris trichiura infections associated with wastewater and
human excreta use in agriculture in Vietnam, Parasitology international 62(2) (2013) 172-180.

[33] Z. Kawoosa, G.M. Gulzar, To assess the efficacy and safety of various anti-heliminthics
against Ascariasis lumbricoides among a study population in North India, Oncology,
Gastroenterology and Hepatology Reports 7(1) (2018).

[34] W.H. Organization, Report of the WHO informal consultation on the use of praziquantel
during pregnancy/lactation and albendazole/mebendazole in children under 24 months: Geneva, 8-
9 April 2002, World Health Organization, 2003.

[35] D.D. Despommier, R.W. Gwadz, P.J. Hotez, Parasitic diseases, Springer Science & Business
Media2012.

[36] G.L. Khor, Update on the prevalence of malnutrition among children in Asia, Nepal Med Coll
J5(2) (2003) 113-22.

[37] K.J. Else, J. Keiser, C.V. Holland, R.K. Grencis, D.B. Sattelle, R.T. Fujiwara, L.L. Bueno,
S.0. Asaolu, O.A. Sowemimo, P.J. Cooper, Whipworm and roundworm infections, Nature
Reviews Disease Primers 6(1) (2020) 1-23.

121



[38] D.V. Colombara, I.A.-M. Khalil, P.C. Rao, C. Troeger, M.H. Forouzanfar, M.S. Riddle, A.H.
Mokdad, Chronic health consequences of acute enteric infections in the developing world, The
American Journal of Gastroenterology Supplements 3(2) (2016) 4.

[39] I.L. King, Y. Li, Host—parasite interactions promote disease tolerance to intestinal helminth
infection, Frontiers in immunology 9 (2018) 2128.

[40] T.C. Cheng, General parasitology, Elsevier2012.

[41] I.R. Tizard, Veterinary Immunology-E-Book, Elsevier Health Sciences2017.

[42] D.A. Lobo, R. Velayudhan, P. Chatterjee, H. Kohli, P.J. Hotez, The neglected tropical
diseases of India and South Asia: review of their prevalence, distribution, and control or
elimination, PLoS Negl Trop Dis 5(10) (2011) e1222.

[43] R.L. Pullan, J.L. Smith, R. Jasrasaria, S.J. Brooker, Global numbers of infection and disease
burden of soil transmitted helminth infections in 2010, Parasites & vectors 7(1) (2014) 37.

[44] A.M. Koppenhofer, Nematodes, Field manual of techniques in invertebrate pathology,
Springer2000, pp. 283-301.

[45] I.A. Sutherland, D.M. Leathwick, Anthelmintic resistance in nematode parasites of cattle: a
global issue?, Trends in parasitology 27(4) (2011) 176-181.

[46] W.H. Organization, WHO estimates of the global burden of foodborne diseases: foodborne
disease burden epidemiology reference group 2007-2015, World Health Organization2015.

[47] T.R. McCarty, J.A. Turkeltaub, P.J. Hotez, Global progress towards eliminating
gastrointestinal helminth infections, Current opinion in gastroenterology 30(1) (2014) 18-24.

[48] C.B. Navarre, D. Pugh, Diseases of the gastrointestinal system, Sheep & Goat Medicine
(2002) 69.

[49] W.J. Underwood, R. Blauwiekel, M.L. Delano, R. Gillesby, S.A. Mischler, A. Schoell,
Biology and diseases of ruminants (sheep, goats, and cattle), Laboratory animal medicine,
Elsevier2015, pp. 623-694.

[50] G. Sinnathamby, G. Henderson, S. Umair, P. Janssen, R. Bland, H. Simpson, The bacterial
community associated with the sheep gastrointestinal nematode parasite Haemonchus contortus,
PloS one 13(2) (2018) e0192164.

[51] D.L. Emery, P.W. Hunt, L.F. Le Jambre, Haemonchus contortus: the then and now, and where
to from here?, International Journal for Parasitology 46(12) (2016) 755-769.

[52] S. Rashid, Biochemical and pathological studies on the gastrointestinal nematode-
Haemonchus contortus, Aligarh Muslim University, 2016.

[53] J. Hansen, B.D. Perry, The epidemiology, diagnosis and control of helminth parasites of
ruminants. A handbook, ILRAD, 1994.

[54] M. Hounzangbe-Adote, V. Paolini, I. Fouraste, K. Moutairou, H. Hoste, In vitro effects of
four tropical plants on three life-cycle stages of the parasitic nematode, Haemonchus contortus,
Research in Veterinary Science 78(2) (2005) 155-160.

[55] R.M. Kaplan, Ruminant Parasitology, An Issue of Veterinary Clinics of North America: Food
Animal Practice E-Book, Elsevier Health Sciences2020.

[56] M. Pal, N. Zenebe, M.T. Rahman, Microbes and Health, (2015).

[57] M. Molento, A. Gavido, R. Depner, C. Pires, Frequency of treatment and production
performance using the FAMACHA method compared with preventive control in ewes, Veterinary
parasitology 162(3-4) (2009) 314-319.

[58] R.M. Kaplan, A.N. Vidyashankar, An inconvenient truth: global worming and anthelmintic
resistance, Veterinary parasitology 186(1-2) (2012) 70-78.

122



[59] V. Goel, P. Kaur, L.D. Singla, D. Choudhury, Biomedical Evaluation of Lansium parasiticum
Extract-Protected Silver Nanoparticles Against Haemonchus contortus, a Parasitic Worm, Frontiers
in Molecular Biosciences 7 (2020) 396.

[60] S. Irum, GENETIC VARIABILITY OF BETA-TUBULIN GENE IN BENZIMIDAZOLE-
SUSCEPTIBLE AND-RESISTANT STRAINS OF Haemonchus Contortus AND EVALUATION
OF ANTHELMINTIC POTENTIAL OF SOME Artemisia SPECIES, Arid Agriculture University,
Rawalpindi, 2014.

[61] M. Taylor, K. Hunt, K. Goodyear, Anthelmintic resistance detection methods, Veterinary
parasitology 103(3) (2002) 183-194.

[62] N. Sangster, Managing parasiticide resistance, Veterinary parasitology 98(1-3) (2001) 89-109.
[63] H. Kalkal, S. Vohra, S. Gupta, Anthelmintic Resistance in Livestock Parasites: Indian
Scenario, Int. J. Curr. Microbiol. App. Sci 9(2) (2020) 2839-2851.

[64] H. Ram, T. Rasool, A. Sharma, H. Meena, S. Singh, Comparative efficacy of different
anthelmintics against fenbendazole-resistant nematodes of Pashmina goats, Veterinary research
communications 31(6) (2007) 719-723.

[65] W. Moser, C. Schindler, J. Keiser, Efficacy of recommended drugs against soil transmitted
helminths: systematic review and network meta-analysis, Bmj 358 (2017) j4307.

[66] L. Mascarini-Serra, Prevention of soil-transmitted helminth infection, Journal of global
infectious diseases 3(2) (2011) 175.

[67] W.H. Organization, Guideline: preventive chemotherapy to control soil-transmitted helminth
infections in at-risk population groups, World Health Organization2017.

[68] W.H. Organization, Prevention and control of schistosomiasis and soil-transmitted
helminthiasis: report of a WHO expert committee, World Health Organization2002.

[69] W.H. Organization, 2030 targets for soil-transmitted helminthiases control programmes,
(2020).

[70] W.H. Organization, Bench aids for the diagnosis of intestinal parasites, World Health
Organization2019.

[71] S.-H. Xiao, W. Hui-Ming, M. Tanner, J. Utzinger, W. Chong, Tribendimidine: a promising,
safe and broad-spectrum anthelmintic agent from China, Acta tropica 94(1) (2005) 1-14.

[72] C. Urbani, M. Albonico, Antihelminthic drug safety and drug administration in the control of
soil-transmitted helminthiasis in community campaigns, Acta tropica 86(2-3) (2003) 215-221.

[73] M. Albonico, H. Allen, L. Chitsulo, D. Engels, A.-F. Gabrielli, L. Savioli, Controlling soil-
transmitted helminthiasis in pre-school-age children through preventive chemotherapy, PLoS Negl
Trop Dis 2(3) (2008) e126.

[74] U. Hellgren, O. Ericsson, Y. AdenAbdi, L.L. Gustafsson, Handbook of drugs for tropical
parasitic infections, CRC Press1995.

[75] E.A. Ottesen, W. Campbell, Ivermectin in human medicine, Journal of antimicrobial
chemotherapy 34(2) (1994) 195-203.

[76] J. Valdez, R. Cedillo, A. Hernandez-Campos, L. Yepez, F. Hernandez-Luis, G. Navarrete-
Vazquez, A. Tapia, R. Cortes, M. Hernandez, R. Castillo, Synthesis and antiparasitic activity of
1H-benzimidazole derivatives, Bioorganic & medicinal chemistry letters 12(16) (2002) 2221-2224.
[77] D. Gottschall, V. Theodorides, R. Wang, The metabolism of benzimidazole anthelmintics,
Parasitology Today 6(4) (1990) 115-124.

[78] W.H. Organization, Report of the WHO Informal Consultation on the Use of Chemotherapy
for the Control of Morbidity Due to Soil-Transmitted Nematodes in Humans, Geneva, 29 April to
1 May 1996, World Health Organization, 1996.

123



[79] J. Horton, Albendazole: a review of anthelmintic efficacy and safety in humans, Parasitology
121(S1) (2000) S113-S132.

[80] S. Mansuri, P. Kesharwani, R.K. Tekade, N.K. Jain, Lyophilized mucoadhesive-dendrimer
enclosed matrix tablet for extended oral delivery of albendazole, European Journal of
Pharmaceutics and Biopharmaceutics 102 (2016) 202-213.

[81] H. Solana, J. Rodriguez, C. Lanusse, Comparative metabolism of albendazole and albendazole
sulphoxide by different helminth parasites, Parasitology Research 87(4) (2001) 275-280.

[82] S. Marriner, D. Morris, B. Dickson, J. Bogan, Pharmacokinetics of albendazole in man,
European journal of clinical pharmacology 30(6) (1986) 705-708.

[83] P. van Genderen, J. van Hellemond, Antihelminthic drugs, Side Effects of Drugs Annual,
Elsevier2012, pp. 487-498.

[84] B. Gill, Anthelmintic resistance in India, Veterinary parasitology 63(1-2) (1996) 173-176.

[85] D. Miller, T. Craig, Use of anthelmintic combinations against multiple resistant Haemonchus
contortus in Angora goats, Small Ruminant Research 19(3) (1996) 281-283.

[86] F. Ramos, L.P. Portella, F. de Souza Rodrigues, C.Z. Reginato, L. Potter, A.S. Cezar, L.A.
Sangioni, F.S.F. Vogel, Anthelmintic resistance in gastrointestinal nematodes of beef cattle in the
state of Rio Grande do Sul, Brazil, International Journal for Parasitology: Drugs and Drug
Resistance 6(1) (2016) 93-101.

[87] M.H. Rashid, J.L. Vaughan, M.A. Stevenson, A.J. Campbell, I. Beveridge, A. Jabbar,
Anthelmintic resistance in gastrointestinal nematodes of alpacas (Vicugna pacos) in Australia,
Parasites & vectors 11(1) (2018) 388.

[88] G. Coles, F. Jackson, W. Pomroy, R. Prichard, G. von Samson-Himmelstjerna, A. Silvestre,
M. Taylor, J. Vercruysse, The detection of anthelmintic resistance in nematodes of veterinary
importance, Veterinary parasitology 136(3-4) (2006) 167-185.

[89] F. Jackson, R. Coop, The development of anthelmintic resistance in sheep nematodes,
Parasitology 120(7) (2000) 95-107.

[90] R.M. Kaplan, Anthelmintic resistance in nematodes of horses, Veterinary research 33(5)
(2002) 491-507.

[91] J.E. Hodgkinson, R.M. Kaplan, F. Kenyon, E.R. Morgan, A.W. Park, S. Paterson, S.A.
Babayan, N.J. Beesley, C. Britton, U. Chaudhry, Refugia and anthelmintic resistance: concepts and
challenges, International Journal for Parasitology: Drugs and Drug Resistance 10 (2019) 51-57.
[92] L. Ceballos, C. Canton, C. Pruzzo, R. Sanabria, L. Moreno, J. Sanchis, G. Suarez, P. Ortiz, 1.
Fairweather, C. Lanusse, The egg hatch test: a useful tool for albendazole resistance diagnosis in
Fasciola hepatica, Veterinary parasitology 271 (2019) 7-13.

[93] F.H. Borgsteede, D.D. Dercksen, R. Huijbers, Doramectin and albendazole resistance in sheep
in The Netherlands, Veterinary parasitology 144(1-2) (2007) 180-183.

[94] C. Entrocasso, L. Alvarez, J. Manazza, A. Lifschitz, B. Borda, G. Virkel, L. Mottier, C.
Lanusse, Clinical efficacy assessment of the albendazole—ivermectin combination in lambs
parasitized with resistant nematodes, Veterinary Parasitology 155(3-4) (2008) 249-256.

[95] C. Patel, E. Hirlimann, L. Keller, J. Hattendorf, S. Sayasone, S.M. Ali, S.M. Ame, J.T.
Coulibaly, J. Keiser, Efficacy and safety of ivermectin and albendazole co-administration in
school-aged children and adults infected with Trichuris trichiura: study protocol for a multi-
country randomized controlled double-blind trial, BMC infectious diseases 19(1) (2019) 1-10.

[96] L.F.V. Furtado, P.H.N. de Aguiar, L.W. Zuccherato, T.T.G. Teixeira, W.P. Alves, VV.J. da
Silva, R.B. Gasser, E.M.L. Rabelo, Albendazole resistance induced in Ancylostoma ceylanicum is

124



not due to single-nucleotide polymorphisms (SNPs) at codons 167, 198, or 200 of the beta-tubulin
gene, indicating another resistance mechanism, Parasitology research 118(3) (2019) 837-849.

[97] V. Barrére, L. Alvarez, G. Suarez, L. Ceballos, L. Moreno, C. Lanusse, R.K. Prichard,
Relationship between increased albendazole systemic exposure and changes in single nucleotide
polymorphisms on the B-tubulin isotype 1 encoding gene in Haemonchus contortus, Veterinary
Parasitology 186(3-4) (2012) 344-349.

[98] A.T. Oguz Karabay, H. Gunduz, D. Kayas, H. Arinc, H. Celebi, Albendazole versus
metronidazole treatment of adult giardiasis: An open randomized clinical study, World Journal of
Gastroenterology 10(8) (2004) 1215.

[99] M.H. Roos, J.H. Boersema, F.H. Borgsteede, J. Cornelissen, M. Taylor, E.J. Ruitenberg,
Molecular analysis of selection for benzimidazole resistance in the sheep parasite Haemonchus
contortus, Molecular and biochemical parasitology 43(1) (1990) 77-88.

[100] F. Lopez-Muiioz, C. Alamo, The consolidation of neuroleptic therapy: Janssen, the discovery
of haloperidol and its introduction into clinical practice, Brain research bulletin 79(2) (2009) 130-
141.

[101] P.J. Hotez, S. Brooker, J.M. Bethony, M.E. Bottazzi, A. Loukas, S. Xiao, Hookworm
infection, New England Journal of Medicine 351(8) (2004) 799-807.

[102] S. Shugarts, L.Z. Benet, The role of transporters in the pharmacokinetics of orally
administered drugs, Pharmaceutical research 26(9) (2009) 2039-2054.

[103] M. Sharland, K. Butler, A. Cant, R. Dagan, G. Davies, R. de Groot, D. Elliman, S. Esposito,
A. Finn, M. Galanakis, Manual of childhood infections: the blue book, Oxford University
Press2016.

[104] D.C. Guzman-Ocampo, R. Aguayo-Ortiz, L. Cano-Gonzalez, R. Castillo, A.
Hernandez-Campos, L. Dominguez, Effects of the Protonation State of Titratable Residues and the
Presence of Water Molecules on Nocodazole Binding to B-Tubulin, ChemMedChem 13(1) (2018)
20-24.

[105] P.N. Mehta, Drugs for intestinal helminths, Pediatric Infectious Disease 5(1) (2013) 22-25.
[106] S. Geerts, B. Gryseels, Drug resistance in human helminths: current situation and lessons
from livestock, Clinical microbiology reviews 13(2) (2000) 207-222.

[107] J. Kelly, C. Hall, Resistance of animal helminths to anthelmintics, Advances in
Pharmacology, Elsevier1979, pp. 89-128.

[108] D. De Clercg, M. Sacko, J. Behnke, F. Gilbert, P. Dorny, J. Vercruysse, Failure of
mebendazole in treatment of human hookworm infections in the southern region of Mali, The
American journal of tropical medicine and hygiene 57(1) (1997) 25-30.

[109] C. Yadav, R. Kumar, R. Uppal, S. Verma, Multiple anthelmintic resistance in Haemonchus
contortus on a sheep farm in India, Veterinary Parasitology 60(3-4) (1995) 355-360.

[110] L. Bordes, N. Dumont, A. Lespine, E. Souil, J.-F. Sutra, F. Prévot, C. Grisez, L. Romanos,
A. Dailledouze, P. Jacquiet, First report of multiple resistance to eprinomectin and benzimidazole
in Haemonchus contortus on a dairy goat farm in France, Parasitology International 76 (2020)
102063.

[111] E. Claerebout, N. De Wilde, E. Van Mael, S. Casaert, F.V. Velde, F. Roeber, P.V. Veloz, B.
Levecke, P. Geldhof, Anthelmintic resistance and common worm control practices in sheep farms
in Flanders, Belgium, Veterinary Parasitology: Regional Studies and Reports 20 (2020) 100393.
[112] X. Wang, K. Lou, X. Song, H. Ma, X. Zhou, H. Xu, W. Wang, Mebendazole is a potent
inhibitor to chemoresistant T cell acute lymphoblastic leukemia cells, Toxicology and Applied
Pharmacology (2020) 115001.

125



[113] G. Nsereko, P. Emudong, J. Omuijal, J. Acai, J.M. Kungu, F. Kabi, S. Mugerwa, J. Bugeza,
Comparison of the efficacy of crude methanolic extracts of Cassia occidentalis and Euphorbia hirta
with levamisole-HCL against gastrointestinal nematodes of economic importance to goat
production in Uganda, Tropical Animal Health and Production 51(8) (2019) 2269-2278.

[114] R. Martin, A. Robertson, Mode of action of levamisole and pyrantel, anthelmintic resistance,
E153 and Q57, Parasitology 134(8) (2007) 1093.

[115] A.K. Miihlig, J.Y. Lee, M.J. Kemper, A. Kronbichler, JW. Yang, J.M. Leg, J.1. Shin, J. Oh,
Levamisole in Children with Idiopathic Nephrotic Syndrome: Clinical Efficacy and
Pathophysiological Aspects, Journal of clinical medicine 8(6) (2019) 860.

[116] J. Lewis, C.-H. Wu, J. Levine, H. Berg, Levamisole-resitant mutants of the nematode
Caenorhabditis elegans appear to lack pharmacological acetylcholine receptors, Neuroscience 5(6)
(1980) 967-989.

[117] R. Becerra-Nava, M. Alonso-Diaz, A. Fernandez-Salas, R. Quiroz, First report of cattle
farms with gastrointestinal nematodes resistant to levamisole in Mexico, Veterinary Parasitology
204(3-4) (2014) 285-290.

[118] V. Barrére, R.N. Beech, C.L. Charvet, R.K. Prichard, Novel assay for the detection and
monitoring of levamisole resistance in Haemonchus contortus, International Journal for
Parasitology 44(3-4) (2014) 235-241.

[119] A. Ruffell, A. Raza, T.P. Elliott, A.C. Kotze, The use of the larval development assay for
predicting the in vivo efficacy of levamisole against Haemonchus contortus and Trichostrongylus
colubriformis, Veterinary parasitology 260 (2018) 6-11.

[120] J.M.L. dos Santos, J.F. Vasconcelos, G.A. Frota, E.P. de Freitas, M. Teixeira, L. da Silva
Vieira, C.M.L. Bevilaqua, J.P. Monteiro, Quantitative molecular diagnosis of levamisole resistance
in populations of Haemonchus contortus, Experimental parasitology 205 (2019) 107734.

[121] G.M. Al-Hachim, O.S. Tayeb, Pyrantel Pamoate, Journal of King Abdulaziz University-
Medical Sciences 3(2) (1984) 43-48.

[122] D. BOTERO, Intestinal Infections, Chemotherapy of Parasitic Diseases (2013) 267.

[123] S. Tang, M. Qian, L. Hao, X. Xiao, Pharmacokinetics of a new ivermectin/praziquantel
suspension after intramuscular administration in sheep, Veterinary Parasitology 221 (2016) 54-58.
[124] P. Jain, S. Singh, S.K. Singh, S. Verma, M. Kharya, S. Solanki, Anthelmintic potential of
herbal drugs, Int J Res Dev Pharm Life Sci 2(3) (2013) 412-27.

[125] H. Rezaizadeh, E. Olson, Specific Gl Microbial Infections, Pocket Handbook of Gl
Pharmacotherapeutics, Springer2016, pp. 75-1009.

[126] A.R. Satoskar, Medical parasitology, CRC Press2009.

[127] G. von Samson-Himmelstjerna, Anthelmintic resistance in equine parasites—detection,
potential clinical relevance and implications for control, Veterinary parasitology 185(1) (2012) 2-8.
[128] E. Lawson, F. Burden, H.M. Elsheikha, Pyrantel resistance in two herds of donkey in the
UK, Veterinary parasitology 207(3-4) (2015) 346-349.

[129] A. Nareaho, K. Vainio, A. Oksanen, Impaired efficacy of ivermectin against Parascaris
equorum, and both ivermectin and pyrantel against strongyle infections in trotter foals in Finland,
Veterinary parasitology 182(2-4) (2011) 372-377.

[130] S. Bodecek, J. Svetlikova, K. Hargitaiova, Z. Kecerova, M. Mrackova, Monitoring the
avermectin and pyrantel resistance status of nematode parasites of horses in the Czech Republic,
Veterinarni medicina 63(7) (2018) 299-305.

[131] C.F. Ihler, Anthelmintic resistance. An overview of the situation in the Nordic countries,
Acta Veterinaria Scandinavica 52(S1) (2010) S24.

126



[132] R.S. Sarai, S.R. Kopp, G.T. Coleman, A.C. Kotze, Acetylcholine receptor subunit and P-
glycoprotein transcription patterns in levamisole-susceptible and-resistant Haemonchus contortus,
International Journal for Parasitology: Drugs and Drug Resistance 3 (2013) 51-58.

[133] D.S. Ashour, lvermectin: From theory to clinical application, International journal of
antimicrobial agents 54(2) (2019) 134-142.

[134] M. Bray, C. Rayner, F. Noél, D. Jans, K. Wagstaff, Ivermectin and COVID-19: a report in
Antiviral Research, widespread interest, an FDA warning, two letters to the editor and the authors'
responses, Antiviral Research (2020).

[135] N.H. Thuan, R.P. Pandey, J.K. Sohng, Recent advances in biochemistry and
biotechnological synthesis of avermectins and their derivatives, Applied microbiology and
biotechnology 98(18) (2014) 7747-7759.

[136] K.C. Patra, Invermectin the antiparasitic antibiotic, Pediatric Infectious Disease 2(1) (2010)
14-20.

[137] A.G. Canga, A.M.S. Prieto, M.J.D. Liébana, N.F. Martinez, M.S. Vega, J.J.G. Vieitez, The
pharmacokinetics and metabolism of ivermectin in domestic animal species, The Veterinary
Journal 179(1) (2009) 25-37.

[138] A. Wolstenholme, A. Rogers, Glutamate-gated chloride channels and the mode of action of
the avermectin/milbemycin anthelmintics, Parasitology 131(supplement 1) (2006) S85-S95.

[139] A.H. Schinkel, The roles of P-glycoprotein and MRP1 in the blood-brain and blood-
cerebrospinal fluid barriers, Biological Reactive Intermediates VI, Springer2001, pp. 365-372.
[140] A.L. Dourmishev, L.A. Dourmishev, R.A. Schwartz, Ivermectin: pharmacology and
application in dermatology, International journal of dermatology 44(12) (2005) 981-988.

[141] P.F. Juranka, R.L. Zastawny, V. Ling, P-glycoprotein: multidrug-resistance and a
superfamily of membrane-associated transport proteins, The FASEB Journal 3(14) (1989) 2583-
2592.

[142] J.A. Dent, M.M. Smith, D.K. Vassilatis, L. Avery, The genetics of ivermectin resistance in
Caenorhabditis elegans, Proceedings of the National Academy of Sciences 97(6) (2000) 2674-
2679.

[143] B.J. Currie, P. Harumal, M. McKinnon, S.F. Walton, First documentation of in vivo and in
vitro ivermectin resistance in Sarcoptes scabiei, Clinical Infectious Diseases 39(1) (2004) e8-e12.
[144] E. Redman, N. Sargison, F. Whitelaw, F. Jackson, A. Morrison, D.J. Bartley, J.S. Gilleard,
Introgression of ivermectin resistance genes into a susceptible Haemonchus contortus strain by
multiple backcrossing, PLoS Pathog 8(2) (2012) e1002534.

[145] T.S. Waghorn, C.M. Miller, D.M. Leathwick, Confirmation of ivermectin resistance in
Ostertagia ostertagi in cattle in New Zealand, Veterinary parasitology 229 (2016) 139-143.

[146] J. Kriicken, K. Fraundorfer, J.C. Mugisha, S. Ramunke, K.C. Sifft, D. Geus, F. Habarugira,
J. Ndoli, A. Sendegeya, C. Mukampunga, Reduced efficacy of albendazole against Ascaris
lumbricoides in Rwandan schoolchildren, International Journal for Parasitology: Drugs and Drug
Resistance 7(3) (2017) 262-271.

[147] G. Hrckova, S. Velebny, Parasitic helminths of humans and animals: health impact and
control, Pharmacological potential of selected natural compounds in the control of parasitic
diseases, Springer2013, pp. 29-99.

[148] P.N. Mutombo, N.W. Man, P. Nejsum, R. Ricketson, C.A. Gordon, G. Robertson, A.C.
Clements, N. Chacon-Fonseca, V. Nissapatorn, J.P. Webster, Diagnosis and drug resistance of
human soil-transmitted helminth infections: A public health perspective, Advances in parasitology,
Elsevier2019, pp. 247-326.

127



[149] S.L. Becker, H.J. Liwanag, J.S. Snyder, O. Akogun, V. Belizario Jr, M.C. Freeman, T.W.
Gyorkos, R. Imtiaz, J. Keiser, A. Krolewiecki, Toward the 2020 goal of soil-transmitted
helminthiasis control and elimination, PLoS neglected tropical diseases 12(8) (2018) e0006606.
[150] F.B. Mandal, Human parasitology, PHI Learning Pvt. Ltd.2015.

[151] M.O. Harhay, J. Horton, P.L. Olliaro, Epidemiology and control of human gastrointestinal
parasites in children, Expert review of anti-infective therapy 8(2) (2010) 219-234.

[152] V. Chintamunnee, M.F. Mahomoodally, Herbal medicine commonly used against non-
communicable diseases in the tropical island of Mauritius, Journal of Herbal Medicine 2(4) (2012)
113-125.

[153] M. Borins, Traditional medicine in India, Canadian Family Physician 33 (1987) 1061.

[154] A. Sofowora, Medicinal plants and traditional medicine in Africa, Karthalal996.

[155] S. Mushtag, B.H. Abbasi, B. Uzair, R. Abbasi, Natural products as reservoirs of novel
therapeutic agents, EXCLI journal 17 (2018) 420.

[156] T. Eguale, D. Tadesse, M. Giday, In vitro anthelmintic activity of crude extracts of five
medicinal plants against egg-hatching and larval development of Haemonchus contortus, Journal
of Ethnopharmacology 137(1) (2011) 108-113.

[157] M. Maciel, S.M. Morais, C. Bevilagua, A. Camurc¢a-Vasconcelos, C. Costa, C. Castro,
Ovicidal and larvicidal activity of Melia azedarach extracts on Haemonchus contortus, Veterinary
Parasitology 140(1-2) (2006) 98-104.

[158] L. Pessoa, S. Morais, C. Bevilaqua, J. Luciano, Anthelmintic activity of essential oil of
Ocimum gratissimum Linn. and eugenol against Haemonchus contortus, Veterinary parasitology
109(1-2) (2002) 59-63.

[159] R. Tomar, S. Preet, Evaluation of anthelmintic activity of biologically synthesized silver
nanoparticles against the gastrointestinal nematode, Haemonchus contortus, Journal of
helminthology 91(4) (2017) 454.

[160] R. Kumarasingha, S. Preston, T.-C. Yeo, D.S. Lim, C.-L. Tu, E.A. Palombo, J.M. Shaw,
R.B. Gasser, P.R. Boag, Anthelmintic activity of selected ethno-medicinal plant extracts on
parasitic stages of Haemonchus contortus, Parasites & vectors 9(1) (2016) 1-7.

[161] A.H. Ahmed, M. Ejo, T. Feyera, D. Regassa, B. Mummed, S.A. Huluka, In Vitro
Anthelmintic Activity of Crude Extracts of Artemisia herba-alba and Punica granatum against
Haemonchus contortus, Journal of Parasitology Research 2020 (2020).

[162] S. Zenebe, T. Feyera, S. Assefa, In vitro anthelmintic activity of crude extracts of aerial parts
of Cissus quadrangularis L. and leaves of Schinus molle L. against Haemonchus contortus,
BioMed research international 2017 (2017).

[163] M.A. Massoud, A. Tarhini, J.A. Nasr, Decentralized approaches to wastewater treatment and
management: applicability in developing countries, Journal of environmental management 90(1)
(2009) 652-659.

[164] T. Eguale, M. Giday, In vitro anthelmintic activity of three medicinal plants against
Haemonchus contortus, International Journal of Green Pharmacy (IJGP) 3(1) (2009).

[165] J. Githiori, J. Hoglund, P. Waller, R. Baker, Evaluation of anthelmintic properties of some
plants used as livestock dewormers against Haemonchus contortus infections in sheep,
Parasitology 129(2) (2004) 245-253.

[166] G. Pandey, S. Madhuri, Pharmacological activities of Ocimum sanctum (tulsi): a review, Int
J Pharm Sci Rev Res 5(1) (2010) 61-66.

128



[167] O. Osukoya, A. Fadaka, O. Adewale, O. Oluloye, O. Ojo, B. Ajiboye, D. Adewumi, A.
Kuku, In vitro anthelmintic and antioxidant activities of the leaf extracts of Theobroma cacao L,
AIMS Agriculture and Food 4(3) (2019) 568.

[168] S. Athanasiadou, J. Githiori, I. Kyriazakis, Medicinal plants for helminth parasite control:
facts and fiction, Animal 1(9) (2007) 1392-1400.

[169] S. Garba, M. Adeyemi, L. Musa, Anthelmintic Activities of Hexacosa-9, 11-dienoic Acid
and 3-hydroxyurs-12-en-28-oic Acid Isolated from Spermacoce verticillata, Chemical Science
International Journal (2019) 1-10.

[170] A. Selvaraju, S.K.D.K.M. Dhanraj, Phytochemical analysis and anthelmintic potential of
Nigella sativa against the trematode, Cotylophoron cotylophorum, Journal of Pharmacognosy and
Phytochemistry 8(3) (2019) 3161-3166.

[171] K. Dhama, S.K. Latheef, S. Mani, H.A. Samad, K. Karthik, R. Tiwari, R.U. Khan, M.
Alagawany, M.R. Farag, G.M. Alam, Multiple beneficial applications and modes of action of herbs
in poultry health and production-A review, Int J Pharmacol 11(3) (2015) 152-176.

[172] A. Hussain, Evaluation of anthelmintic activity of some ethnobotanicals, University of
Agriculture, Faisalabad, Pakistan, 2008.

[173] L.M. Katiki, A. Barbieri, R. Araujo, C.J. Verissimo, H. Louvandini, J. Ferreira, Synergistic
interaction of ten essential oils against Haemonchus contortus in vitro, Veterinary Parasitology 243
(2017) 47-51.

[174] A. Camurca-Vasconcelos, C. Bevilaqua, S. Morais, M. Maciel, C. Costa, . Macedo, L.
Oliveira, R. Braga, R. Silva, L. Vieira, Anthelmintic activity of Croton zehntneri and Lippia
sidoides essential oils, Veterinary Parasitology 148(3-4) (2007) 288-294.

[175] A.E. Edris, Pharmaceutical and therapeutic potentials of essential oils and their individual
volatile constituents: a review, Phytotherapy Research: An International Journal Devoted to
Pharmacological and Toxicological Evaluation of Natural Product Derivatives 21(4) (2007) 308-
323.

[176] S. Li, Y. Ru, M. Liu, B. Xu, A. Péron, X. Shi, The effect of essential oils on performance,
immunity and gut microbial population in weaner pigs, Livestock Science 145(1-3) (2012) 119-
123.

[177] S.E. Lee, B.H. Lee, W.S. Choi, B.S. Park, J.G. Kim, B.C. Campbell, Fumigant toxicity of
volatile natural products from Korean spices and medicinal plants towards the rice weevil,
Sitophilus oryzae (L), Pest Management Science: formerly Pesticide Science 57(6) (2001) 548-
553.

[178] E. Evergetis, S.A. Haroutounian, Exploitation of apiaceae family plants as valuable
renewable source of essential oils containing crops for the production of fine chemicals, Industrial
Crops and Products 54 (2014) 70-77.

[179] T. Tanaka, M. Ishibashi, H. Fujimoto, E. Okuyama, T. Koyano, T. Kowithayakorn, M.
Hayashi, K. Komiyama, New Onoceranoid Triterpene Constituents from Lansium d omesticum,
Journal of natural products 65(11) (2002) 1709-1711.

[180] D.G. Choudhury, S.G. Singh, Phytochemical analysis and Green synthesis of ZnO and
Ag/ZnO nanocomposites from Lansium parasiticum for the evaluation of their toxicology, 2017.
[181] T. Potipiranun, W. Worawalai, P. Phuwapraisirisan, Lamesticumin G, a new a-glucosidase
inhibitor from the fruit peels of Lansium parasiticum, Natural product research 32(16) (2018)
1881-1886.

[182] R. Ramadhan, W. Worawalai, P. Phuwapraisirisan, New onoceranoid xyloside from
Lansium parasiticum, Natural product research 33(20) (2019) 2917-2924.

129



[183] M.A. Huffman, Animal self-medication and ethno-medicine: exploration and exploitation of
the medicinal properties of plants, Proceedings of the Nutrition Society 62(2) (2003) 371-381.
[184] P. Waller, From discovery to development: current industry perspectives for the
development of novel methods of helminth control in livestock, Veterinary parasitology 139(1-3)
(2006) 1-14.

[185] R. Sehgal, G.V. Reddy, J.J. Verweij, A.V.S. Rao, Prevalence of intestinal parasitic infections
among school children and pregnant women in a low socio-economic area, Chandigarh, North
India, RIF 1(2) (2010) 100-103.

[186] L. Vieira, A. Cavalcante, M. Pereira, L. Dantas, L. Ximenes, Evaluation of anthelmintic
efficacy of plants available in Ceara State, North-east Brazil, for the control of goat gastrointestinal
nematodes, Revue de Medicine Vétérinaire 150(5) (1999).

[187] C. Fei, R. She, G. Li, L. Zhang, W. Fan, F. Xue, Safety and clinical efficacy of tenvermectin,
a novel antiparasitic 16-membered macrocyclic lactone antibiotics, European Journal of
Pharmaceutical Sciences 117 (2018) 154-160.

[188] M. Setoguchi, S. limura, Y. Sugimoto, Y. Yoneda, J. Chiba, T. Watanabe, F. Muro, Y. ligo,
G. Takayama, M. Yokoyama, ldentification of trans-4-[1-[[7-fluoro-2-(1-methyl-3-indolyl)-6-
benzoxazolyl] acetyl]-(4S)-fluoro-(2S)-pyrrolidinylmethoxy] cyclohexanecarboxylic acid as a
potent, orally active VLA-4 antagonist, Bioorganic & medicinal chemistry 20(3) (2012) 1201-
1212.

[189] S. Verma, A. Robertson, R. Martin, The nematode neuropeptide, AF2 (KHEYLRF-NH2),
increases Vvoltage-activated calcium currents in Ascaris suum muscle, British journal of
pharmacology 151(6) (2007) 888-899.

[190] V.R. Pereira, L.S. da Silveira, A.C. Mengarda, I.J.A. Janior, O.0.Z. da Silva, F.B. Miguel,
M.P. Silva, A.d.C. Almeida, D. da Silva Torres, P.d.F. Pinto, Antischistosomal properties of
aurone derivatives against juvenile and adult worms of Schistosoma mansoni, Acta Tropica 213
(2020) 105741.

[191] A. Probst, K. Chisanga, G.A. Dziwornu, C. Haeberli, J. Keiser, K. Chibale, Expanding the
Activity Profile of Pyrido [1, 2-a] benzimidazoles: Synthesis and Evaluation of Novel N 1-1-
Phenylethanamine Derivatives against Schistosoma mansoni, ACS Infectious Diseases (2020).
[192] T. Miyasaka, C. Xie, S. Yoshimura, Y. Shinzaki, S. Yoshina, E. Kage-Nakadai, S. Mitani, Y.
Ihara, Curcumin improves tau-induced neuronal dysfunction of nematodes, Neurobiology of Aging
39 (2016) 69-81.

[193] Z. Rehman, J. Knight, J. Koolaard, H. Simpson, A. Pernthaner, Immunomodulatory effects
of adult Haemonchus contortus excretory/secretory products on human monocyte-derived dendritic
cells, Parasite immunology 37(12) (2015) 657-669.

[194] N.S. Lam, X. Long, X.-z. Su, F. Lu, Artemisinin and its derivatives in treating helminthic
infections beyond schistosomiasis, Pharmacological Research 133 (2018) 77-100.

[195] G.S. Bah, E.L. Ward, A. Srivastava, A.J. Trees, V.N. Tanya, B.L. Makepeace, Efficacy of
three-week oxytetracycline or rifampin monotherapy compared with a combination regimen
against the filarial nematode Onchocerca ochengi, Antimicrobial agents and chemotherapy 58(2)
(2014) 801-810.

[196] S.A. Nixon, N.J. Saez, V. Herzig, G.F. King, A.C. Kotze, The antitrypanosomal
diarylamidines, diminazene and pentamidine, show anthelmintic activity against Haemonchus
contortus in vitro, Veterinary parasitology 270 (2019) 40-46.

[197] M.J. Dar, S. Khalid, S. Varikuti, A.R. Satoskar, G.M. Khan, Nano-elastic liposomes as
multidrug carrier of sodium stibogluconate and ketoconazole: A potential new approach for the

130



topical treatment of cutaneous Leishmaniasis, European Journal of Pharmaceutical Sciences 145
(2020) 105256.

[198] A. Williams, H. ROPIAK, M.; FRYGANAS, CF; DESRUES, O.; HARVEY, IM;
THAMBORG, SM Assessment of the anthelmintic activity of medicinal plant extracts and purified
condensed tannins against free-living and parasitic stages of Oesophagostomum dentatum,
Parasites & Vectors 7 (2014) 518.

[199] J. Quijada, C. Fryganas, H.M. Ropiak, A. Ramsay, I. Mueller-Harvey, H. Hoste,
Anthelmintic activities against Haemonchus contortus or Trichostrongylus colubriformis from
small ruminants are influenced by structural features of condensed tannins, Journal of agricultural
and food chemistry 63(28) (2015) 6346-6354.

[200] S.W. Fomum, 1.V. Nsahlai, In vitro nematicidal activity of plant species possessing alkaloids
and tannins, Cogent Food & Agriculture 3(1) (2017) 1334295.

[201] A. Assefa, Y. Kechero, T. Tolemariam, A. Kebede, E. Shumi, Anthelmintic effects of
indigenous multipurpose fodder tree extracts against Haemonchus contortus, Tropical animal
health and production 50(4) (2018) 727-732.

[202] R.K. Das, V.L. Pachapur, L. Lonappan, M. Naghdi, R. Pulicharla, S. Maiti, M. Cledon,
L.M.A. Dalila, S.J. Sarma, S.K. Brar, Biological synthesis of metallic nanoparticles: plants,
animals and microbial aspects, Nanotechnology for Environmental Engineering 2(1) (2017) 18.
[203] P. Singh, Y.-J. Kim, D. Zhang, D.-C. Yang, Biological synthesis of nanoparticles from plants
and microorganisms, Trends in biotechnology 34(7) (2016) 588-599.

[204] G. Benelli, H. Mehlhorn, Declining malaria, rising of dengue and Zika virus: insights for
mosquito vector control, Parasitology research 115(5) (2016) 1747-1754.

[205] M.M.O. Rashid, J. Ferdous, S. Banik, M.R. Islam, A.M. Uddin, F.N. Robel, Anthelmintic
activity of silver-extract nanoparticles synthesized from the combination of silver nanoparticles
and M. charantia fruit extract, BMC complementary and alternative medicine 16(1) (2016) 1-6.
[206] M. Shakir, M. Faraz, M.S. Khan, S.I. Al-Resayes, The photocatalytic, in vitro anthelmintic
activity of biomolecule-inspired CDS nanoparticles, Comptes Rendus Chimie 18(9) (2015) 966-
978.

[207] P.K. Kar, S. Murmu, S. Saha, V. Tandon, K. Acharya, Anthelmintic efficacy of gold
nanoparticles derived from a phytopathogenic fungus, Nigrospora oryzae, PloS one 9(1) (2014)
e84693.

[208] A.C.M.S. Barbosa, L.P.C. Silva, C.M. Ferraz, F.L. Tobias, J.V. de Araljo, B. Loureiro,
G.M.A.M. Braga, F.B.R. Veloso, F.E. de Freitas Soares, M. Fronza, Nematicidal activity of silver
nanoparticles from the fungus Duddingtonia flagrans, International Journal of Nanomedicine 14
(2019) 2341.

[209] W.P. André, J.R. Paiva Jr, G.S. Cavalcante, W.L. Ribeiro, J.V.d. Aradjo Filho, B.C.
Cavalcanti, S.M.d. Morais, L. Oliveira, C.M. Bevilaqua, F.O. Abreu, Chitosan nanoparticles
loaded with carvacrol and carvacryl acetate for improved anthelmintic activity, Journal of the
Brazilian Chemical Society 31(8) (2020) 1614-1622.

[210] K. Ejaz, H. Sadia, G. Zia, S. Nazir, A. Raza, S. Ali, T. Igbal, S. Andleeb, Biofilm reduction,
cell proliferation, anthelmintic and cytotoxicity effect of green synthesised silver nanoparticle
using Artemisia vulgaris extract, IET Nanobiotechnology 12(1) (2017) 71-77.

[211] S. Preet, R.S. Tomar, Anthelmintic effect of biofabricated silver nanoparticles using Ziziphus
jujuba leaf extract on nutritional status of Haemonchus contortus, Small Ruminant Research 154
(2017) 45-51.

131



[212] D. Choudhury, P.L. Xavier, K. Chaudhari, R. John, A.K. Dasgupta, T. Pradeep, G.
Chakrabarti, Unprecedented inhibition of tubulin polymerization directed by gold nanoparticles
inducing cell cycle arrest and apoptosis, Nanoscale 5(10) (2013) 4476-4489.

[213] S. Datta, D. Choudhury, A. Das, D. Das Mukherjee, N. Das, S.S. Roy, G. Chakrabarti,
Paclitaxel resistance development is associated with biphasic changes in reactive oxygen species,
mitochondrial membrane potential and autophagy with elevated energy production capacity in lung
cancer cells: A chronological study, Tumor Biology 39(2) (2017) 1010428317694314.

[214] T. Kaur, M. Bal, P. Kaur, L. Singla, S. Kaswan, Gastro-Intestinal Parasitaemia and its
Correlation with Anemia-A Study in Small Ruminants, Intas Polivet 19(2) (2018).

[215] L. Costello, A simplified method of isolating Ascaris eggs, Journal of Parasitology 47(1)
(1961).

[216] D. Jesus-Martinez, A. Olmedo-Juérez, J. Olivares-Pérez, A. Zamilpa, P. Mendoza de Gives,
M. Lopez-Arellano, S. Rojas-Hernandez, A. Villa-Mancera, L. Camacho-Diaz, M. Cipriano-
Salazar, In Vitro Anthelmintic Activity of Methanolic Extract from Caesalpinia coriaria J. Willd
Fruits against Haemonchus contortus Eggs and Infective Larvae, BioMed research international
2018 (2018).

[217] J.S. Gilleard, E. Devaney, Haemonchus contortus as a paradigm and model to study
anthelmintic drug resistance, Parasitology 140(12) (2013) 1506.

[218] N.J. Kruger, The Bradford method for protein quantitation, The protein protocols handbook,
Springer2009, pp. 17-24.

[219] H.P. Indo, M. Davidson, H.-C. Yen, S. Suenaga, K. Tomita, T. Nishii, M. Higuchi, Y. Koga,
T. Ozawa, H.J. Majima, Evidence of ROS generation by mitochondria in cells with impaired
electron transport chain and mitochondrial DNA damage, Mitochondrion 7(1-2) (2007) 106-118.
[220] S. Datta, D. Choudhury, A. Das, D.D. Mukherjee, M. Dasgupta, S. Bandopadhyay, G.
Chakrabarti, Autophagy inhibition with chloroquine reverts paclitaxel resistance and attenuates
metastatic potential in human nonsmall lung adenocarcinoma A549 cells via ROS mediated
modulation of -catenin pathway, Apoptosis 24(5-6) (2019) 414-433.

[221] P. Ulker, H.J. Meiselman, O.K. Baskurt, Nitric oxide generation in red blood cells induced
by mechanical stress, Clinical hemorheology and microcirculation 45(2-4) (2010) 169-175.

[222] W. Kong, Y. Zhao, F. Liu, Y. He, T. Tian, W. Zhou, Fast analysis of superoxide dismutase
(SOD) activity in barley leaves using visible and near infrared spectroscopy, Sensors 12(8) (2012)
10871-10880.

[223] M.H. Hadwan, H.N. Abed, Data supporting the spectrophotometric method for the
estimation of catalase activity, Data in brief 6 (2016) 194-199.

[224] F. Antunes, E. Cadenas, Estimation of H202 gradients across biomembranes, FEBS letters
475(2) (2000) 121-126.

[225] A. Jain, M. Soni, L. Deb, A. Jain, S. Rout, V. Gupta, K. Krishna, Antioxidant and
hepatoprotective activity of ethanolic and aqueous extracts of Momordica dioica Roxb. leaves,
Journal of ethnopharmacology 115(1) (2008) 61-66.

[226] P. Zhao, K.-l. Chen, G.-l. Zhang, G.-r. Deng, J. Li, Pharmacological basis for use of
Selaginella moellendorffii in gouty arthritis: antihyperuricemic, anti-inflammatory, and xanthine
oxidase inhibition, Evidence-based complementary and alternative medicine 2017 (2017).

[227] A. Sunpapao, N. Thithuan, M. Pitaloka, S. Arikit, Algal leaf spot of Lansium parasiticum
caused by Cephaleuros sp. in Thailand, Journal of Plant Pathology 98(2) (2016).

[228] A.K. Thompson, R.K. Prange, R. Bancroft, T. Puttongsiri, Controlled atmosphere storage of
fruit and vegetables, CABI2018.

132



[229] A. a Patha, N. Gaurav, A. Singh, A. Kumar, A. Singh, A Review on Ethno-Medicinally
Important Species of Pteridophytes, Intern. J. Curr. Sci. Res 3(3) (2017) 1186-1201.

[230] M. Ahmed, Medicinal plants, MJP Publisher2019.

[231] C. Ferrari, D. Shivhare, B.O. Hansen, A. Pasha, E. Esteban, N.J. Provart, F. Kragler, A.
Fernie, T. Tohge, M. Mutwil, Expression atlas of Selaginella moellendorffii provides insights into
the evolution of vasculature, secondary metabolism, and roots, The Plant Cell 32(4) (2020) 853-
870.

[232] A.N. Brant, H.Y. Chen, Patterns and mechanisms of nutrient resorption in plants, Critical
Reviews in Plant Sciences 34(5) (2015) 471-486.

[233] M. Hassler, Synonymic Checklists of the Vascular Plants of the World in the Catalogue of
Life, (2019).

[234] K. Venkatachalam, Bioactive Compounds of Longkong Fruit (Lansium domesticum Corr.),
Bioactive Compounds in Underutilized Fruits and Nuts (2020) 107-122.

[235] A.M. Alkilany, A.l. Bani Yaseen, M.H. Kailani, Synthesis of monodispersed gold
nanoparticles with exceptional colloidal stability with grafted polyethylene glycol-g-polyvinyl
alcohol, Journal of Nanomaterials 2015 (2015).

[236] K. Jyoti, M. Baunthiyal, A. Singh, Characterization of silver nanoparticles synthesized using
Urtica dioica Linn. leaves and their synergistic effects with antibiotics, Journal of Radiation
Research and Applied Sciences 9(3) (2016) 217-227.

[237] K. Paulkumar, G. Gnanajobitha, M. Vanaja, M. Pavunraj, G. Annadurai, Green synthesis of
silver nanoparticle and silver based chitosan bionanocomposite using stem extract of Saccharum
officinarum and assessment of its antibacterial activity, Advances in Natural Sciences:
Nanoscience and Nanotechnology 8(3) (2017) 035019.

[238] B. Senthil, T. Devasena, B. Prakash, A. Rajasekar, Non-cytotoxic effect of green synthesized
silver nanoparticles and its antibacterial activity, Journal of Photochemistry and Photobiology B:
Biology 177 (2017) 1-7.

[239] S. Gayathri, O.N. Ghosh, S. Sathishkumar, S. Sudhakara, J. Jayaramudu, S. Ray, A.K.
Viswanath, Investigation of physicochemical properties of Ag doped ZnO nanoparticles prepared
by chemical route, (2015).

[240] R. Ramadhan, W. Worawalai, P. Phuwapraisirisan, New onoceranoid xyloside from
Lansium parasiticum, Natural product research (2018) 1-8.

[241] G. Lakshmanan, A. Sathiyaseelan, P. Kalaichelvan, K. Murugesan, Plant-mediated synthesis
of silver nanoparticles using fruit extract of Cleome viscosa L.: Assessment of their antibacterial
and anticancer activity, Karbala International Journal of Modern Science 4(1) (2018) 61-68.

[242] V.S. Gontijo, M.H. dos Santos, C. Viegas Jr, Biological and chemical aspects of natural
biflavonoids from plants: a brief review, Mini Reviews in Medicinal Chemistry 17(10) (2017) 834-
862.

[243] S. Shi, H. Zhou, Y. Zhang, K. Huang, Hyphenated HSCCC-DPPH- for rapid preparative
isolation and screening of antioxidants from Selaginella moellendorffii, Chromatographia 68(3-4)
(2008) 173-178.

[244] Y. Cao, N.-H. Tan, J.-J. Chen, G.-Z. Zeng, Y.-B. Ma, Y.-P. Wu, H. Yan, J. Yang, L.-F. Lu,
Q. Wang, Bioactive flavones and biflavones from Selaginella moellendorffii Hieron, Fitoterapia
81(4) (2010) 253-258.

[245] J.d.S. Almeida, P.G.S. de SA, L.d.O. Macedo, J. de Siqueira Filho, V.R. de Oliveira, J.
Barbosa Filho, Phytochemistry of the genus Selaginella (Selaginellaceae), Embrapa Semiéarido-
Artigo em periodico indexado (ALICE) (2013).

133



[246] 1.R. Zamora-Garcia, A. Alatorre-Ordaz, J.G. lIbanez, J.C. Torres-Elguera, K. Wrobel, S.
Gutierrez-Granados, Efficient degradation of selected polluting dyes wusing the
tetrahydroxoargentate ion, Ag (OH) 4—, in alkaline media, Chemosphere 191 (2018) 400-407.
[247] B.C. Smith, An IR spectral interpretation potpourri: carbohydrates and alkynes, (2017).
[248] K.C. Hunter, A.L. East, Properties of C— C Bonds in n-Alkanes: relevance to cracking
mechanisms, The Journal of Physical Chemistry A 106(7) (2002) 1346-1356.

[249] C.-L. Cheng, C.-F. Chen, W.-C. Shaio, D.-S. Tsai, K.-H. Chen, The CH stretching features
on diamonds of different origins, Diamond and related materials 14(9) (2005) 1455-1462.

[250] B.C. Smith, Organic nitrogen compounds II: primary amines, (2019).

[251] M. Sbroscia, G. Della Ventura, G. lezzi, A. Sodo, Quantifying the A-site occupancy in
amphiboles: a Raman study in the OH-stretching region, European Journal of Mineralogy 30(3)
(2018) 429-436.

[252] S. Akbar, Cuminum cyminum L.(Apiaceae/Umbelliferae), Handbook of 200 Medicinal
Plants, Springer2020, pp. 761-772.

[253] B. Roy, C. Malik, S. Sharma, Phytochemical Analysis of Indian Herbs—A Review, LS:
International Journal of Life Sciences 7(1) (2018) 27-39.

[254] S.B. Badgujar, V.V. Patel, AH. Bandivdekar, R.T. Mahajan, Traditional uses,
phytochemistry and pharmacology of Ficus carica: A review, Pharmaceutical biology 52(11)
(2014) 1487-1503.

[255] S. Raghavan, Handbook of spices, seasonings, and flavorings, CRC press2006.

[256] S. Azeez, 11 Cumin, Chemistry of Spices (2008) 211.

[257] S. Mnif, S. Aifa, Cumin (Cuminum cyminum L.) from traditional uses to potential
biomedical applications, Chemistry & biodiversity 12(5) (2015) 733-742.

[258] A. Rizvi, A. Mishra, A.A. Mahdi, M. Ahmad, A. Basit, Natural and herbal stress remedies: a
review, International Journal of Pharmacognosy 2(4) (2015) 155-160.

[259] M. Madhavan, S.T. Tharakan, INTERNATIONAL RESEARCH JOURNAL OF
PHARMACY.

[260] W. Goreja, Black seed: nature's miracle remedy, Karger Publishers2003.

[261] M. Adu-Frimpong, W. Qiuyu, C.K. Firempong, Y.M. Mukhtar, Q. Yang, E. Omari-Siaw, Z.
Lijun, X. Xu, J. Yu, Novel cuminaldehyde self-emulsified nanoemulsion for enhanced
antihepatotoxicity in carbon tetrachloride-treated mice, Journal of Pharmacy and Pharmacology
(2019).

[262] L. Verotta, M.P. Macchi, 9 Healing Influences, Connecting Indian Wisdom and Western
Science: Plant Usage for Nutrition and Health (2015) 147.

[263] K. Sahana, S. Nagarajan, L.J.M. Rao, Cumin (Cuminum cyminum L.) seed volatile oil:
Chemistry and role in health and disease prevention, Nuts and Seeds in Health and Disease
Prevention, Elsevier2011, pp. 417-427.

[264] V. Monteiro-Neto, C.D. de Souza, L.F. Gonzaga, B.C. da Silveira, N.C. Sousa, J.P. Pontes,
D.M. Santos, W.C. Martins, J.F. Pessoa, A.R. Carvalho Janior, Cuminaldehyde potentiates the
antimicrobial actions of ciprofloxacin against Staphylococcus aureus and Escherichia coli, Plos one
15(5) (2020) e0232987.

[265] K. Srinivasan, Cumin (Cuminum cyminum) and black cumin (Nigella sativa) seeds:
traditional uses, chemical constituents, and nutraceutical effects, Food quality and safety 2(1)
(2018) 1-16.

[266] N. Wongkattiya, P. Sanguansermsri, I.H. Fraser, D. Sanguansermsri, Antibacterial activity of
cuminaldehyde on food-borne pathogens, the bioactive component of essential oil from Cuminum

134



cyminum L. collected in Thailand, Journal of Complementary and Integrative Medicine 16(4)
(2019).

[267] M. Bassetti, G. Poulakou, E. Ruppe, E. Bouza, S.J. Van Hal, A. Brink, Antimicrobial
resistance in the next 30 years, humankind, bugs and drugs: a visionary approach, Intensive care
medicine 43(10) (2017) 1464-1475.

[268] A.E. Schwab, D.A. Boakye, D. Kyelem, R.K. Prichard, Detection of benzimidazole
resistance—associated mutations in the filarial nematode Wuchereria bancrofti and evidence for
selection by albendazole and ivermectin combination treatment, The American journal of tropical
medicine and hygiene 73(2) (2005) 234-238.

[269] J. Drudge, J. Szanto, Z. Wyant, G. Elam, Field studies on parasite control in sheep:
comparison of thia-bendazole, ruelene, and phenothiazine, American journal of veterinary research
25(108) (1964) 1512-1518.

[270] R. Cawthorne, J. Whitehead, Isolation of benzimidazole resistant strains of Ostertagia
circumcincta from British sheep, The Veterinary Record 112(12) (1983) 274-277.

[271] N. Sangster, H. Whitlock, I. Russ, M. Gunawan, D. Griffin, J. Kelly, Trichostrongylus
colubrifortnis and Ostertagia circumcincta resistant to levamisole, morantel tartrate and
thiabendazole: occurrence of field strains, Research in veterinary science 27(1) (1979) 106-110.
[272] G. Das, A. Dixit, S. Nath, V. Agrawal, S. Dongre, Levamisole and fenbendazole resistance
among gastrointestinal nematodes in goats at Jabalpur, Madhya Pradesh, Journal of Veterinary
Parasitology 29(2) (2015) 98-102.

[273] A. Dixit, G. Das, P. Dixit, A. Singh, N. Kumbhakar, M. Sankar, R. Sharma, An assessment
of benzimidazole resistance against caprine nematodes in Central India, Tropical animal health and
production 49(7) (2017) 1471-1478.

[274] C. Easwaran, T. Jeyagopal Harikrishnan, M. Raman, Multiple anthelmintic resistance in
gastrointestinal nematodes of sheep in Southern India, Veterinarski arhiv 79(6) (2009) 611-620.
[275] A. Rajagopal, L. Sabu, K. Devada, R. Radhika, V. Gleeja, ASSESSMENT OF
BENZIMIDAZOLE RESISTANCE STATUS IN AN ORGANIZED GOAT FARM BY EGG
HATCH ASSAY.

[276] R.M. Kaplan, Drug resistance in nematodes of veterinary importance: a status report, Trends
in parasitology 20(10) (2004) 477-481.

[277] K. Srinivasan, Spices as influencers of body metabolism: an overview of three decades of
research, Food Research International 38(1) (2005) 77-86.

[278] R. Lambert, P.N. Skandamis, P.J. Coote, G.J. Nychas, A study of the minimum inhibitory
concentration and mode of action of oregano essential oil, thymol and carvacrol, Journal of applied
microbiology 91(3) (2001) 453-462.

[279] S. Juglal, R. Govinden, B. Odhav, Spice oils for the control of co-occurring mycotoxin-
producing fungi, Journal of food protection 65(4) (2002) 683-687.

[280] A.C. Giles, C.H. Rankin, Behavioral and genetic characterization of habituation using
Caenorhabditis elegans, Neurobiology of learning and memory 92(2) (2009) 139-146.

[281] E.A. Engleman, S.N. Katner, B.S. Neal-Beliveau, Caenorhabditis elegans as a model to
study the molecular and genetic mechanisms of drug addiction, Progress in molecular biology and
translational science, Elsevier2016, pp. 229-252.

[282] D.S. Walker, Y.L. Chew, W.R. Schafer, Genetics of behavior in C. elegans, The Oxford
Handbook of Invertebrate Neurobiology, Oxford University Press2017.

[283] M. Artal-Sanz, L. de Jong, N. Tavernarakis, Caenorhabditis elegans: a versatile platform for
drug discovery, Biotechnology Journal: Healthcare Nutrition Technology 1(12) (2006) 1405-1418.

135



[284] J.J. Ewbank, O. Zugasti, C. elegans: model host and tool for antimicrobial drug discovery,
Disease models & mechanisms 4(3) (2011) 300-304.

[285] A.R. Burns, G.M. Luciani, G. Musso, R. Bagg, M. Yeo, Y. Zhang, L. Rajendran, J. Glavin,
R. Hunter, E. Redman, Caenorhabditis elegans is a useful model for anthelmintic discovery, Nature
Communications 6(1) (2015) 1-11.

[286] F. Zhang, M. Berg, K. Dierking, M.-A. Félix, M. Shapira, B.S. Samuel, H. Schulenburg,
Caenorhabditis elegans as a model for microbiome research, Frontiers in Microbiology 8 (2017)
485.

[287] G.A. Silverman, C.J. Luke, S.R. Bhatia, O.S. Long, A.C. Vetica, D.H. Perimutter, S.C. Pak,
Modeling molecular and cellular aspects of human disease using the nematode Caenorhabditis
elegans, Pediatric research 65(1) (2009) 10-18.

[288] M. Markaki, N. Tavernarakis, Modeling human diseases in Caenorhabditis elegans,
Biotechnology journal 5(12) (2010) 1261-1276.

[289] A.G. Alexander, V. Marfil, C. Li, Use of Caenorhabditis elegans as a model to study
Alzheimer’s disease and other neurodegenerative diseases, Frontiers in genetics 5 (2014) 279.
[290] D.G. Albertson, J. Thompson, The pharynx of Caenorhabditis elegans, Philosophical
Transactions of the Royal Society of London. B, Biological Sciences 275(938) (1976) 299-325.
[291] J.G. White, E. Southgate, J.N. Thomson, S. Brenner, The structure of the nervous system of
the nematode Caenorhabditis elegans, Philos Trans R Soc Lond B Biol Sci 314(1165) (1986) 1-
340.

[292] T.A. Jarrell, Y. Wang, A.E. Bloniarz, C.A. Brittin, M. Xu, J.N. Thomson, D.G. Albertson,
D.H. Hall, SW. Emmons, The connectome of a decision-making neural network, science
337(6093) (2012) 437-444.

[293] L. Pereira, P. Kratsios, E. Serrano-Saiz, H. Sheftel, A.E. Mayo, D.H. Hall, J.G. White, B.
LeBoeuf, L.R. Garcia, U. Alon, A cellular and regulatory map of the cholinergic nervous system of
C. elegans, Elife 4 (2015) e12432.

[294] W. Schafer, Nematode nervous systems, Current Biology 26(20) (2016) R955-R959.

[295] F. Clarac, E. Pearlstein, Invertebrate preparations and their contribution to neurobiology in
the second half of the 20th century, Brain research reviews 54(1) (2007) 113-161.

[296] J.F. Cooper, J.M. Van Raamsdonk, Modeling Parkinson’s Disease in C. elegans, Journal of
Parkinson's disease 8(1) (2018) 17-32.

[297] E. Frasnelli, G. Vallortigara, L.J. Rogers, Left-—right asymmetries of behaviour and nervous
system in invertebrates, Neuroscience & Biobehavioral Reviews 36(4) (2012) 1273-1291.

[298] J.E. Kammenga, A. Doroszuk, J.A. Riksen, E. Hazendonk, L. Spiridon, A.-J. Petrescu, M.
Tijsterman, R.H. Plasterk, J. Bakker, A Caenorhabditis elegans wild type defies the temperature—
size rule owing to a single nucleotide polymorphism in tra-3, PLoS Genet 3(3) (2007) e34.

[299] M.C. Leung, P.L. Williams, A. Benedetto, C. Au, K.J. Helmcke, M. Aschner, J.N. Meyer,
Caenorhabditis elegans: an emerging model in biomedical and environmental toxicology,
Toxicological sciences 106(1) (2008) 5-28.

[300] M.L. Blaxter, Nematoda: genes, genomes and the evolution of parasitism, Adv Parasitol 54
(2003) 101-195.

[301] A.J. Wolstenholme, lon channels and receptor as targets for the control of parasitic
nematodes, International Journal for Parasitology: Drugs and Drug Resistance 1(1) (2011) 2-13.
[302] H. Hoste, J. Torres-Acosta, Non chemical control of helminths in ruminants: adapting
solutions for changing worms in a changing world, Veterinary parasitology 180(1-2) (2011) 144-
154,

136



[303] W. Bailey, Veterinary medicine and comparative medicine in international health, The
American Journal of Tropical Medicine and Hygiene 27(3) (1978) 441-465.

[304] A. Hall, G. Hewitt, V. Tuffrey, N. De Silva, A review and meta-analysis of the impact of
intestinal worms on child growth and nutrition, Maternal & child nutrition 4 (2008) 118-236.

[305] E. Ghadirian, F. Arfaa, First report of human infection with Haemonchus contortus,
Ostertagia ostertagi, and Marshallagia marshalli (family Trichostrongylidae) in Iran, The Journal of
parasitology 59(6) (1973) 1144-1145.

[306] R. Prichard, Genetic variability following selection of Haemonchus contortus with
anthelmintics, Trends in parasitology 17(9) (2001) 445-453.

[307] J. Gilleard, E. Redman, Genetic diversity and population structure of Haemonchus contortus,
Advances in parasitology, Elsevier2016, pp. 31-68.

[308] R.N. Beech, R.K. Prichard, M.E. Scott, Genetic variability of the beta-tubulin genes in
benzimidazole-susceptible and-resistant strains of Haemonchus contortus, Genetics 138(1) (1994)
103-110.

[309] L. Rufener, R. Kaminsky, P. Maéser, In vitro selection of Haemonchus contortus for
benzimidazole resistance reveals a mutation at amino acid 198 of B-tubulin, Molecular and
biochemical parasitology 168(1) (2009) 120-122.

[310] K.M. Mohammedsalih, J. Kriicken, A. Khalafalla, A. Bashar, F.-R. Juma, A. Abakar, A.A.
Abdalmalaik, G. Coles, G. von Samson-Himmelstjerna, New codon 198 B-tubulin polymorphisms
in highly benzimidazole resistant Haemonchus contortus from goats in three different states in
Sudan, Parasites & vectors 13(1) (2020) 1-15.

[311] H. Shokrani, P. Shayan, A. Eslami, R. Nabavi, Benzimidazole-resistance in Haemonchus
contortus: new PCR-RFLP method for the detection of point mutation at codon 167 of isotype 1 B-
tubulin gene, Iranian journal of parasitology 7(4) (2012) 41.

[312] J.A. Reynoldson, J.M. Behnke, L.J. Pallant, M.G. Macnish, F. Gilbert, S. Giles, R. Spargo,
R.A. Thompson, Failure of pyrantel in treatment of human hookworm infections (Ancylostoma
duodenale) in the Kimberley region of north west Australia, Acta tropica 68(3) (1997) 301-312.
[313] F. Stelma, I. Talla, S. Sow, A. Kongs, M. Niang, K. Polman, A.M. Deelder, B. Gryseels,
Efficacy and side effects of praziquantel in an epidemic focus of Schistosoma mansoni, The
American journal of tropical medicine and hygiene 53(2) (1995) 167-170.

[314] C.R. Lincke, A. Broeks, I. The, R. Plasterk, P. Borst, The expression of two P-glycoprotein
(pgp) genes in transgenic Caenorhabditis elegans is confined to intestinal cells, The EMBO journal
12(4) (1993) 1615-1620.

[315] A. Gao, H. Liang, X. Wang, X. Zhang, M. Jing, J. Zhang, Y. Yan, W. Xiang, Reversal
effects of two new milbemycin compounds on multidrug resistance in MCF-7/adr cells in vitro,
European journal of pharmacology 659(2-3) (2011) 108-113.

[316] H. Canul-Ku, R. Rodriguez-Vivas, J. Torres-Acosta, A. Aguilar-Caballero, L. Pérez-
Cogollo, M. Ojeda-Chi, Prevalence of cattle herds with ivermectin resistant nematodes in the hot
sub-humid tropics of Mexico, Veterinary parasitology 183(3-4) (2012) 292-298.

[317] A. Fajimi, A. Taiwo, Herbal remedies in animal parasitic diseases in Nigeria: a review,
African journal of biotechnology 4(4) (2005) 303-307.

[318] C. Alawa, A. Adamu, J. Gefu, O. Ajanusi, P. Abdu, N. Chiezey, J. Alawa, D. Bowman, In
vitro screening of two Nigerian medicinal plants (Vernonia amygdalina and Annona senegalensis)
for anthelmintic activity, Veterinary Parasitology 113(1) (2003) 73-81.

[319] J. Gathuma, J. Mbaria, J. Wanyama, Hilderbrantia sepalosa herbal remedies against mixed
natural sheep helminthosis in Samburu district, Kenya, (2004).

137



[320] Z. Igbal, M. Lateef, M. Ashraf, A. Jabbar, Anthelmintic activity of Artemisia brevifolia in
sheep, Journal of Ethnopharmacology 93(2-3) (2004) 265-268.

[321] T. Eguale, G. Tilahun, A. Debella, A. Feleke, E. Makonnen, In vitro and in vivo anthelmintic
activity of crude extracts of Coriandrum sativum against Haemonchus contortus, Journal of
Ethnopharmacology 110(3) (2007) 428-433.

[322] J. Peterson, J. Dwyer, Flavonoids: dietary occurrence and biochemical activity, Nutrition
research 18(12) (1998) 1995-2018.

[323] S.H. Thilakarathna, H. Rupasinghe, Flavonoid bioavailability and attempts for bioavailability
enhancement, Nutrients 5(9) (2013) 3367-3387.

[324] H.G. Ulusoy, N. Sanlier, A minireview of quercetin: from its metabolism to possible
mechanisms of its biological activities, Critical Reviews in Food Science and Nutrition (2019) 1-
14.

[325] L. Yi, S. Ma, D. Ren, Phytochemistry and bioactivity of Citrus flavonoids: a focus on
antioxidant, anti-inflammatory, anticancer and cardiovascular protection activities, Phytochemistry
Reviews 16(3) (2017) 479-511.

[326] T. Devasagayam, J. Tilak, K. Boloor, K.S. Sane, S.S. Ghaskadbi, R. Lele, Free radicals and
antioxidants in human health: current status and future prospects, Japi 52(794804) (2004) 4.

[327] B. Halliwell, How to characterize a biological antioxidant, Free radical research
communications 9(1) (1990) 1-32.

[328] D.G.L. Borges, M.A. de Aradjo, C.A. Carollo, A.R.H. Carollo, A. Lifschitz, M.H. Conde,
M.G. de Freitas, Z. dos Santos Freire, J.F. Tutija, M.T.M. Nakatani, Combination of quercetin and
ivermectin: In vitro and in vivo effects against Haemonchus contortus, Acta tropica 201 (2020)
105213.

[329] R. Heckler, G. Almeida, L. Santos, D. Borges, J. Neves, M. Onizuka, F. Borges, P-gp
modulating drugs greatly potentiate the in vitro effect of ivermectin against resistant larvae of
Haemonchus placei, Veterinary parasitology 205(3-4) (2014) 638-645.

[330] N. Suganthy, K.P. Devi, S.F. Nabavi, N. Braidy, S.M. Nabavi, Bioactive effects of quercetin
in the central nervous system: Focusing on the mechanisms of actions, Biomedicine &
Pharmacotherapy 84 (2016) 892-908.

[331] F. Dajas, J.A. Abin-Carriquiry, F. Arredondo, F. Blasina, C. Echeverry, M. Martinez, F.
Rivera, L. Vaamonde, Quercetin in brain diseases: Potential and limits, Neurochemistry
international 89 (2015) 140-148.

[332] K.E. Hipwell, Worm worries: Gastrointestinal nematodes, anthelmintic resistance, and worm
management options, (2015).

[333] L. Lecova, L. STUCHLAKOVA, L. Prchal, L. Skalova, Monepantel: the most studied new
anthelmintic drug of recent years, Parasitology 141(13) (2014) 1686.

[334] J.F. Garcia-Bustos, B.E. Sleebs, R.B. Gasser, An appraisal of natural products active against
parasitic nematodes of animals, Parasites & vectors 12(1) (2019) 1-22.

[335] A. Kotze, R. Prichard, Anthelmintic resistance in Haemonchus contortus: history,
mechanisms and diagnosis, Advances in parasitology, Elsevier2016, pp. 397-428.

[336] C. Drurey, G. Coakley, R.M. Maizels, Extracellular vesicles: new targets for vaccines against
helminth parasites, International Journal for Parasitology (2020).

[337] B.P. Gongalves, M. Fried, P.E. Duffy, Malaria pathogenesis, Advances in Malaria Research
(2016) 427.

138



Summary

Introduction

Helminthic infections are the world’s most prominent gastrointestinal (GIN) parasitic neglected
tropical infections prevalent allover in the animal kingdom and around 24% of the human
population is infected with parasites (Gutierrez et al. 2000). These infections are highly common in
tropical and subtropical areas, including sub-Saharan Africa, the Americas, China, and East Asia
(De Silva et al., 2003; Feng et al., 2019). Haemonchus contortus, a highly pathogenic,
economically important, and most infectious nematode parasite that infects domestic animals
especially small and large ruminants causing acute anemia, hemorrhagic gastroenteritis, diarrhea,
depression, etc contributing to the reduction of milk and meat production leading to great
economic loss (Adam, 2019; Pal and Chakravarty, 2019). H contortus is transmitted through
infected soils in various species, causing infection including in humans (Vercruysse et al., 2011,
Sinnathamby et al., 2018). There is only a handful of drugs (like benzimidazole, imidazothiazole,
and ivermectin) are available for the treatment of ruminant and the recent development of
resistance against those has resulted in an urgent need for alternatives (Kaplan et al. 2012; Das et
al. 2015; Furgasa et al. 2018).

In 1964, the first report of chemo-resistance in H. contortus came against a benzimidazole drug
(Cawthorne et al. 1983). After that, a few more reports were published on the resistance against
different antihelminthic drugs. Furthermore, Hoti et al. (2009) and Ram et al. (2007) reported the
resistance in presently available drugs (albendazole, levamisole, fenbendazole, etc.). The
prevalence of infection, shortage of drugs, and increasing resistance against existing drugs bring us
a situation of the urgent need for new drugs.

The use of natural resources to treat various communicable and non-communicable diseases
is a practice from pre-historical ages (Chintamunnee and Mahomoodally et al. 2012). Various
herbal formulations derived from chamomile, nettle, Shatavari, garcinia, neem, karela, pippali,
ashwagandha, ajwain, fenugreek, wormwood, etc.,, are documented in Indian, Chinese,
Vietnamese, and African traditional medicine (Croizier et al. 1968; Borins et al. 1987; Sofowora et
al. 1996). Despite the prevalence of helminthic infections, scarcity of medication, and profound
documentation of traditional medicines, only a handful of those natural resources have ever been
explored for their potential in modern medicine. (Tomar and Preet et al. 2017) synthesized silver

nanoparticles using Azadirachta indica, an aqueous extract, to analyze the antihelminthic activity
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against H. contortus. (Goel et al. 2020) used an aldehyde derivative of cumin and performed in
vitro antihelminthic activity to examine the inhibition of egg hatch and growth in the larval and
adult stage, along with the generation of reactive oxygen species and enzymatic activities, to
confirm the mechanism of action. (Ahmed et al. 2020) used traditional medicinal plants like
Artemisia herba-aba and Punica grantum to study the antihelminthic activity of H. contortus
worms.

Furthermore, the recent advancement of nanotechnology in the field of healthcare came up
with new hope for the management of infectious diseases like helminth infections. (Rashid et al.
2016) performed antihelminthic activity using Momordica charantia-coated silver nanoparticles
against gastrointestinal worms. (Shakir et al. 2015) synthesized cadmium coated nanoparticles and
observed the antiworm for parasitic worms.

Based on the above research gaps and resistance to drugs against the antihelminthic activity,

this project proposal aims to develop new drugs from various types of medicinal plant extracts,

nano-based formulations, and various synthetic compounds and examine their mechanism of action.

Keeping the above points in view, the following objectives have been designed

OBJECTIVES

1. Screening of Antiworm activity using various resources such as;

a) Medicinal plant extracts and natural products.

b) Nano-particle based formulations.

¢) Synthetic compounds

2. Development of novel formulation(s) for the treatment of parasitic worms.

3. Study of Mechanism of Antiworm activity of newly developed formulation(s).
Chapter 2: Antihelminthic activity of Plant extract

Table 1. Medicinal plants and their traditional uses

140



Plant Family Traditional uses Secondary Metabolites Ref
Lansium Meliaceae dysentery and malaria alkaloids, flavonoids, tannins Ramadhan et
parasiticum al. (2019)
Selaginella Selaginellaceae bleeding and chronic inflammation, | phenolic acids, flavonoids, | Zhao et al.
moellendorffii such as arthritis, gonorrhea, hepatitis, | terpenoids, steroids, (2017)

and mastitis

Preparation of agueous plant extract: Different plant extracts were prepared in an agqueous
medium by boiling different parts, for example, dried fruit pulp of L. parasiticum, and leaves of S.
moellendorffii. The boiling was done at 100 °C till the color changes from colorless to yellow to

dark brown.

Preparation of
aqueons extract
——

Fig 1. A schematic representation for the preparation of aqueous plant extracts.

Table 2. Physiochemical analysis of aqueous plant extracts.

Test Performed L. parasiticum S. moellendorffii
Alkaloids + +
Flavonoids + -

Tannins + +
Phenols + +
Terpenoids - +
Steroids - +
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https://en.wikipedia.org/wiki/Meliaceae
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/selaginella-moellendorffii
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/selaginella-moellendorffii

Table 3. Paralysis time and death time analysis of different plant aqueous extracts used to treat H.
contortus. Worms were analyzed for paralysis and death at different time intervals. The data

represents the mean and SD values of 3 independent experiments.

Time of Paralysis Time Death Time
Exposure Male worms

(h) Control | Alb APE ALE Control Alb APE ALE
0 - - - - -

05 - - - - -
1 - - - - -
3 - - - - -
6 - 3+0 5+0.5 - -

12 - 7+0.5 10+0.5 - -

24 - 9+0.5 12+0.5 - -

Female worms

6 3+0 -

12 2+0.5 5+0.5 -

24 7+0.5 8+0.5 -

Conclusion: The unprecedented antihelminthic efficiency of different aqueous plant extracts did
not show much toxic effect on the helminthic worms. Thus, H. contortus shows high resistivity
against plant extracts and no significant reduction in paralysis and death time. Henceforth, the
findings are not highly useful in the wake of the increasing problem of helminthic infection. But
further detailed studies are required to understand the active principle(s), efficacy, and toxicity of

the system.
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Chapter 2: Antihelminthic activity of Nanoparticles (AgNPs)

Synthesis and characterization of AgNPs: Synthesis of silver nanoparticles was done by
incubating under the sunlight in the presence of silver nitrate solution 1.25 mM to synthesize

biogenic AgNPs. The particles were synthesized with slow stirring to obtain homogenous AgNPs.

g
Prep aration of 7
Aagueous extiact
>
>
»
| — -
&
CE

Green svinthesis of
AcNPsin sunlight

Fig 2: A schematic representation for the synthesis of plant extract protected AgNPs under

sunlight.

Characterization of silver nanoparticles: The complete reduction of AGNO3 and formation of silver
nanoparticles (AgNPs) was confirmed by monitoring color changes visually and the change in
Surface Plasmon Resonance (SPR) peak under UV-Vis spectroscopy. Transmission electron
microscopy (TEM) and dynamic light scattering (DLS) studies were performed to determine the
particle shape, particle size and hydrodynamic diameter, and disparity of the particles. Further, the

structural changes were analyzed using Fourier transform infrared spectroscopy (FTIR).
2.1 Lansium Parasiticum silver nanoparticles (LAgNPs)

Synthesis of LAgNPs
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Fig 3: Characterization of L. parasiticum coated AgNPs (a) UV- vis spectroscopy, (b) DLS, (c)
TEM analysis and (d) FTIR study.

Larval Morbidity Assay (LMA)

33.3+26,295+1.7,22.2+25and 14.8 + 2.1 % survival of larvae was observed for 15.8, 31.7,
63.5 and 158.7 nM LAgNPs treatment respectively, whereas the recommended dose of Alb (9.4
uM) showed 60 + 0.5 % and Ag+ (100 uM) showed 31 + 0.7 % survival for 24 h treatment (Figure
2). For the larval mortality inhibition, LD50 has obtained 64.3 + 8.5 nM for 24 h.

Egg Hatch Assay (EHA)

321+ 26,45+ 27,47.2 + 1.3, and 51.2 = 1.9 % reduction of egg hatching were observed in
comparison with control for 15.8, 31.5, 63.5, and 158.7 nM LAgNPs respectively. Whereas
recommended dose of Alb (9.4 uM) showed 13.5 £ 0.5 % and Ag+ (100 uM) 33 + 0.7 % reduction
of egg hatching or larvae (L1) formation. LD50 for inhibition of egg hatch obtained was 144.4 +
3.1 nM for 48 h.

Alteration of catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase(GPx)

activity in response to LAgNPs induced oxidative stress

A steady enhancement in CAT activity with an increase of LAgNPs concentration results in an
increase in stress response had been observed. In different concentration of LAgNPs (15.8, 31.7,
63.5 and 158.7 nM) the amount of CAT enzyme was calculated as 4.75 + 0.17, 5.35 + 0.36, 7.9 +
0.37 and 8.2 £ 0.4 U/mg proteins respectively after 3h of treatment in comparison with the 0.22 +
0.05, 4.1 £0.37 and 0.52 + 0.05 U/mg proteins for untreated control, Alb (9.4 uM) and Ag+ (100
uM) respectively. A consistent SOD activity increment with an increase in stress response had also
been observed. The SOD enzyme activity after the treatment was found to be 5.70 + 0.4, 5.85 +
0.17, 6.11 + 0.26 and 6.60 + 0.54 U/mg protein for LAgNPs 15.8, 31.7, 63.5 and 158.7 nM
respectively in relation to the control where 4.8 + 0.22 Alb and 0.56 + 0.07 Ag+ amount was used.
Untreated worms showed SOD activity of 0.21 £+ 0.018 U/mg of worm protein Table 2. In contrast
to other antioxidant activities, the activity of GPx also increases when worms are exposed to
LAgNPs' increasing concentrations. At 340 nm spectrophotometrically the amount of GPx was
observed. The activity of the GPx enzyme was calculated using the (iii) equation. The GPx
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enzymes active amount was 2.5 £ 0.15, 2.6 + 0.16, 2.73 = 0.15 and 2.9 £ 0.16 U/mg protein for
LAgNPs different concentrations (15.8, 31.7, 63.5 and 158.7 nM) respectively in comparison with
the control where the amount was 2.6 = 0.25 U/mg proteins in Alb and 0.58 + 0.058 U/mg proteins
in Ag+. Untreated was found to be 0.21 £ 0.071 U/mg proteins.

Reactive Oxygen Species (ROS) enhances cellular combat by increasing the concentration of

reduced glutathione

The increase in GSH was observed (0.28 = 0.05 uM/ mg for untreated) along with the increase of
the dose of LAgNPs (15.8, 31.7, 63.5 and 158.7 nM) from 1.105 + 0.025, 1.24 + 0.06, 1.3 + 0.141
and 1.41 £+ 0.1078 pM/ mg protein respectively. Treatment of Alb also induced a significant
increment in the glutathione (GSH) concentration (1.75 = 0.050 pM/ mg protein) and Ag+ causes
0.59 + 0.009 uM/ mg protein accumulation of GSH.
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3.2 Selaginella moellendorffii silver nanoparticles (SAgNPs)

Synthesis of SAgNPs
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Fig 4: Characterisation of S. moellendorffii silver nanoparticles (a) visual screening at different

intervals of time, (b) UV- vis spectroscopy, and (c) DLS analysis.

Larval Morbidity Assay (LMA)

42 £2.6,26+1.7,19+25and 7 + 2.1 % survival of larvae was observed for 24.7, 49.5, 123 and
2475 nM SAgNPs treatment respectively, whereas the recommended dose of Alb (9.4 uM)
showed 52 £ 0.5 % and Ag+ (100 uM) showed 61 £ 0.7 % survival for 24 h treatment.

Egg Hatch Assay (EHA)

63 + 2.6, 34 £ 2.7, 10 = 1.3, and 3.5 £ 1.9 % reduction of egg hatching were observed in
comparison with control for 24.7, 49.5, 123 and 247.5 nM SAgNPs respectively. Whereas
recommended dose of Alb (9.4 uM) showed 68 + 0.5 % and Ag+ (100 uM) 72 + 0.7 % reduction

of egg hatching or larvae (L1) formation.

Alteration of catalase, superoxide dismutase, and glutathione peroxidase activity in response to

PAgNPs induced oxidative stress

In different concentration of SAgNPs (24.7, 49.5, 123 and 247.5 nM) the amount of CAT enzyme
was calculated as 2.36 + 0.15, 4.62 + 0.17, 5.63 £ 0.24 and 6.22 = 0.18 U/mg proteins respectively
after 3h of treatment in comparison with the 0.22 + 0.05, 4.1 £ 0.37 and 0.52 + 0.05 U/mg proteins
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for untreated control, Alb (9.4 uM) and Ag+ (100 uM) respectively. A consistent SOD activity
increment with an increase in stress response had also been observed. The SOD enzyme activity
after the treatment was found to be 2.21 + 0.7, 2.55 + 0.15, 3.01 + 0.18 and 3.19 + 0.25 U/mg
protein for SAgNPs 24.7, 49.5, 123 and 247.5 nM respectively in relation to the control where 4.8
+ 0.22 Alb and 0.56 + 0.07 Ag+ amount was used. Untreated worms showed SOD activity of 0.21
+ 0.018 U/mg of worm protein. In contrast to other antioxidant activities, the activity of GPx also
increases when worms are exposed to SAgNPs' increasing concentrations. At 340 nm
spectrophotometrically the amount of GPx was observed. The activity of the GPx enzyme was
calculated using the (iii) equation. The GPx enzymes active amount was 2.22 + 0.057, 2.67 + 0.21,
3.21 £ 0.08 and 3.4 £ 0.15 U/mg protein for SAgNPs different concentrations (24.7, 49.5, 123 and
247.5 nM) respectively in comparison with the control where the amount was 2.6 + 0.25 U/mg
proteins in Alb and 0.58 + 0.058 U/mg proteins in Ag+. Untreated was found to be 0.21 + 0.071

U/mg proteins.
ROS enhances cellular combat by increasing the concentration of reduced glutathione

The increase in GSH was observed (0.28 = 0.05 uM/ mg for untreated) along with the increase of
the dose of SAgNPs (24.7, 49.5, 123 and 247.5 nM) from 2.23 £ 0.15, 3.49 £ 0.24, 4.02 £ 0.7 and
4.21 + 0.057 uM/ mg protein respectively. Treatment of Alb also induced a significant increment
in the GSH concentration (1.75 £ 0.050 uM/ mg protein) and Ag+ causes 0.59 + 0.009 uM/ mg
protein accumulation of GSH.
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Fig 6: Study of ROS by using DCFDA morphological damage in H. contortus adults under the
SAgNPs and LAgNPs influence.

Conclusion: The unprecedented antihelminthic efficiency of different plant extracts coated silver
nanoparticles AgNPs by increasing reactive oxygen species thereby causes alteration of metabolic
activity and physical damage in the worm tissue. H. contortus shows high resistivity against
Albendazole which was also consistent in our findings, whereas plant extracts, AgNPs, and
synthetic compounds not only killed adult worms but also showed a significant reduction of larval
viability and egg hatching. Henceforth, the findings are highly useful in the wake of the increasing
problem of drug resistance to the commercially available antihelminthic, increase of life quality,

and reduction of health care cost.
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Chapter 4: Antihelminthic activity of Pure compounds

Table 4: Synthetic compounds and their traditional uses

Compound Structure Source Uses Ref
Cuminaldehyde CHs eucalyptus, myrrh, cassia, diarrhea, colic, bowel Ebada et al.
O// < > <CH cumin spasms, and gas (2017)
" on apples, berries, arthritis, Badgujar et al.
Quercetin Ho O Dl O Brassica vegetables, bladder infections, (2014)
L, =" capers, grapes, onions, and diabetes.
shallots, tea, and tomatoes

4.1 Cuminaldehyde
Assessment of larval motility assay (LMA)

The effect of CA on larval motility was concentration depended. The percentage of larval
survival were obtained 68%, 48.1%, 33.3%, 18.5%, 7.4% and 7.4%, respectively for (0-740 pg/ml)
of CA treatment respectively in compared to 60.2% for widely used antihelminthic drug, Alb
(500ug/ml). LD50 for inhibition of larva mortality obtained was 104.1 + 7.9 pg/ml for 24 h.

Assessment of egg hatch in response to CA treatment

The percentage of hatched eggs into larvae were obtained 89%, 57%, 48%, 36%, 28.5%,
and 14.5% respectively for (0-740 pg/ml) of CA treatment respectively in compared to 77% for
widely used antihelminthic drug, Alb (500ug/ml). Over 50% inhibition of egg hatching was

observed at as low as 142.4 + 11.4 ug/ml CA concentrations at 48 h treatment.
Measurement of Superoxide Dismutase overexpression as a response to ROS induced stress

SOD enzyme in different concentration of CA (37, 74, 185, 370, and 740 pg/ml) was found
to be 2.15+ 0.1, 2.92+ 0.2, 4.12+ 0.5, 4.81+ 0.20, and 5.59+ 0.1 U/mg protein, respectively in

comparison with the control where the amount was 4.8+ 0.22.

Activation of catalase to combat ROS generated stress
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Different concentration of CA (37, 74, 185, 370 and 740 pg/ml) was calculated as 5.08+
0.4, 9.43+ 0.8, 12.71+ 0.4, 14.14+ 0.1 and 17.63+ 0.1 U/mg protein respectively in comparison

with the control where the amount was 4.1+ 0.01.
The increase of glutathione peroxidase activity due to CA stress

The amount of active GPx enzymes were 8.03+ 0.2, 8.58+ 0.1, 9.19+ 0.4, 10.15+ 0.5 and
10.73+ 0.04 U/mg protein for different concentration of CA (37, 74, 185, 370 and 740 pg/ml)

respectively in comparison with the amount 2.6+ 0.008 in negative control.
Cellular combat with ROS by increasing the reduced glutathione concentration

The amount of GSH increased from 23.08+ 0.6, 24.5+ 0.5, 26.6+ 0.7, 40+ 0.1 uM/ mg
protein to 41.5+ 0.030 UM/ mg protein for different concentration of CA (37, 74, 185, 370 and 740
pg/ml) respectively.

Anterior End

Body

Posterior End

Control S00 pg/ml Alb 370 pg/mlCA

Fig 7: Study of ultramicroscopic morphological damage in H. contortus adults under the CA

influence.
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Fig 8: Study of ROS by using DCFDA morphological damage in H. contortus adults under the CA

influence.
4.2 Quercetin
Adult Motility Assay (AMA)

Quercetin in ImM till 12 h of treatment, only 60 % of the female worms got paralyzed and 100 %
died in 24 h of Quercetin treatment. The LD50 values of 1.56 + 0.14, 1.25 + 0.23mM for an adult

female, adult male worms at 12 hr of Quercetin exposure.
Larval Motility Assay (LMA)

The results for the toxic effect of Quercetin were: 66.6+ 0.6%, 33.3+ 0.7%, 18.5 £ 0.5, 7.4+ 0.9%,
and 0, 0 respectively for (0.125, 0.25, 0.50, 1, 2 and 5mM). Where control failed to show any
results for the toxicity of the L-3 stage, albendazole showed 81.4+ 0.5% survival of larvae (L-3).

LD50 for inhibition of larva mortality obtained was 0.310 + 0.24mM for 24 h.

Egg Hatch Assay (EHA)
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For egg hatch assay, the EHA inhibition percentage was measured after 48 h of Quercetin
treatment and calculated using equation (ii). The results for the toxic effect of Quercetin were as
follows: 74+ 0.6%, 34.5+ 0.7%, 29+ 0.7%, 19.5+ 0.6%, 16+ 0.7% and 10x 0.8%, respectively for
(0.125, 0.25, 0.50, 1, 2 and 5mM). Whereas albendazole showed 75+ 0.5% presence of larvae (L1)
or eggs hatched. LD50 for inhibition of egg hatch obtained was 0.43 £ 0.071mM for 48 h.

Alteration of catalase, superoxide dismutase, and glutathione peroxidase activity in response to

Quercetin induced oxidative stress:

The amount of CAT enzyme in different concentration of Quercetin was calculated as 5.2+ 0.5,
59+ 0.1, 7.2 £ 0.52, 16.1£ 0.18, and 16.6.2 + 0.2 U/mg proteins respectively after 3h of treatment
in comparison with the 0.22+0.05 and 4.1+£0.37 U/mg proteins for untreated control, Alb (9.4 uM).
A consistent increment of the SOD activity with an increase in stress response had also been
observed. The SOD enzyme activity after the treatment was found to be 2.13+ 0.56, 3.09+ 0.47,
4.02+ 0.56, 6.68+ 0.21, and 7.61+ 0.34 U/mg proteins for Quercetin in comparison with the control
where the amount was 4.8+0.22 for Alb. Untreated worms showed SOD activity of 0.21+0.018
U/mg of worm protein. In contrary to other antioxidant activities, GPx also shows an increase in
activity when exposed to Quercetin with increasing concentrations. The amount of GPx was
observed spectrophotometrically at 340 nm. The activity of the enzyme GPx was calculated using
equation (iii). The amount of active GPx enzymes were 6.32+ 0.78, 9.39+ 0.51, 15.05 £ 0.31,
17.28 £ 0.56, and 18.47 + 0.2 U /mg protein for different concentration of Quercetin in comparison
with the control where the amount was 2.6+0.25 U/mg proteins in Alb. Untreated was found to be
0.21+0.071 U/mg proteins.

Cellular combat with ROS by increasing the reduced glutathione concentration
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The increase in GSH was observed along with the increase of the dose of Quercetin, from 18.75+
0.58, 24+ 0.38, 40.25+ 0.61, 62.6 £ 0.49, and 68.41 + 0.68 UM/ mg protein. Treatment of Alb also
induced a significant increment in the GSH concentration (68.41+ 0.030 uM/ mg protein)

accumulation of GSH.
Control 0.2mM Alb 1mM Quercetin
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Fig 9: Study of ultramicroscopic morphological damage in H. contortus adults under the

Quercetin influence.
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Fig 10: Study of ROS by using DCFDA morphological damage in H. contortus adults under the

Quercetin influence.

Structural changes using Histopathology
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Fig 11: complete intact anterior and posterior end along with (i) isthmus, (ii) showed Brut, (iii)
pseudocoele, (iv) showed globular leukocytes (surrounded with nuclei), (v) showed muscle cells,
(vi) Intestinal Epithelium region, (vii) ovum and growth zone of the ovary, next to ovum found and

(viii) showed intact skin tissue of the worm.
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Oxidative stress generation of the central nervous system

Control 1mM Quercetin
(RPMI) 0.2mMAIb A

Fig 12: The stress caused by the central nervous system is shown by the generation of ROS.

The stress caused by Quercetin treatment on the central nervous system is shown by the
generation of ROS. In a and b. the microscopic fluorescent images (40X) after the treatment with
RPMI media and standard 0.2mM Alb is shown, where the partial generation of ROS and no
differential parts of the nervous system were identified. c, quercetin (ImM) treated worms showed
a high amount of ROS as compared to control and standard available drug. In d the yellow arrows
are showing the nerve rings (400X). Further, e. shows the presence of commissures (400X) and in

f, the white arrow shows the tail ganglion.
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Conclusion: These in vitro studies using synthetic compounds (Cuminaldehyde and Quercetin)
are highly useful in the wake of the increasing problem of drug resistance to commercially
available antihelminthics. The exact mechanism of action for its antihelminthic activity is not clear
as most components in Cuminaldehyde and Quercetin have several targets. Predictions about the
mode of action of crude compounds require thorough investigations of their constituents, target
sites, and their interactions with the surrounding environment. Further, these compounds could be
evaluated by in vivo models for their use against gastro-intestinal parasitic infection with special
emphasis on Haemonchus contortus. Therefore these findings have opened a new window of
pharmaceutical application of CA and Quercetin for the treatment of gastrointestinal helminth

infection.

Conclusion and Future prospective

The unprecedented antihelminthic efficiency of different aqueous plant extracts, silver
nanoparticles AgNPs by increasing reactive oxygen species thereby causes alteration of metabolic
activity and physical damage in the worm tissue. Plant extracts and synthetic compounds are
present in ample amounts widely in nature and have a promising inhibitory effect against the adult,
larval, and egg stage of H. contortus. The antihelminthic potential of AgNPs and synthetic
compounds have been found far effective than the presently available drugs. It has been observed
that AgNPs, cuminaldehyde, and quercetin induces antioxidant stress against various stages of the
worm, which causes a predominant change in metabolism, physical damage, and death of worms.
H. contortus shows high resistivity against Albendazole which was also consistent in our findings,
whereas AgNPs, and synthetic compounds not only killed adult worms but also showed a
significant reduction of larval viability and egg hatching. Henceforth, The in vitro studies with
quercetin is extremely useful for increasing the efficacy against the worms resistant to
commercially available drugs. Furthermore, quercetin should be analyzed by in vivo models for
the treatment against GIN parasitic infection. But further detailed studies are required to
understand the active principle(s), efficacy, and toxicity of the system in animal models. In
addition to the utility of the formulations against other parasitic infections including helminthic

infections need to be evaluated in the future. Moreover, in vivo studies may also be carried out in
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small ruminants to overcome the gastrointestinal parasitic infection. Dose formations and clinical

trials may lead to the manifestation of helminthic infection to some extent.
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