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1.1 Diabetes mellitus  

Diabetes mellitus (DM) is a metabolic disorder characterized by persistent 

elevated blood glucose levels coupled with absolute or relative irregularities in insulin 

secretion or action (Baynes, 2015). It denotes a state in which insulin fails to maintain 

glucose and lipid metabolism balance, resulting in increased fasting or postprandial 

blood glucose levels (Alam et al., 2014). Prolonged deviation from normal 

homeostasis results in hyperglycemia, eventually leading to diabetes (Banday et al., 

2020). Individuals with DM exhibit cells incapable of producing or responding 

adequately to insulin, a hormone crucial for glucose utilization and storage, produced 

by pancreatic β-cells. This condition manifests through discernible alterations in 

glucose, lipid, and protein metabolism, encompassing glycolysis, gluconeogenesis, 

glycogenesis, glycogenolysis, and the Kreb's cycle (Dashty, 2013; Jiang et al., 2020). 

1.2 Global burden of diabetes 

Once considered a negligible threat to global health, DM has emerged as one 

of the foremost challenges in the 21st century, ranking among the most prevalent non-

communicable diseases worldwide and the fourth to fifth leading cause of death in 

industrialized nations. As per the report, DM has affected at least 177 million people 

globally, which may escalate to 642 million by 2040 (Cochran et al., 2022). The 

projected incidence of DM is highest in the Middle East and North Africa regions, 

with an estimated 13.9% increase by the year 2045 (Alam et al., 2021). Furthermore, 

the top ten countries with the highest prevalence of DM have been identified and 

determined, where India is ranked 2nd (Figure 1.1 [A-B]). Additionally, DM and its 

related complications have contributed to high medical expenses for individuals and  

the national economy.    
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Figure 1.1: (A) Estimated global diabetes prevalence in 2019 and projection for 2045 

(B) Countries with a maximum diabetic population.  

(Adopted from Alam et al., 2021) 

1.3 Classification of diabetes 

The WHO established the first widely accepted categorization of DM in 1980, 

followed by a revised version in 1985 (WHO, 1985). Two basic types of DM have 

been proposed: (i) insulin-dependent diabetes mellitus (IDDM), or Type 1 diabetes 

mellitus, and (ii) non-insulin-dependent diabetes mellitus (NIDDM), or Type 2 

diabetes mellitus. Further, the 1980 and 1985 reports introduced the terms 

malnutrition-related diabetes mellitus (MRDM) and gestational diabetes mellitus 

(GDM) (WHO, 1985). 
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Figure 1.2: Classification of diabetes mellitus 

1.3.1 Type 1 Diabetes mellitus (T1DM) 

Type 1 diabetes mellitus stems from an unexplained process leading to a 

decline and eventual cessation of insulin production. This breakdown of pancreatic β-

cells results in DM, where insulin is required for sustenance to prevent ketoacidosis 

and mortality. The loss of the β-cells is indicated by detecting insulin antibodies and 

anti-glutamic acid decarboxylase, which act against enzymes needed for proper 

functioning of the pancreas (Tsang et al., 2019; Houeiss et al., 2022). T1DM is a 

heterogeneous and polygenic condition influenced by various non-HLA (human 

leukocyte antigen) loci affecting disease susceptibility (Inshaw et al., 2020). It is 

characterized by insulin insufficiency and extreme hyperglycemia; common 

symptoms include constant thirst, increased hunger, decreased body weight, polyuria, 

and episodic ketoacidosis. Individuals with T1DM require exogenous insulin for 

survival and to avert ketoacidosis (Akil et al., 2021).  

1.3.1.1 Causes of T1DM  

T1DM is initiated by insulin deficiency due to the death of pancreatic insulin- 
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producing β-cells. The immune system of the body attacks and eliminates these cells, 

a process triggered by autoimmune mechanisms. The loss of β-cells may occur over 

an extended period, and the symptoms of the disease typically manifest rapidly (Roep 

et al., 2021). 

1.3.2 Type-2 diabetes mellitus (T2DM)    

T2DM is characterized by dysfunctions in both insulin action and secretion 

(Reed et al., 2021). This condition occurs when the cells in the body become less 

responsive to normal insulin levels in the bloodstream. As the condition progresses, 

there is a decline in the production and secretion of insulin. Various metabolic 

disturbances arise from this alteration, primarily affecting the liver, muscles, adipose 

tissue, and kidneys. This impairs glucose elimination, suppresses glucose synthesis, 

and disrupts lipid breakdown in insulin-sensitive organs (Papachristoforou et al., 2020; 

Jwad & AL-Fatlawi, 2022). In the initial stages, most individuals with T2DM do not 

require external insulin but may necessitate it later in life. Although the precise causes 

are unknown, autoimmune breakdown of β-cells does not occur in T2DM. Individuals 

with T2DM are more prone to macrovascular and microvascular complications. 

Altered insulin secretion and insufficient compensation for insulin resistance 

characterize this condition. Although insulin resistance may improve with weight 

reduction or pharmaceutical hyperglycemia therapy, it rarely returns to normalcy. Age, 

obesity, and sedentary lifestyle increase the risk of T2DM (Wondmkun, 2020). 

1.3.2.1 Causes of T2DM  

The causes of T2DM encompass multiple factors, with a central role played 

by insulin resistance, where the fat, liver, and muscle of the body inefficiently utilize 

insulin (Wondmkun, 2020; Ahmed et al., 2021). T2DM symptoms might emerge 

slowly and be subtle, leading some individuals with T2DM to go untreated for years. 
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Recent trends indicate an increased occurrence of T2DM in overweight, obese children 

and adolescents. Genetic susceptibility and environmental factors contribute to the 

development of T2DM. 

1.3.2.1.1 Obesity and physical inactivity  

T2DM is closely associated with obesity and physical inactivity, which 

enhance the vulnerability of individuals genetically predisposed to DM (Carbone et 

al., 2019). An imbalance between calorie consumption and physical exercise 

contributes to T2DM. Abdominal obesity, characterized by excess belly fat, is a crucial 

risk indicator not only for insulin resistance and T2DM but also for cardiovascular 

diseases (CVD) (Cleven et al., 2020). This abdominal fat generates hormones and 

compounds with long-term adverse effects on vascular health. Lifestyle adjustments, 

including regular exercise and weight reduction, have been proven to reduce the risk 

of T2DM (Ross et al., 2023). 

1.3.2.1.2 Genetic susceptibility  

Genetic factors heavily influence the incidence of T2DM, with specific gene 

variations increasing or decreasing an individual's susceptibility to the condition 

(Prasad & Groop, 2015). While studies have uncovered many gene variants that 

increase susceptibility to this type of diabetes, most are undocumented. The identified 

genes primarily impact insulin production rather than resistance. For instance, 

variations of the TCF7L2 gene are linked to an increased risk of T2DM (Aboelkhair 

et al., 2021). Lifestyle modifications have been shown to significantly reduce the risk 

of T2DM, even in individuals with this genetic variant (Ross et al., 2023). 

1.3.2.1.3 Insulin resistance  

Insulin resistance occurs when fat, muscle, and hepatic cells no longer  
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respond efficiently to insulin. The pancreas compensates by producing additional 

insulin, maintaining normal blood glucose levels as long as β-cells produce enough 

insulin. Glucose levels rise when insulin synthesis is hindered due to β-cell 

dysfunction, resulting in T2DM (Mathieu et al., 2021). 

1.3.2.1.4 Metabolic syndrome    

The metabolic syndrome is characterized by individuals who suffer from 

insulin resistance, such as increased blood sugar level, commonly referred to as insulin 

resistance disorder (Regufe et al., 2020). Abdominal obesity, elevated blood pressure, 

and heightened triglyceride and cholesterol levels are common in metabolic syndrome. 

Lifestyle modifications, including exercise and weight reduction, prove to be effective 

in correcting metabolic disorders, enhancing insulin response, and reducing the risk of 

metabolic diseases (Dragano et al., 2020; Colosimo, et al., 2023) 

1.3.2.1.5 Abnormal glucose production by the liver 

In certain individuals, abnormal glucose production by the liver contributes 

to increased blood sugar levels. The pancreas usually produces the hormone glucagon 

in response to low blood insulin and glucose levels, stimulating the liver to release 

glucose into the bloodstream. Diabetic individuals often exhibit higher glucagon 

levels, leading to increased glucose production by the liver and elevated blood glucose 

levels (Jiang et al., 2020; Kumar et al., 2020). 

1.3.3 Gestational diabetes mellitus  

Gestational Diabetes Mellitus (GDM) is characterized by an underlying 

pattern of insulin resistance, leading to elevated blood glucose levels in pregnant 

women. Typically developing around the 24th week of pregnancy (Fu & Retnakaran, 

2022). GDM affects approximately 2-5% of pregnancies, with its prevalence 
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potentially fluctuating postpartum. The condition arises when insulin action is 

impeded, likely influenced by placental hormones (Palani et al., 2014). Untreated 

GDM poses risks to both the mother and the offspring, necessitating continuous 

healthcare monitoring. Infants born from mothers with GDM are at an increased risk 

of being overweight, and various epigenetic changes in the offspring have been 

associated with maternal hyperglycemia (Skrypnik et al., 2019). Women with a history 

of GDM are more prone to recurrence in subsequent pregnancies and are also at an 

elevated risk of developing T2DM in the later part of life. 

1.3.4 Other types of diabetes  

Other less common forms of diabetes include endocrinopathies, drug- or 

chemical-induced diabetes, rare instances of immune-mediated diabetes, and diabetes 

associated with specific genetic disorders. 

1.4 Diabetes and its complications  

The management of hyperglycemia is of paramount importance due to its 

direct and indirect effects on the vascular system, which is a primary cause of 

morbidity and death in both T1DM and T2DM. Prolonged exposure to persistent 

hyperglycemia can result in both temporary and permanent complications (Ohiagu et 

al., 2021). Short-term complications encompass elevated blood sugar levels and 

diabetic ketoacidosis. At the same time, chronic consequences include avascular 

disorders like cataracts and vascular disorders such as macrovascular (cardiovascular 

diseases) and microvascular (retinopathy, nephropathy, and neuropathy) 

complications (Kumar et al., 2019; Goldstein et al., 2020). Comorbidities are more 

prevalent in low socioeconomic groups, often associated with poor diabetic and 

hypertensive control, along with behavioural issues (Goldstein et al., 2020). 
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1.4.1 Pathogenesis of diabetic complications  

As the body progresses from the reversible stage known as pre-diabetes to the 

diabetic stage, multiple changes occur due to elevated blood glucose levels, resulting 

in hormone imbalances and weakening of blood vessels and nerves. These changes are 

driven by metabolic, humoral, and hemodynamic factors (Yehualashet, 2020; 

Sugahara et al., 2021). When these changes become severe, they can lead to acute or 

short-term complications and chronic or long-term problems. 

1.4.1.1 Acute complications  

Acute complications include diabetes ketoacidosis (DKA) and hyperosmolar 

non-ketotic syndrome (HNS) (Ansari et al., 2022b). DKA arises when insufficient 

insulin levels result in high blood sugar, increased organic acids, and ketones in the 

bloodstream, causing acute dehydration and significant alterations in blood chemistry. 

HNS is characterized by hyperglycemia, severe dehydration, hyper-osmolar plasma, 

and loss of consciousness (Sesti et al., 2018). 

1.4.1.2 Chronic complications  

Long-term complications of DM impact multiple organs and are responsible 

for a large portion of fatality. Chronic conditions are categorized as vascular or 

avascular. Vascular problems are subdivided into microvascular and macrovascular 

complications (Jenkins et al., 2019). T1DM increases the risk of microvascular 

complications while simultaneously elevating the risk of macrovascular 

complications. Microvascular disorders, including retinopathy (20%), neuropathy 

(9%), and diabetic nephropathy (up to 10%), are more serious than macrovascular 

disorders. Avascular effects encompass gastroparesis, sexual dysfunction, skin 

problems, and cataracts (Kumar et al., 2019). 
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1.4.1.2.1 Diabetic hepatopathy 

Diabetes-associated liver disease is a significant global cause of mortality. 

The association between DM and hepatic dysfunctions, including liver 

encephalopathy, portal hypertension, and oesophageal varices bleeding, is well-

established in chronic stages (Dewidar et al., 2020). Hyperglycemia is a common 

symptom of liver damage, and individuals with DM often present the entire spectrum 

of hepatic impairment, including abnormal levels of hepatic enzymes, non-alcoholic 

fatty liver disease, cirrhosis, hepatocellular carcinoma, and sudden liver failure. The 

bidirectional relationship between DM and cirrhosis involves a genetic predisposition 

for T2DM as a risk factor for chronic liver disease (Arrese et al., 2019; Coman et al., 

2021).  

1.4.1.2.2 Diabetic nephropathy 

Diabetic nephropathy is the most prevalent cause of kidney failure and a 

significant complication of DM. End-stage renal disease is the progressive 

deterioration of kidney function, potentially leading to renal failure (Pradeep et al., 

2019). Individuals with diabetic nephropathy face an elevated risk of heart disease. 

The mechanism of diabetic nephropathy, however, is uncertain (Chebotareva et al., 

2021). However, structural proteins, including nephrin, podocin, and vascular 

endothelial growth factor (VEGF), play an important role in developing renal 

structural defects. Diabetic nephropathy is marked by increased glomerular protein 

permeability and mesangium extracellular matrix development, eventually leading to 

glomerulosclerosis and chronic renal failure (Sagoo & Gnudi, 2020; Chen et al., 2020). 
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1.4.1.2.3 Diabetic wound 

Diabetic wounds, affecting approximately 25% of individuals with DM, are  

serious non-healing conditions, often manifesting as diabetic foot ulcers (Burgess et 

al., 2021). Typically found in the lower limbs, these wounds pose significant 

pathological implications, including infection, ulcer development, and various 

peripheral vascular dysfunctions. Both external wounds, such as burns and cuts, and 

internal wounds, such as ulcers and ingrown toenails, necessitate prompt medical 

attention to prevent complications (Dixon & Edmonds, 2021). 

1.5 Biochemistry of diabetic complications  

DM continues to be a leading cause of mortality and morbidity, with high 

blood glucose levels implicated in the initiation and progression of microvascular 

diseases (Alam et al., 2021). Hyperglycemia, particularly detrimental to insulin-

independent tissues, contributes to severe conditions such as diabetic retinopathy, liver 

dysfunction, and nephropathy (Dilworth et al., 2021). Efforts to mitigate these risks 

have centered on reducing glycemic index levels of glycated haemoglobin (HbA1c), 

emphasizing the correlation between regulated glucose levels and reduced 

complication risks. Biochemically, various mechanisms are associated with the onset 

of these diverse illnesses (Longkumer et al., 2022). 

1.6 Factors affecting diabetic complications  

Elevated blood sugar levels significantly contribute to chronic diseases, 

especially in individuals with poorly managed glucose levels (Papachristoforou et al., 

2020). Multiple metabolic pathways underpin the development of secondary diabetic 

complications. Given below are some of the pivotal pathways observed in glucose-

induced damage: 
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1.6.1 Activation of protein kinase-C  

Protein kinase C (PKC) activation is a fundamental and universal pathway in 

regulating hyperglycemia-induced cellular damage and associated biochemical 

complications (Papachristoforou et al., 2020; Wu et al., 2023). Increased PKC levels 

produce enhanced growth factor production, including vascular endothelial growth 

factor, resulting in arterial leakage and angiogenesis (Mesquita et al., 2018). 

1.6.2 Non-enzymatic glycation  

Non-enzymatic glycation is one of the latest speculations to explain the 

underlying causes of diabetes complications. It affects the protein structure and could 

hinder the protein, resulting in structural changes altering the function of the protein 

(Khalid et al., 2022). Clinical alterations resulting from advanced glycation end 

products (AGEs) contribute to complications, with AGEs particularly detrimental to 

kidney cells (Paul et al., 2020). 

1.6.3 Polyol pathway 

In DM, rapid glucose uptake in tissues independent of insulin occurs, 

especially in the retina, nerves, and renal glomerulus (Daryabor et al., 2020; Mason et 

al., 2023). Excess additional glucose is digested in these organs via a different route 

known as the polyol pathway. The polyol pathway, an alternative glucose metabolism 

route, involves aldose reductase, transforming glucose to sorbitol (Thakur et al., 2021). 

Accumulated sorbitol induces fluid swelling, altering cell permeability and oxidative 

stress, contributing to cellular damage and complications like diabetic nephropathy  

(Bashir, 2019). 

1.6.4 Oxidative stress 

High blood glucose level generates increased reactive oxygen species (ROS),  
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leading to decreased antioxidant defence, disruption of cellular processes, and 

oxidative membrane destruction (Pasupuleti et al., 2020). Oxidative stress, resulting 

from glucose auto-oxidation, non-enzymatic glycation, and polyol pathway flux, 

triggers an array of cellular reactions. Dysregulation of crucial regulatory molecules 

adversely impacts metabolic activities, playing a dual role as both the cause and 

consequence of diabetic complications (Yadav & Ramana, 2013; Kurutas, 2015; Singh 

et al., 2022; Saucedo et al., 2023). 

1.7 Epigallocatechin gallate in biomedical research  

Tea, native to China, is today the most consumed beverage in the world after 

water. Tea obtained from the leaves of Camellia sinensis (L.) Kuntze belongs to the 

family Theaceae and, to a large extent, is produced in four varieties, i.e., green, oolong, 

white, and black tea, based on the methods of oxidation and fermentation techniques 

implemented (Zohora & Arefin, 2022). Green tea is obtained from the non-fermented 

tea leaves of C. sinensis and contains polyphenols and their derivatives. The different 

polyphenols include epicatechin-3-gallate (ECG), epicatechin (EC), epigallocatechin 

(EGC), and epigallocatechin gallate (EGCG). Among the different types of 

polyphenols, EGCG is considered to be the most abundant catechin in green tea 

infusions (Ratnani & Malik, 2022) and is also the most widely studied catechin. EGCG 

constitutes approximately 59% of green tea's total catechin content. Out of all 

catechins, EGCG shows a wide range of beneficial effects against conditions, 

including anticarcinogenic, antioxidative, antidiabetic, and neurodegenerative effects. 

Due to the numerous benefits to health and the gaining popularity of tea and its 

compounds with special reference to EGCG, it is widely marked as a nutraceutical 

supplement (Ramachandran et al., 2016). 



Chapter-1                                                           General Introduction 

 

13 | P a g e  
 

1.7.1 Antidiabetic effect of EGCG  

EGCG emerges as a promising therapeutic agent for diabetes and related 

complications. Experimental studies reveal its role in controlling blood glucose levels, 

improving insulin secretion, and preventing oxidative stress-related damage (Raposo 

et al., 2015; Krawczyk et al., 2023). Clinical trials support its potential to improve 

glycemic control, anthropometric measures, and inflammatory status in T2DM 

patients (Asbaghi et al., 2021). 

1.7.2 Protective effects of EGCG  

Anticancer property 

Anticancer properties of EGCG have been a central focus of research. It 

inhibits tumorigenesis, suppresses angiogenesis, and induces non-apoptotic cell death 

in various cancers (Shi et al., 2015; Sanati et al., 2023). The effectiveness of EGCG 

against hypoxia, limiting HIF-1α and VEGF, adds to its potential in cancer treatment 

(Fu et al., 2019). 

Nervous System Protection 

EGCG exhibits protective effects by inhibiting protein fibrillogenesis, 

reducing oxidative stress, and modulating signaling pathways in neurodegenerative 

diseases, such as Alzheimer’s disease (AD) and Parkinson’s disease (PD) (Singh et 

al., 2016b; Khalatbary & Khademi, 2020). The countering potential of EGCG in 

neuronal impairment and its implications for PD and AD treatment are notable 

(Fernandes et al., 2021). 

1.7.3 Antioxidative effect of EGCG 

EGCG acts as a dietary antioxidant, scavenging ROS and chelating metal ions 

(Zwolak, 2021). Studies demonstrate its capacity to counteract oxidative stress 

induced by electromagnetic radiation and showcase its potential therapeutic use in 
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preventing oxidative stress-related conditions (Ahmed et al., 2017; Pramila & Julius, 

2019). 

1.8 Zebrafish in pharmaceutical research 

1.8.1 Biology of zebrafish 

Systemic position of zebrafish 

Kingdom         :       Animalia  

Phylum            :      Chordata  

Class                :      Actinopterygii  

Order               :      Cypriniformes  

Family             :      Cyprinidae  

Genus              :      Danio  

Species            :      rerio 

 

Figure 1.3: Morphology of zebrafish. (A) Female (B) Male  

Zebrafish, members of the cyprinidae family, coexisting with barbs, 

minnows, carps, and other genera, belong to the genus Danio, which encompasses over 

forty closely related species, including the well-known Danio rerio (Meyers, 2018; 

Tan & Armbruster, 2018). Initially documented by Scottish physician Francis 

Hamilton, these fish are predominantly found in sluggish or still waters in the 

floodplains of Nepal, India, Bangladesh, and Pakistan (Watts et al., 2012; 

Arunachalam et al., 2013). Despite thriving in diverse environments, zebrafish prefer 
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slow-moving, clear, tropical waters with plant life and a muddy bottom. Laboratory 

zebrafish are typically maintained at 28°C, exhibiting remarkable temperature 

tolerance levels between 24.6°C and 38.6°C (Sfakianakis et al., 2011; Delomas & 

Dabrowski, 2018). They feed predominantly on insects, nematodes, and zooplankton, 

and are prey for larger organisms like needlefish, knifefish, and catfish (Watts et al., 

2012). Domesticated zebrafish breed throughout the year, while in natural 

environments, spawning aligns with the monsoon season (April–August). 

Reproduction occurs in shallow, overgrown waterways, with experimental breeding 

often facilitated in shallow plastic containers (Meyers, 2018). Zebrafish initiate 

reproductive activity at dawn, with circadian rhythms potentially playing a crucial role. 

The mating behaviour of males and females leads to synchronized egg-laying and 

fertilization. Gravid females can produce hundreds to thousands of eggs, which adults 

may devour. Experimental breeding often involves isolating parents from eggs using 

mesh or marbles (Tsang et al., 2017). Embryonic development at 28°C is rapid, leading 

to distinguishable features in adult males and females. Zebrafish strains exhibit diverse 

pigmentation patterns and fin lengths, with variations in lifespan, typically ranging 

from 3 to 4 years (Kishi et al., 2009; Meyers, 2018). 

1.8.2 Zebrafish as an animal model 

The zebrafish serves as a valuable model for studying human health 

conditions and metabolic disorders due to their relevant tissues, including adipose 

tissue, cardiovascular components, steatosis, and energy balance (Seth et al., 2013; 

Choi et al., 2021). The pancreas in zebrafish has key cellular architecture and 

morphogenesis that are similar to the mammalian pancreas, allowing researchers to 

identify potential treatment targets for pancreatic diseases like DM (Angom & Nakka, 

2024). With a 70% physiological and genetic resemblance to humans, zebrafish have 
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been instrumental in metabolic disease research, particularly diabetes (Gnügge et al., 

2004; Benchoula et al., 2019). The zebrafish pancreas regulates glucose metabolism 

by secreting insulin, somatostatin, and glucagon into the bloodstream. They exhibit 

glucose metabolism processes similar to humans and mice, responding well to anti-

diabetic medications (Ji et al., 2021). Experimental diabetes models involving 

zebrafish immersed in glucose solutions successfully replicate diabetic conditions and 

retinopathy seen in humans (Chen & Liu, 2022). They are also utilized to investigate 

reproductive concerns due to their developmental and physiological advantages. 

Transparent embryos allow researchers to observe tissues and biological events 

seamlessly, and the short breeding time facilitates efficient experimentation. The 

similarities between human and zebrafish development further enhance the utility as a 

model for in-depth mechanistic studies (MacRae & Peterson, 2023). Zebrafish is an 

efficient well-accepted biological model with easily interpretable results in various 

research fields. 
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1.9 Scope and objectives of the study 

Scope of the study 

The general scope of this thesis was to explore the novel effect of EGCG in 

preventing diabetic complications using zebrafish as an animal model. In Chapter 2, 

acute toxicity was evaluated for EGCG dose in the zebrafish model, wherein the 

animal's response towards the compound was monitored. Histopathological studies in 

liver, kidney, and gill tissues were done to understand the acute effect of the 

compound.  

Subsequently, in Chapter 3, the minimum tolerable dose of the compound 

EGCG was carried out, and further assessment of the general physiology of the model 

and fin regeneration was done for the control group, diabetic group, diabetic 

supplemented with EGCG, and control treated with EGCG. 

 In Chapter 4, the impact of EGCG on lipid profiles and metabolic enzymes 

in the liver, gills, and kidney tissues was measured for all experimental zebrafish 

groups.  

In Chapter 5, the efficacy of EGCG on antioxidant activities of SOD and CAT 

within the liver, kidney, and gills was studied. Further histological alterations and the 

outcome of treatment were recorded.  

In Chapter 6, the effect of EGCG on DM-induced reproductive pathology has 

been observed. Various parameters, such as congenital abnormalities, histopathology 

of gonads, and measurement of gonadosomatic and hepatosomatic index, were also 

observed.  
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Objectives of the study 

1. To conduct an acute toxicity study and observe behavioural changes in the 

zebrafish model under EGCG treatment. 

2. To establish a diabetic zebrafish model and determine the minimum effective 

dose for EGCG. 

3. To examine general physiological status and fin regeneration in experimental 

zebrafish. 

4. To evaluate the biochemical as well as histopathological changes in a diabetes-

induced zebrafish model and the effects of therapy with EGCG. 

5. To assess reproductive performance and developmental deformities in a 

diabetes-induced zebrafish model treated with EGCG. 
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Acute toxicity study and behavioural responses in zebrafish model 

treated with EGCG 
 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 2.1 Introduction 

2.2 Materials and methods 

2.3 Results 

2.4 Discussion C
on

te
nt

s 



 

19 | P a g e  

 

Chapter-2  Acute toxicity study and behavioural responses in zebrafish model 

treated with EGCG 

2.1 Introduction  

Paracelsus coined his famous dictum, “All things are poison, and nothing is 

without poison; only the dose makes a thing, not a poison.” The critical determinant of 

toxicity of a chemical is the dosage encompassing the quantity and the duration one is 

subjected to the substance. The expression LC50 denotes the potentially hazardous 

chemical concentration that eliminates 50% of an experimental subject (Faksness et al., 

2020). Hazardous substances impact biological organisms across various organizational 

levels, from molecular to the level of the ecosystem. The understanding that substances 

initiate biochemical responses at the molecular level before affecting larger organizational 

structures is widely accepted (Rahmati et al., 2020). Emphasizing the need for in-depth 

knowledge, elucidating the mode of action and mechanisms of toxic chemicals is crucial. 

This deeper understanding enhances data interpretation and aids in more effective risk 

assessment of potentially harmful chemicals for environmental and human safety. While 

not all hazardous substances are fatal, they can induce health issues, tissue damage, 

genetic alterations, cancer, and other problems (Sabarwal et al., 2018). The study of toxic 

action mechanisms evolved to characterise key molecular activities in the cascade leading 

to toxicity. According to Kuete. (2014) and Patel et al. (2020) some of the most crucial 

characteristics of toxicity are as follows: (A) Biochemical and molecular toxicology, 

addressing biochemical and molecular aspects such as xenobiotic-metabolizing enzymes, 

generation of reactive intermediates, the interaction of xenobiotics with biomolecules, 

gene expression in metabolism, and toxic signaling pathways. (B) Behavioural toxicology, 

exploring the influence of toxic substances on human and animal behaviour, represents 
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the integrated manifestation of the nervous system. (C) Organ toxicity, evaluating impacts 

on organ function, including neurotoxicity, hepatotoxicity, nephrotoxicity, and more.  

Numerous substances, while recognized as harmful, exert indirect effects on 

organisms. Toxic chemicals in the environment and humans originate from various 

sources, including synthetic organic molecules, heavy metals, and substances from plants, 

microorganisms, and animals. Despite recent focus on pesticides, heavy metals, and 

synthetic substances, there are reports of hazardous effects induced by plant-derived 

products (Jităreanu et al., 2022). Plant extracts, prevalent in traditional or folk medicine, 

have gained popularity due to the perception of their safety. However, like synthetic 

chemicals, herbal medications can pose potential health hazards due to toxins released 

during plant metabolism. One such compound under scrutiny is EGCG, a catechin 

abundant in green tea with recognized antioxidants and anti-inflammatory properties, 

marketed as a dietary supplement (Cione et al., 2019). While studies in model animals 

highlight its positive effects, there is limited toxicological evaluation of EGCG. Reports 

suggest its potential pro-oxidant role, leading to hepatotoxicity and suppression of liver 

antioxidant enzymes (Wang et al., 2015). Considering the diverse applications of EGCG 

in biomedical studies, understanding its toxicity is imperative.  

Zebrafish is an excellent animal model for toxicity assays due to its cost-

effectiveness, short cycle, and ethical advantages over mammalian models. With shared 

physiological, morphological, and histological characteristics with mammals, zebrafish 

enable practical assessment of drug targets and safety risks. This model allows for the 

simultaneous monitoring of multiple organs and studying pharmacokinetic, and  
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metabolite activities (Choi et al., 2021; Zhang et al., 2022). 

Natural products such as EGCG are on the rise, and their application in various 

biomedical research. Despite findings showcasing the potent nature of EGCG to 

counteract carcinogenic and mutagenic effects, limited reports on its safe use are available 

(Alam et al., 2022; Salgado et al., 2022). Therefore, a comprehensive study of the toxicity 

of EGCG, utilizing acute toxicity bioassays, is essential to ensure the safe application of 

traditional medicine and promote further research activities. The present chapter aims to 

examine the acute toxicity in zebrafish models, observe behavioural responses, and assess 

histological damage in the kidney, liver, and gill tissues under EGCG treatment. 
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2.2 Materials and methods 

2.2.1 Chemicals 

Hematoxylin-eosin stain, xylene, and absolute alcohol were procured from Sigma Aldrich. 

Solutions were meticulously prepared employing deionized water to ensure optimal purity 

and consistency. Prior to their utilization, glassware and aquariums underwent thorough 

washing and rinsing with distilled water to prevent any potential contamination. 

2.2.2 Characterisation of EGCG 

Commercially available purified EGCG (>95%) was procured from Merch. The spectral 

properties of EGCG fluorescence in distilled water as a solvent were examined using a 

Fluoromax-4 spectrofluorometer. 

2.2.3 Acclimatization of zebrafish 

Zebrafish adult wild types of both sexes were procured in bulk from Modern Pet Shop 

(Government authorised and registered seller) Zoo Road, Sunderpur Guwahati, Assam, 

India. It was cultured in a zebrafish housing system (Model-NT-ZB-11). The system was 

standardized to ensure constant temperature (28 ± 2°C), and persistent chemical, 

biological, and mechanical water filtration, and aeration (7.20 mg/L).  

2.2.4 Physico – chemical parameters of fish tanks 

Water temperature and pH measurements were conducted using an ISTA LCD Digital 

aquarium thermometer and a digital LCD pH meter pen, respectively. Additional water 

parameters were analyzed using the Aqua Merck portable field water analysis kit. The 

photoperiod was maintained with a multi-circuit digital switch, ensuring a 14-hour light  

period and a 10-hour dark period.  
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2.2.5 Assessment of acute toxicity  

The 96 hour semi-static acute toxicity test of zebrafish exposed to EGCG was performed 

according to guideline 203 of the Organisation for Economic Co-operation and 

Development (OECD, 1992). Adult zebrafish were randomly exposed to (8, 10, 12, 14, 

16, 18, 20, 22, 24, 26, 28, and 30) mg of EGCG in 1-liter dechlorinated water. The test 

performed consisted of ten adult zebrafish. The fresh solution was prepared and changed 

every 48 hours after the first exposure. The test animals were fed commercially available 

feed and not fed 24 hours before the experiment. Test animals were observed periodically 

for four days. Dead animals and faeces were promptly removed from the experimental 

fish tank to ensure non-interference in the system. Each concentration group was set up 

with three replicates. A control group was always treated identically, except that they 

received no treatment with EGCG. The number of dead and live organisms, including the 

control group, was counted every 24 hours. Dead zebrafish were removed as soon as they 

were observed. The criterion used to identify the death of the fish was a lack of movement 

and a lack of reaction to gentle probing. The test was conducted on day four at the same 

hour the test began. 

2.2.6 Behavioural study  

Behavioural changes were recorded, such as gulping activity where the zebrafish were 

observed according to the piping and gasping movement of their opercular at the surface 

of the experimental solution, hyperactivity like skittering and erratic swimming 

movements, and hypoactivity such as lethargy, inactivity, weak, quiescent, ceased 

swimming and immobility were recorded individually in the experimental subjects. In 
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order to observe the morphological change, the whole-body image of the experimental 

zebrafish was captured by using a Nikon D3500 digital camera.  

2.2.7 Histopathological study 

A parallel investigation was conducted to understand morphological alterations, with the 

lowest (12 mg/L) and highest (30 mg/L) EGCG doses showing moderate and detrimental 

effects, respectively. 

2.2.8 Analysis of histological sections 

Histopathological techniques were followed based on the method of Abdelhamid et al. 

(2020).  

2.2.8.1 Fixation: Tissues were fixed in 10% Formaldehyde solution. 

2.2.8.2 Washing: Fixed tissues were washed using tap water overnight to remove the 

fixative. 

2.2.8.3 Dehydration: Tissues were dehydrated using an ascending graded series of ethyl 

alcohols (30%, 50%, 70%, 90%, and 100% or absolute alcohol). 

2.2.8.4 Clearing: Xylene was used as a clearing agent to remove ethanol, and tissues were 

placed in xylene until translucent. 

2.2.8.5 Infiltration: Xylene was replaced by paraffin wax, and tissues were embedded in 

paraffin. 

2.2.8.6 Embedding: Following infiltration, the tissues were paraffin-embedded 

individually. The embedding cassettes were loaded in hot liquid paraffin, and tissues were 

subsequently placed in the correct position in the cassettes. 
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2.2.8.7 Sectioning: Semi-automatic microtome Model-RMT: 35 (Radical Scientific 

Equipment Pvt. Ltd. India) with disposable blades were used for sectioning at 4-5μ 

thickness. 

2.2.8.8 Staining: The staining was carried out by placing the sections in xylene. After the 

paraffin wax was removed, the sections were taken through decreasing concentrations of 

alcohol to hydrate the tissue. The sections were then immersed in distilled water and then 

stained with haematoxylin, followed by eosin. The sections were immediately washed 

with running tap water to remove the excess stains. The sections were then dehydrated 

through a series of increasing concentrations of alcohol, after which it was placed in 

xylene. The sections after xylene treatment were mounted with Dibutylphthalate 

Polystyrene Xylene DPX- mountant, and a cover glass (22 x 50 mm, BDH/Merck) was 

applied.  The prepared slides were observed and photographed under a cxl microscope 

attached to a Sony digital camera (model E31SPM20000KPA; USB 2.0) and analyzed 

using image J software. 

Table 2.1: Tissue block preparation  

Sl. No. Medium Duration Change 

1. Absolute alcohol 1 hour 2 Change 

2. Xylene 5 mins 2 Change 

Further experiments were carried out at 60°C 

3. Xylene + Wax (50/50) 40 mins 2 Change 

4. Wax – 1 40 mins 1 Change 

5. Wax – 2 40 mins  1 Change 

6. Wax – 3 40 mins  1 Change  
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7. Block preparation -- - 

 

Table 2.2: Haematoxylin and eosin staining 

Sl. No. Medium Duration Change 

1. Xylene 10 min 2 Change  

2. 100% alcohol 10 min 2 Change  

3. 90% alcohol 10 min 2 Change  

4. 70 % alcohol 10 min 2 Change  

5. Distill water  10 min  1 Change 

6. Haematoxylin  4 – 6 Sec - 

7. Eosin  2-4 Sec - 

8. Wash with running water  10 min - 

9. 70% alcohol  10 min  2 Change  

10. 90% alcohol  10 min 2 Change  

11. 100% alcohol  10 min  2 Change  

12. Xylene 10 min 2 Change  

 

All reagents except Haematoxylin and Eosin are changed after every 5th run. 

2.2.9 Statistical analysis 

The recorded mortality data underwent correction for a natural response using Abbott's 

formula (Abbott, 1925). Subsequently, Probit analysis was applied for LC50 calculation 

and other statistical parameters at 95% confidence limits, with upper and lower confidence 

limits determined using IBM SPSS 22.0 software (SPSS Inc., USA). The concentration 

and corrected % mortality was plotted against the X-Y axis, facilitating the calculation of 

LC50 for the test substance. Mortality data collected over the 96-hour test period were 

utilized to determine LC50 values at 24, 48, and 72 hours when sufficient data was 



 

27 | P a g e  

 

Chapter-2  Acute toxicity study and behavioural responses in zebrafish model 

treated with EGCG 

available. The mean number of deaths per 24 hours at each concentration was calculated, 

plotted on an X-Y scatter plot, and presented using GraphPad Prism Version 5.0 

Behavioural response results for adult zebrafish were presented as Mean ± SD with error 

bars.  
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2.3 Results 

2.3.1 Characterisation of EGCG  

Chemical property 

Molecular formula: C22H18O11 

Molecular weight: 458.372 gm/mol 

Name: Epigallocatechin gallate  

Solubility in water: Soluble (5 gm/L) 

Solubility: Ethanol, DMSO, dimethyl formamide at about 20 gm/L 

Structure:  

              

Figure 2.1: Chemical structure of EGCG   

2.3.1.1 Spectral property of EGCG fluorescence dissolved in water 

EGCG was observed to be a highly fluorescent molecule when excited at approximately 

335nm with emission at approximately 399nm as represented in Figure 2.2. 
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Figure 2.2: Emission spectra of EGCG dissolved in distilled water  

2.3.2 Acclimatization of zebrafish 

The zebrafish housing is well-equipped and tailored, including a high-density rack and an 

automated recirculating water system that provides complete water filtering and cleansing. 

The water filtration system of the aquarium uses chemical, mechanical, and biological 

filtering, as well as UV radiation, before channeling it into each fish chamber. The animals 

were housed in a 1-liter separate fish aquarium, with the temperature maintained via a 

submersible heater (300W). Further, the photoperiod was maintained using a multi-circuit 

digital switch. Figure 2.3 shows the schematic representation of the zebrafish housing 

system. 
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Figure 2.3: Schematic representation of zebrafish housing system. 
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2.3.3 Physico-chemical parameters of fish tank 

The water temperature and pH were maintained at 28°C (25-30°C) and 7.3 (6.5-8.0) 

respectively. Nitrite, nitrate, and ammonia were all recorded at 0 ppm. The total hardness 

of the water was maintained between 80-200 mg/L CaCO3 and conductivity at 1000-200 

(μS). The dissolved oxygen concentration was not less than 5 mg/L. The photoperiod was 

14 hours of light and 10 hours of darkness. Table 2.3 shows the physico-chemical 

parameters of water. 

Table 2.3: Physico-chemical parameters of the test water. 

Environmental parameter Values 

Temperature 28°C 

Conductivity 1000-200 (μS) 

Photoperiod 14-hr light: 10-hr dark 

pH 7.3 (range: 6.5–8.0) 

Nitrite 0 (ppm) 

Nitrate 0 (ppm) 

Ammonia 0 (ppm) 

Total hardness 80-200 (mg/L CaCO3) 

 

2.3.4 Assessment of acute toxicity  

The LC50 was calculated to be 26.91 mg/L, 25.70 mg/L, 23.44 mg/L and 21.37 mg/L for 

EGCG at 24-hours, 48-hours, 72-hours and 96-hours, respectively, as described in Table 

2.4. The linear curve between the mortality of test fish against the different concentrations 

of EGCG treated for 24 hours, 48 hours, 72 hours and 96 hours showed a highly positive 

correlation (Figure 2.5[A-D]). The experimental zebrafish displayed dose- and dose-time-
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dependent mortality, as shown in Figure 2.4. The mortality was 100% at doses above 30 

mg/L in the case of EGCG.  

Table 2.4: LC50 of EGCG for various durations (24 hours, 48 hours, 72 hours and 96 

hours) in the zebrafish model. 

 

 

 

 

 

 

Figure 2.4: Dose-response curve of EGCG (mg/L) after exposure to various periods (24 

hours, 48 hours, 72 hours and 96 hours) in the zebrafish model. 

 

Duration LC50 of EGCG (mg/L) 

24 hours 26.91 

48 hours 25.70 

72 hours 23.44 

96 hours 21.37 
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Figure 2.5: Mortality percentage at different durations of EGCG exposure. (A) 24 hours 

(B) 48 hours (C) 72 hours (D) 96 hours. 
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2.3.5 Behavioural response 

Test animals responded with rapid movement, swimming, swallowing, jumping activity, 

and immobile behaviour as the concentration of EGCG increased. The behavioural 

activity of zebrafish under the influence of EGCG is represented in Figure 2.6. At higher 

doses, fins became harder and stretched. A large amount of mucus was present over the 

fish's body. The dead zebrafish showed reddish skin coloration in the opercular region due 

to hemorrhage. There was a decrease in the pigments of the zebrafish body as exposure to 

time and dose were increased. Severe necrosis and edema were observed in the chest area 

of the fishes exposed to EGCG (Figure 2.7 [A-D]). The magnitude of damage caused to 

the organs was found to be a time and dose-dependent factor. Longer duration and higher 

doses were found to cause more damage. 
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Figure 2.6: Behavioural response in experimental zebrafish under treatment with different 

doses of EGCG. 

 

 

Figure 2.7: Morphological changes in zebrafish model treated with EGCG. (A) Control 

zebrafish (B) Zebrafish treated with 12 mg/L EGCG exhibiting blood aggregation 

resulting in red coloration in the opercular area (OP) (C-D) Zebrafish treated with 30 mg/L 

EGCG exhibited hyperaemia towards the anal fin (HA), increased red coloration in the 

opercular region (OP), serious edema and necrosis in the thorax area (EN), highly 

dyspigmentation of the body (DP). 
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2.3.6 Histopathological study 

2.3.6.1 Effects of EGCG on the liver of experimental zebrafish 

A comparative study was done to further understand the histopathological changes of the 

control group, with the minimum dose (12 mg/L of EGCG) where the test animal started 

showing lethargy and the highest dose (30 mg/L of EGCG) in which the degree of toxicity 

showed to be harmful, resulting in increased mortality. The test zebrafish showed 

alterations in the liver tissue compared to the control group, depending on the degree of 

dose incorporated. Exposure to 12 mg/L of EGCG displayed cell death, necrosis, atrophy, 

and vacuolar degeneration. In contrast, higher vacuolar degeneration in different areas of 

the liver, atrophy, necrosis, hypertrophy, and sinusoid space was noticed at 30 mg/L of 

EGCG. The effect of EGCG on the liver tissue is represented in Figure 2.8[A-C]. 

2.3.6.2 Effects of EGCG on the kidney of experimental zebrafish 

12 mg of EGCG exposure showed histoarchitectural changes in the kidney, such as focal 

renal tubular degeneration, glomerular shrinkage, and dilation of bowman's space, 

whereas exposure to 30 mg EGCG showed glomerular shrinkage, acute cellular 

degeneration, vacuolar degeneration, hemorrhage, and bowman's space dilation. The 

effect of EGCG on the kidney tissues is represented in Figure 2.9[A-C]. 

2.3.6.3 Effects of EGCG on gills of experimental zebrafish 

In the experimental group, the gills of the zebrafish treated with 30 mg/L of EGCG, 

exhibited hypertrophy, shortening of secondary lamellae, edema, curling of lamellae, 

epithelial hyperplasia, epithelial lifting, and lamellar synechiae. Further, a higher dosage 

of EGCG (30 mg/L) caused mucus secretion and fusion of secondary lamellae, as well as 
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fusion with the adjacent sides, which can be seen. A lower concentration of EGCG (12 

mg/L) showed lesser lamellar fusion and hyperplasia compared to the high dosage. The 

lamellae's slight epithelial lifting and curling was observed, as described in Figure 2.10[A-

D]. 
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Figure 2.8: Histological changes in zebrafish model treated with EGCG. (A) Control 

Liver (B) Liver treated with EGCG (12 mg/L) exhibiting atrophy (SE), necrosis (N), 

vacuolar degeneration (CV) (C) Liver treated with EGCG (30 mg/L) exhibited cell 

hypertrophy (HS), atrophy (SE), vacuolar degeneration (CV), necrosis (N).  

(Figures captured at 40X magnification) 

 

 

Figure 2.9: Histological changes in zebrafish model treated with EGCG. (A) Control 

Kidney (B) Kidney treated with EGCG (12 mg/L) exhibiting tubular degeneration (TD), 

glomerular shrinkage (GD), dilation of bowman's space (DC) (C) Kidney treated with 
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EGCG (30 mg/L) exhibiting glomerular shrinkage (GD), vacuolation (CV), vacuolar 

degeneration (VG), hemorrhage (HR), bowman's space dilation (DC), and necrosis (N). 

(Figures captured at 40X magnification) 

 

 

Figure 2.10: Histological changes in zebrafish model treated with EGCG. (A) Control 

gills (B) Gills treated with EGCG (12 mg/L) exhibiting epithelial lifting (EP), hyperplasia 

(HP), fusion of secondary lamella (SL) (C-D) Gills treated with EGCG (30 mg/L) 

exhibiting epithelial lifting (EP), epithelial hyperplasia (HP), curling of lamella (CR), 

mucus secretion (MS), lamellar synechieae (LS), fusion with secondary and adjacent 

lamella (AD), and shortening of secondary lamella (SH). 

(Figures captured at 40X magnification) 
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2.4 Discussion 

In recent years, numerous researches have shown the effects of nutraceuticals on 

animal models; however, very little research has been done on the determination of LC50 

of EGCG in the zebrafish model. The toxicity of test compound was determined by 

immersing adult zebrafish in the solution of EGCG, observing their behaviour, and 

undergoing histological changes. Doses above the lethal concentration of EGCG have 

been found to be harmful to different target organs. A parallel study involving the 

exposure of adult zebrafish to pyraclostrobin revealed a dosage and time-dependent 

increase in mortality (Huang et al., 2021).   

The assessment of behavioural response is a useful tool for determining the 

toxicological influence of the test compounds on the test animals (Hong & Zha, 2019). 

Exposure to chemical compounds in a stressful environment triggered animal defence 

mechanisms, leading to behavioural alterations such as escape behaviour, settling at the 

tank bottom, and rapid movement to evade hazardous substances. The treated zebrafish 

exhibited behavioural changes similar to those observed in other studies, in which 

zebrafish exposed to “Kandhamal haladi” demonstrated irregular, erratic, and aberrant 

swimming movements (Satpathy & Parida, 2020). Fin hardening occurs due to muscular 

stretching, making it difficult for the fish to swim. When zebrafish are exposed to a 

harmful environment, skin inflammation causes excessive mucus secretion. Mucus 

establishes a barrier between harmful surroundings and lowers irritation caused by the 

agents, a common fish’s defence strategy (Leris et al., 2019). The red coloration in the 

test animal which is considered to be the result of massive hemorrhage was also recorded 
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when studying the zebrafish response after exposure to propylthiouracil (Schmidt & 

Braunbeck, 2011). Further, when the toxic substances in the environment are high, the test 

fishes exhibit hyperemia on various parts of the body. Similar results were seen when 

treating “Nile Tilapia” with deltamethrin (Yildirim et al., 2006). Disruption of the 

endocrine gland causes depigmentation, which alters the number of chromatophores in the 

thoracic area of zebrafish under toxic stress, including necrosis and edema when exposed 

to the venom of Bothrops alternatus (Carvalho et al., 2018).  

The liver is the organ that detoxifies fatal chemical enzymes, but it is negatively 

affected when exposed to a higher toxicity dose. The extent of organ damage was in a 

time and dose-dependent manner, with longer duration and larger dosages inflicting much 

more significant harm. Cytoplasmic vacuole and necrosis in the cell in juvenile fish 

Colossoma macropomum were reported when testing the acute toxicity of a hot aqueous 

extract from Terminalia catappa leaves (Meneses et al., 2020). Similarly, cellular 

hypertrophy, atrophy, cytoplasmic vacuolation, and necrosis were found in common carp 

subjected to chlorpyrifos (Pal et al., 2012). Cytoplasmic vacuolation and dilation of the 

sinusoid space were observed in zebrafish when subjected to titanium dioxide (TiO2) 

nanoparticles loaded with silver oxide (Ag2O) and silver carbonate (Ag2CO3), as well 

as pure particles of titanium dioxide (TiO2) (Mahjoubian et al., 2021). Hypertrophy in the 

liver tissue results from a biological reaction to stress in the body's environment. Poor 

hepatocyte metabolism caused by an obstruction of sinusoidal blood flow eventually 

results in cell atrophy. The creation of vacuoles in the liver cell was thought to signal an 

early stage of necrosis (Hao et al., 2009; Mai et al., 2019). Hepatocyte necrosis is a 
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probable cause of lethal compounds invading the cell and building up a toxic material 

inside the cell over time (Mansouri et al., 2016). The kidney of the zebrafish is found in 

the ventral section of the vertebral column and has a distinct head and trunk area. It has 

nephrons with glomeruli, proximal and distal tubules, and a collecting duct, similar to 

mammalian kidneys. It helps filtrate blood residues and salt and water absorption and 

maintains tissue homeostasis. The occurrence of degeneration in the tubules, vacuolation 

of tubules, and change in the glomerulus and the bowman's capsule are considered the 

most consequent alterations in the kidney due to environmental contamination (Badroo et 

al., 2020). Aluminum concentrations caused histological changes in the kidney, including 

cellular degeneration, hemorrhage, and edematous effusion in Tilapia zillii (Hadi & 

Alwan, 2012). Tubular degeneration in adults and zebrafish embryos was reported while 

investigating the acute toxicity of Libidibia ferrea, a traditional anti-inflammatory source 

(Ferreira et al., 2019). Tubular degeneration, vacuolation, glomerular shrinkage with 

dilated bowman's space, and necrosis were observed in freshwater fish Catla Catla when 

treated with cypermethrin (Sharma et al., 2021b). The striped catfish Pangasianodon 

hypophthalmus exposed to chromium also caused structural changes such as renal 

corpuscle shrinkage, bowman's space dilation, and necrosis (Suchana et al., 2021). 

Tubular alteration in the kidney is thought to be an indirect cause of metabolic failure in 

zebrafish caused by toxic chemical exposure. These modifications are supposed to lead to 

necrosis in the long run (Zon & Peterson, 2005) 

Fish gills are crucial in determining the impact of toxicants since they are easily 

impacted by foreign compounds in the water (Luzio et al., 2021). EGCG considerably 
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impacted the gills of treated groups, causing hypertrophy, hyperplasia, secondary lamellae 

shortening and fusion, edema, lamellae curling, and epithelial lifting. Tissue-specific 

toxicity of clothianidin on rainbow trout caused fusion and shortening of the secondary 

lamellae, hypertrophy of secondary lamellae, and necrosis of secondary lamellae (Dogan 

et al., 2022). Structural changes, including secondary lamellae curling, epithelial lifting, 

hyperplasia, and lamella fusing, were reported in Sparus aurata subjected to erythromycin 

and oxytetracycline (Rodrigues et al., 2019). These alterations, serving as defence 

mechanisms, aimed to minimize blood-environment interaction, protect underlying tissue 

from toxicants, and increase the number of suitably adapted cells through hyperplasia 

(Mansouri et al., 2016). Edema and epithelial cell lifting were interpreted as defence 

mechanisms against environmental xenobiotics (Oliveira et al., 2022). Lamellar synechiae 

and mucus secretion were observed after short-term exposure to TiO2 and CuO in the gills 

of Cyprinus carpio. Cell proliferation happens quickly, increasing the size of the epithelial 

layer and causing fusion between adjacent lamellae, maximizing the oxygen diffusion 

distance between blood and water (Sharma et al., 2021a). However, fusion of respiratory 

epithelia reduced the area available for gas exchange, causing hypoxia and stress, 

ultimately harming fish physiology and leading to death (Lakra et al., 2021).  
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3.1 Introduction 

Determining the minimum effective dose (MED) of a therapeutic agent is a 

pivotal concern within the pharmaceutical domain, essential for optimizing treatment 

outcomes and minimizing adverse effects. The MED denotes the lowest dose at which a 

therapeutic effect is observed, offering crucial insights into the dosage regimen required 

for efficacy. MED determination involves rigorous analysis of responses garnered from 

placebo-controlled dose-response corresponding-group experimental investigations, 

wherein multiple levels of dosage of a medication, alongside a control group, are 

examined for their safety and effectiveness profiles (Thomas & Ting, 2014). Traditional 

medications dominate global healthcare landscapes, particularly in developing regions, 

constituting over 80% of therapeutic interventions (Tran et al., 2020). Moreover, plant-

based compounds play a significant role in drug discovery, with numerous botanicals and 

their isolated constituents exhibiting potential therapeutic benefits against conditions like 

diabetes (Unuofin & Lebelo, 2020; Alam et al., 2022). Establishing the MED with optimal 

efficacy becomes imperative before leveraging EGCG as anti-diabetic agents, 

necessitating meticulous dose determination procedures to ensure safety and efficacy. 

DM represents a metabolic disorder characterized by persistent hyperglycemia 

stemming from disruptions in glucose homeostasis within the bloodstream. The 

ramifications of uncontrolled hyperglycemia encompass a spectrum of complications, 

including retinopathy, cardiovascular disease, stroke, delayed wound healing, and 

neuropathy (Artime et al., 2021; Dubey et al., 2022). Among these complications, 

impaired wound healing stands out as a significant concern, substantially impacting 
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patients' quality of life (Romanowski & Sen, 2022). The pathophysiology of impaired 

wound healing in DM is multifaceted, involving chronic inflammation, hyperglycemia-

induced tissue damage, hypoxia, sensory neuropathy, and dysregulated neuropeptide 

signaling (Baltzis et al., 2014; Partoazar et al., 2022). DM-induced alterations in 

biological mechanisms contribute to delayed wound healing, predisposing patients to 

secondary complications such as heightened infection risk, impaired angiogenesis, and 

peripheral vascular insufficiency, often culminating in amputations (Wibowo et al., 2021). 

Given the escalating prevalence of DM-associated impaired wound healing, there is an 

urgent surge for effective therapeutic interventions to mitigate its deleterious 

consequences (Kong et al., 2021). 

Zebrafish is a well-established and versatile animal model extensively employed 

in developmental biology, disease modeling, and tissue regeneration research (Fontana et 

al., 2022). Unlike in rat studies, where drugs are administered in relatively large quantities, 

zebrafish metabolic investigations typically necessitate minute amounts of compounds, 

making them ideal for studying trace chemicals derived from plant extracts. Such small 

compounds can be conveniently administered by simply adding water in multi-well racks, 

facilitating absorption by fish through diffusion (Zhong et al., 2019). Notably, zebrafish 

exhibit a remarkable capacity for regenerative processes, making them invaluable for 

exploring regenerative biology, particularly organ regeneration (Fan et al., 2022). Among 

the various tissues amenable to experimental manipulation, the caudal fin of zebrafish 

stands out as a preferred choice owing to its accessibility, simplistic structure, and rapid 

regenerative capabilities (Ouyang et al., 2022). 
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Studies employing streptozotocin (STZ) injection in adult zebrafish have 

demonstrated sustained hyperglycemia, mimicking key pathological features observed in 

DM, including elevated blood glucose levels and altered biochemical parameters (Verma 

et al., 2021). Additionally, zebrafish harbour critical signaling pathways integral to 

regulatory mechanisms implicated in wound healing processes, notably including the 

Hedgehog (HH), bone morphogenetic protein (BMP), and Wnt/β-catenin signaling 

pathways (Mehta & Singh, 2019). 

While synthetic drug therapies remain standard for managing DM-associated 

wounds, their clinical utility is often hampered by adverse side effects. Consequently, 

there is a burgeoning interest in alternative therapies with minimal side effects that exhibit 

promising therapeutic efficacy. Natural extracts, renowned for their potent antioxidant and 

anti-inflammatory properties, have garnered considerable attention to mitigate DM 

pathogenesis (Shahwan et al., 2022). EGCG, an extract derived from green tea, has 

emerged as a notable natural product with high antioxidant and anti-inflammatory 

attributes (Longkumer et al., 2022). EGCG has been effectively used to treat cancer and 

cardiovascular diseases and has also emerged as a potent anti-diabetic agent (Beyaz et al., 

2022). In an experiment with mice induced with STZ, EGCG reportedly inhibited the high 

glucose-caused mesangial cell damage by activating the nuclear factor erythroid 2-related 

factor 2 (NRF-2), which plays a critical role in protection against the oxidative damage  

and inflammation in diabetic nephropathy (Sun et al., 2017). 

Furthermore, EGCG exerts inhibitory effects on adipocyte differentiation and 

proliferation, thereby enhancing cellular glucose uptake by activating AMP-activated 
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protein kinase (Asbaghi et al., 2021). Dietary supplementation with EGCG in Goto-

Kakizaki rats has been shown to mitigate inflammation in adipose tissue induced by 

hyperglycemia (Uchiyama et al., 2013). Despite the extensive literature documenting the 

use of animal models for DM research, there remains a dearth of studies investigating the 

potential of EGCG in promoting regeneration in the caudal fin of diabetic zebrafish 

models. Thus, there exists a critical need to elucidate the efficacy of EGCG in facilitating 

fin regeneration under hyperglycemic conditions in zebrafish. This study holds promise 

as an initial exploration into the safe and efficacious utilization of EGCG for wound 

healing and regenerative applications in the hyperglycemic milieu characteristic of 

diabetic zebrafish models. 
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3.2 Materials and methods  

3.2.1 Chemicals 

EGCG (≥95%), Streptozotocin, Tricaine MS-222 (Ethyl 3-aminobenzoate 

methanesulfonate salt), Sodium chloride, Accu Check glucometer, and blood glucose test 

strips were obtained from Merck and Accu-Chek Active, Mumbai, India, respectively.  

3.2.2 Acclimatization of zebrafish 

Adult Zebrafish 300-500 mg were procured from Aqua fish & pets, Jorhat Assam, India. 

Zebrafish were cultured in a zebrafish housing system (Model-NT-ZB-11; Make-Narshi 

Technologies) to ensure constant temperature (28±2°C), persistent chemical, biological, 

and mechanical water filtration and aeration (7.20 mg O2/L). Polycarbonate fish tanks 

were maintained under a 14h/10hr: day/night photoperiod cycle. Adult zebrafish were fed 

three times daily with commercially available feed containing protein 28%, crude fat 3%, 

fiber 4%, and moisture 10%. Detailed acclimatization procedures are provided in Chapter 

2. 

3.2.3 Induction of diabetes 

Induction of DM in the zebrafish was initiated by injecting an STZ dose of 0.35 mg/g of 

body weight into the peritoneal cavity of the subjects with the aid of a ½ cc syringe 

equipped with a 27-gauge needle. 2-Phenoxyethanol with a dilution ratio of 1:1000 was 

used for anesthetizing the subjects. In contrast, normal fish tank water was used as the 

recovery medium. Anesthetized fish was placed briefly on a paper towel to absorb any 

excess water, after which the weight of the fish was measured. Zebrafish were placed on 

a firm surface for injection.  After the injection, the fish were transferred to a recovery 
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water tank and observed for signs of irregular swimming activity, which were absent. This 

was accomplished by transferring the fish to a standard living tank maintained at a 

decreased temperature of 22 - 24°C. The zebrafish were injected with 5 STZ injections for 

prolonged hyperglycemia over three weeks. The six doses were administered in the 

following way: 3 injections in the first week, followed by booster doses, one each in weeks 

1, 3, and 5, on days 11, and 16, respectively (Intine et al., 2013; Longkumer et al., 2020). 

The induction of DM via STZ in the zebrafish model has been represented in Figure 3.1. 

 

Figure 3.1: Diagrammatic representation of diabetes induction in zebrafish  

3.2.4 Minimum effective dose determination 

The study involved grouping of animals into 7 groups, weighing between 490-550 mg 

(n=10). Five different concentrations (1, 2, 4, 6, and 8) mg/L were administered for a 

duration of 21 days to ascertain the effective dose of EGCG. The dose that yielded no 

mortality and maintained stable blood glucose levels was selected for subsequent 

investigations. The MED, denoting the concentration of EGCG at which blood glucose 
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levels were effectively ameliorated, was determined. The methodology employed in 

determining the effective dose of EGCG was adopted from the protocol described by 

Milligan et al. (2013), tailored to the laboratory's experimental setup. The compound 

EGCG was renewed every 24 hours by replacing it with a freshly prepared solution 

according to the method described by Edition, 2002. Table 3.1 shows the setup of different 

experimental groups to determine MED.  

Table 3.1:  Grouping of experimental models for minimum effective dose determination. 

Group I Control  

Group II Diabetic control  

Group IIIa  Diabetic zebrafish treated with 1 mg/L of EGCG for 21 days 

Group IIIb Diabetic zebrafish treated with 2 mg/L of EGCG for 21 days 

Group IIIc Diabetic zebrafish treated with 4 mg/L of EGCG for 21 days 

Group IIId Diabetic zebrafish treated with 6 mg/L of EGCG for 21 days  

Group IIIe Diabetic zebrafish treated with 8 mg/L of EGCG for 21 days 

 

3.2.5 Blood glucose levels determination  

Blood glucose levels were assessed in the test animals following a 12-hour fasting period. 

Zebrafish were then placed in a glucose-free test fish tank for at least 15 minutes to prevent 

contamination of glucometer strips. Subsequently, the zebrafish were anesthetized in 

0.04% Tricaine MS-222 (Tricaine methanesulfonate) solution. Zebrafish were removed 

from the solution, patted dry with lens cleaning wipes, and placed on a glass surface. The 

zebrafish blood was obtained by decapitating using a sharp blade behind the eyes, where 

the heart is located. After this, the blood was collected on a strip directly from the   
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punctured heart, and the blood glucose levels were read by placing a glucometer test strip  

(One-Touch Ultra, Accu Check). 

3.2.6 Grouping of experimental subjects  

The animals (n=6) were divided into four groups weighing 480-590 mg. The experimental 

groups were observed on day 1 (i.e., after 24 hours of induction of diabetes), day 7, day 

14, and day 21. The data were further recorded and analyzed. Table 3.2 and Figure 3.2 

shows the grouping of the experimental subjects. 

Table 3.2: Grouping of experimental zebrafish 

Groups Treatments 

Group I Control  

Group II (Diabetic control) Treated with a single dose of STZ and booster doses to 

the experimental subjects  

Group III (Diabetic Group 

treated with EGCG) 

Diabetic zebrafish treated with 6 mg/L of EGCG for 21 

days  

Group IV (Control Group 

treated with EGCG) 

Control zebrafish treated with 6 mg/L of EGCG for 21 

days 

 

Figure 3.2: Grouping of experimental subjects 
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3.2.7 EGCG: Dose and period 

A concentration of 6 mg of EGCG was dissolved in 6 ml of distilled water before being 

mixed into a 1-liter fish tank, ensuring uniform distribution. The treatment regimen 

spanned 21 days to evaluate the effects of EGCG on the experimental zebrafish. 

3.2.8 Estimation of body weight 

The body weight of the zebrafish was meticulously determined using a high-precision 

digital weighing machine, Scaletec SAB 200E, which offers an accuracy of 0.01 mg. Each 

fish was gently placed in a small container containing a known quantity of liquid for a 

brief period, and the tare function on the weighing machine was utilized to obtain accurate 

body weight measurements. 

3.2.9 Estimation of body length  

Following anesthesia induced by exposure to ice-cold water, the length of each zebrafish 

was measured using digital calipers, specifically the Tresna brand, on a petri dish. 

Measurements were taken from the tip of the snout to the caudal end of the body, with 

lengths recorded in centimeter (cm). 

3.2.10 Estimation of body mass index 

The body mass index (BMI) of the zebrafish subjects (n=6) was calculated by dividing  

the body weight (in grams) by the square of the body length (in square centimeters). As 

outlined by Kimmel et al. (2015), this calculation method provides a standardized measure 

of body composition. Body weight and length measurements were conducted individually 

on days 1, 7, 14, and 21 of the treatment periods. 
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3.2.11 Caudal fin regeneration 

Zebrafish (n=6) were subjected to anesthesia via immersion in an ice water bath for a 

duration of 1–2 minutes. Once anesthetized, the fish were positioned transversely in a petri 

dish, and the caudal fin was carefully stretched using a soft brush to facilitate amputation. 

Fin amputation was precisely executed using a sterile scalpel blade, proximal to the first 

lepidotrichia branching point, under a dissecting microscope. Subsequently, the fish were 

transferred to their respective treatment or control water tanks for the regenerative phase. 

The progress of fin regeneration was monitored and imaged at specified intervals, namely 

on days 0 (before amputation), 1, 7, 14, and 21. The length of the amputation site along 

the dorsal-ventral axis was measured and compared across treatment Groups. Imaging was 

facilitated using an Olympus Stereo Zoom microscope (Model SZX10) equipped with a 

Sony digital camera model E31SPM20000KPA (USB 2.0), and analysis was conducted 

using Image J software installed on a high-performance computer. The regeneration 

percentage was calculated using the formula as described by Sun et al. (2020). Wound 

healing rate (%) = (IWA-UWA)/IWA × 100, where IWA stands for the initial wound, and 

UWA stands for the wound made on the first day. Figure 3.3 shows the experimental 

design for the assessment of fin regeneration in zebrafish. 
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Figure 3.3: Diagrammatic representation of assessment of fin regeneration.  

3.2.12 Statistical analysis 

Data analysis was performed for blood glucose levels, body weight, body length, BMI and 

caudal fin regeneration. Values were represented as Mean ± SD. The glucose levels in the 

blood and fin growth percentage were performed using GraphPad Prism 5.0 software. 

One-way analysis of variance (ANOVA) and a post hoc Tukey Honest Significant 

Difference test was done to determine the significant differences between the treatment 

groups with an asterisk sign determining the different significant differences *p<0.05;  

**p<0.01; ***p<0.001. 
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3.3 Results 

3.3.1 Determination of minimum effective dose 

Diabetic zebrafish were subjected to varying doses of EGCG over a 21-days period, with 

blood glucose levels monitored on days 1, 7, 14, and 21. Notably, administration of EGCG 

at a concentration of 6 mg/L led to a substantial reduction in blood glucose levels from 

299.83±5.1 mg/dl to 99.67±4.7 mg/dl by the end of the treatment period. While all dosages 

(1, 2, 4, 6, and 8) mg/L exhibited reductions in blood glucose levels compared to the 

diabetic control from day 7 onwards, the efficacy varied across different dosage groups. 

Particularly, Group IIIc demonstrated consistent improvement in blood glucose levels 

compared to other dosage groups. Detailed effects of different EGCG dosages on blood 

glucose levels are presented in Table 3.3, Figure 3.4 and Figure 3.5. 

3.3.2 Body weight 

The effect of DM induction on body weight was investigated in this study, revealing 

significant (p<0.05) values. Group-II zebrafish exhibited a notable reduction in body 

weight compared to the control group (Group-I) counterparts. Specifically, on day 21 of 

the experiment, Group-II subjects experienced a substantial decrease in body weight by 

37.01%. Interestingly, zebrafish subjects treated with EGCG (Group-III) displayed a 

remarkable recovery in body weight (p<0.01). By day 21, Group-III exhibited a notable 

increase in body weight by 29% compared to Group-II counterparts. Conversely, Group-

IV, which received EGCG treatment without DM induction, demonstrated negligible 

changes in body weight compared to Group-I. The body weight of the test groups has  

been represented in Table 3.4 and Figure 3.6. 
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3.3.3 Body length  

During the course of this investigation, insignificant (p>0.05) changes were detected in 

the body length of the test subjects across the experimental groups. The data pertaining to 

body length measurements for each experimental group are summarized in Table 3.5 and 

depicted in Figure 3.7. 

3.3.4 Body mass index  

In the course of this investigation, significant (p<0.05) changes were observed in the body 

mass index (BMI) of the test subjects. Notably, in Group-II exhibited a lower BMI than 

those in Group-I, with a progressive decline throughout the experimental period. 

Specifically, on day 21, Group-II displayed a BMI reduction of 44% relative to the control 

Group. Conversely, the subjects in Group-III, treated with EGCG, demonstrated a 

pronounced increase in BMI, amounting to 39% of elevation compared to Group-II. 

Interestingly, the control Group treated with EGCG exhibited insignificant (p>0.01) 

changes in BMI compared to the control Group. Detailed results of the BMI analysis for 

each experimental group are presented in Table 3.6 and illustrated in Figure 3.8. 

3.3.5 Effect of EGCG on caudal fin regeneration 

Caudal fin regeneration was assessed in test zebrafish to investigate the efficacy of EGCG 

in enhancing fin regeneration. In hyperglycemic conditions, the fins were amputated, and 

photographs of the fins were captured at various periods, as on day 0, day 1, day 7, day 

14, and day 21. Our results revealed notable improvements in caudal fin growth following 

EGCG treatment in both Group-III and Group-IV. Observation of blastema formation at 

the wound site was noted in Group-I, III, and IV, while minimal blastema growth was 
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observed in Group-II. On the 7th day of post-amputation, Group-II exhibited slower caudal 

fin growth compared to Group I, III, and IV, with fin growth recorded at 6%. However, 

by the 14th and 21st days, the percentage of fin growth increased to 26% and 41%, 

respectively, indicating a delayed regenerative response in Group-II. Conversely, 

zebrafish treated with EGCG (Group III and IV) displayed enhanced fin growth, with 

percentages reaching 14%, 36%, and 60% on days 7, 14, and 21, respectively, in Group 

III, and 34%, 55%, and 66%, respectively, in Group IV. In contrast, the control zebrafish 

exhibited fin growth percentages of 39%, 45%, and 65% on days 7, 14, and 21 of post-

amputations, respectively. These findings suggest that while hyperglycemic zebrafish in 

Group-II exhibited impaired wound healing, treatment with EGCG in Group III and IV 

resulted in improved caudal fin regeneration compared to the diabetic Group-II. The effect 

of DM on caudal fin regeneration and the ameliorating effect of EGCG is described in 

Figure 3.9 and Figure 3.10[A-C]. 

 

 

 

 

 

 

 

 

 



Chapter-3 Estimation of the minimum effective dose for EGCG, assessment of 

general physiological status and fin regeneration in experimental 

zebrafish 

 

58 | P a g e  

 
 

Table 3.3: Blood glucose levels of different experimental groups. Group-I - Control; 

Group-II – diabetic; Group-IIIa - diabetic zebrafish treated with 1 mg/L of EGCG; Group-

IIIb - diabetic zebrafish treated with 2 mg/L of EGCG; Group-IIIc - diabetic zebrafish 

treated with 4 mg/L of EGCG; Group-IIId - diabetic zebrafish treated with 6 mg/L of 

EGCG; Group-IIIe - diabetic zebrafish treated with 8 mg/L of EGCG. Data are represented 

as mean ± SD; (n=6). 

 

Table 3.4: Effect of diabetes on body weight and its treatment with EGCG in zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – 

control + EGCG. Data are represented as mean ± SD; (n=6). Different superscripts denote 

significant (p<0.001) differences; the same superscripts denote insignificant (p>0.05) 

results between the columns of the treatment groups. 

 

               Period of exposure (Days) 

Exposure Group 1 7 14 21 

Group- I 62.67±3.5 71.34±4.5 66.33±4.1 71.05±3.4 

Group- II 311.66±4.0 305.66±3.3 300.16±4.2 308.05±3.5 

Group- IIIa 298.16±4.5 242.50±5.1 178.00±6.6 143.05±6.0 

Group- IIIb 301.00±5.8 221.33±5.7 161.33±5.0 122.67±5.3 

Group- IIIc 297.67±5.1 211.33±7.4 169.83±5.6 121.34±4.1 

Group-IIId 299.83±5.1 198.66±5.7 120.34±5.4 99.67±4.7 

Group-IIIe 290.34±6.9 170.83±4.4 98.83±4.2 49.33±5.4 

Treatment Groups Day 1 Day 7 Day 14  Day 21 

Group-I 0.79±0.01a 0.80±0.03a 0.84±0.03a 0.83±0.03a 

Group-II 0.76±0.03a 0.70±0.01b 0.67±0.01b 0.63±0.02b 

Group-III 0.77±0.02a 0.69±0.01b 0.70±0.01b 0.73±0.02c 

Group-IV 0.78±0.01a 0.79±0.03a 0.81±0.06a 0.82±0.04a 
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Table 3.5: Effect of diabetes on body length and its treatment with EGCG in zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – 

control + EGCG. Data are represented as mean ± SD; (n=6). Different superscripts denote 

significant (p<0.001) differences; the same superscripts denote insignificant (p>0.05) 

results between the columns of the treatment groups. 

 

Table 3.6: Effect of diabetes on body mass index and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are represented as mean ± SD; (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the treatment groups. 

 

 

Treatment Groups Day 1 Day 7 Day 14  Day 21 

Group-I 3.74±0.06a 3.73±0.11a 3.74±0.08a 3.75±0.10a 

Group-II 3.72±0.07a 3.73±0.10a 3.71±0.11a 3.72±0.09a 

Group-III 3.73±0.09a 3.72±0.10a 3.73±0.10a 3.74±0.11a 

Group-IV 3.73±0.09a 3.72±0.10a 3.75±0.10a 3.74±0.10a 

Treatment Groups Day 1 Day 7 Day 14  Day 21 

Group-I 0.065±0.021a 0.066±0.016a 0.068±0.020a 0.067±0.017a 

Group-II 0.063±0.017a 0.061±0.022a 0.058±0.018b 0.052±0.010b 

Group-III 0.062±0.017a 0.060±0.016a 0.062±0.016ca 0.061±0.014a 

Group-IV 0.064±0.018a 0.064±0.014a 0.065±0.021d 0.006±0.017a 
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Figure 3.4: Blood glucose levels of different experimental groups. Group-I - Control; 

Group-II – diabetic; Group-IIIa - diabetic zebrafish treated with 1 mg/L of EGCG; Group-

IIIb - diabetic zebrafish treated with 2 mg/L of EGCG; Group-IIIc - diabetic zebrafish 

treated with 4 mg/L of EGCG; Group-IIId - diabetic zebrafish treated with 6 mg/L of 

EGCG; Group-IIIe - diabetic zebrafish treated with 8 mg/L of EGCG. (A) Day 1 (B) Day 

7 (C) Day 14 (D) Day 21. Data are represented as mean ± SD; (n=6) and analysed by one-

way ANOVA followed by Tukey's post-hoc test. Different superscripts denote significant 

(p<0.001) differences; the same superscripts denote insignificant (p>0.05) results between 

the treatment groups. 
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Figure 3.5: Blood glucose levels of different experimental groups. Group-I: control; 

Group-II: diabetic; Group-IIIa: diabetic zebrafish treated with 1 mg/L of EGCG; Group-

IIIb: diabetic zebrafish treated with 2 mg/L of EGCG; Group-IIIc: diabetic zebrafish 

treated with 4 mg/L of EGCG; Group-IIId: diabetic zebrafish treated with 6 mg/L of 

EGCG; Group-IIIe: diabetic zebrafish treated with 8 mg/L of EGCG. 
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Figure 3.6: Effect of diabetes on body weight and its treatment with EGCG in zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – 

control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are represented as 

mean ± SD; (n=6) and analysed by one-way ANOVA followed by Tukey's post-hoc test. 

Asterisk represents a significant difference, *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3.7: Effect of diabetes on body length and its treatment with EGCG in zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – 

control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 and (D) Day 21. Data are represented 

as mean ± SD; (n=6) and analysed by one-way ANOVA followed by Tukey’s post-hoc 

test. Asterisk represents a significant difference, *p<0.05; **p<0.01; ***p<0.001. 
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Figure 3.8: Effect of diabetes on body mass index and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD; (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05; **p<0.01; 

***p<0.001. 
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Figure 3.9: Caudal fin regeneration in experimental zebrafish on day 0 (pre amputation), 

day 1 (initial cut), day 7, day 14 and day 21. (a-e) Control caudal fin, (f-j) Caudal fin of 

diabetic zebrafish, (k-o) Caudal fin of diabetic zebrafish treated with EGCG, (p-t) Caudal 

fin of control zebrafish treated with EGCG.  

(Image captured at 5X magnification) 
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Figure 3.10: Average percentage growth of the caudal fin of zebrafish. Group-I – control; 

Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. (A) Day 

7 (B) Day 14 (C) Day 21. Data are represented as mean ± SD; (n=6) and analysed by one-

way ANOVA followed by Tukey's post-hoc test. Asterisk represents a significant 

difference, *p<0.05; **p<0.01; ***p<0.001. 
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3.4 Discussion  

Determining the initial dose is a crucial step in drug development. This study 

assessed the minimum effective dose of EGCG in diabetic zebrafish model. This approach 

is consistent with similar studies, such as Sabi et al. (2022), who investigated the 

protective effects of Ficus benghalensis in STZ-induced diabetic zebrafish. STZ is 

commonly used to induce diabetes in animal models due to its selective damage to 

pancreatic β-cells, leading to increased ROS generation and subsequent DNA strand 

breaks, ultimately causing diabetes (Sen, 2022). Repeated dosages of EGCG were 

administered to maximize therapeutic effectiveness while maintaining blood glucose 

levels within a therapeutic range.  

The selection of EGCG doses was based on previous studies in animal models, 

where EGCG demonstrated protective effects against various conditions. For instance, 

Wang et al. (2021) reported that 1–2 μmol/L of EGCG enhanced the protective efficacy 

of the growth and development of zebrafish embryos. Further, Hsieh et al. (2021) used 

EGCG (94%); 200 mg/kg/day, once/day, between 7 and 17 am, 12 weeks, and recorded 

that EGCG might prevent neural apoptotic pathways and activate neural survival 

pathways, providing therapeutic effects on early aged hypertension-induced neural 

apoptosis. Zhang et al. (2018) also reported that EGCG (0.01-10.0 mg/L) had no adverse 

effect on zebrafish during an LC50 study for 72 hours. Therefore, considering this study, 

a wide dose range of concentration of EGCG (1, 2, 4, 6, and 8) mg/L was selected for 

testing the efficacy in the diabetic model.  

STZ is well known for its selective pancreatic islet β- cell cytotoxicity and is    
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extensively used to induce DM (Alavi, et al., 2022). The present study advocates that 

intra-peritoneal treatment of STZ efficiently produced DM in zebrafish, as evidenced by 

raised fasting plasma glucose levels. The glucose levels in diabetic zebrafish treated with 

STZ remained significantly elevated (> 308 mg/dl) on the 21-day of investigation. The 

diverse concentrations had no mortality or detrimental impact on the experimental animal, 

but the blood glucose levels exhibited significant variability in the values. The 

administration of EGCG resulted in a decrease in blood glucose levels, as the 

concentration of 1-8 mg/L of EGCG induced a significant reduction in plasma glucose 

levels in diabetic zebrafish. From the 7th day, the blood glucose levels of the diabetic 

zebrafish were seen to improve, approaching normal control values. A significant drop in 

blood glucose levels was also found at a dose of 6 mg/L EGCG, where glucose levels 

reached near normal levels and showed consistent results compared to the other 

concentrations tested. As a result, the dose of 6 mg/L of EGCG was considered for further 

trials.  

DM induction with STZ is accompanied by the characteristic decrease in body 

weight, which is related to enhanced muscle wasting due to tissue protein loss (Latha & 

Daisy, 2011). The drop in protein and albumin levels may be attributed to 

microproteinuria and albuminuria, both of which are key clinical indicators of diabetic 

nephropathy or to enhanced protein catabolism (Bellamkonda et al., 2011). The results of 

this investigation demonstrated a substantial reduction of body weight during the 21-days 

experimental period, which was consistent with the findings of Lv et al. (2022), who 

observed a decrease in body weight of experimental rats with STZ induction. Additionally, 
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minimal changes in body length were observed among experimental groups, while BMI 

levels were considerably lower in diabetic zebrafish. Our study showed that treatment with 

EGCG attenuated these effects, resulting in weight gain and BMI values closer to normal. 

EGCG has been shown in studies on DM models to reduce the blood glucose levels and 

body weight of the experimental model (Ren et al., 2020; Jamir et al., 2023). Diabetic 

subjects treated with EGCG gained weight when compared to diabetic controls. This can 

be ascribed to the preventative effect of the extract on muscle wasting and enhancements 

in insulin secretion and glycogen management. Several researches show that EGCG has 

many biological effects, such as insulin, suppressing glucose synthesis and PEPCK and 

glucose-6-phosphatase gene expression (Waltner-Law et al., 2002; Liu et al., 2022). 

EGCG appears to perform these effects by modulating the redox state of the cell.   

Delayed wound healing is considered the main reason behind lower limb 

amputation in a DM patient. Growth factors, namely insulin-like growth factor, platelet-

derived growth factor, fibroblast growth factor, and vascular endothelial growth factor, 

were recorded to have been altered in DM patients (Dinh et al., 2011). Hyperglycemic 

conditions are associated with preventing circulating nutrients from reaching wounds and 

dysfunction of endothelial cells, thus slowing the rate of wound healing. Further, 

hyperglycemia also interferes with processes necessary for re-epithelialization, such as 

migration, protein synthesis, and proliferation of keratinocytes and fibroblasts (Hu & Lan, 

2016). Another way hyperglycemia impairs wound healing is through free radical damage 

caused by decreased activity of the antioxidant enzymes glutathione peroxidase and 

superoxide dismutase (Kant et al., 2022). Hyperglycemia causes reactive oxygen species 
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(ROS) to be produced via the polyol, hexosamine, protein kinase C, and advanced 

glycation end-product pathways (Ighodaro, 2018). Although ROS are necessary for the 

initial stages of wound healing, an imbalance in ROS production harms the later stages. 

Thus, maintaining blood glucose levels in the normal range is the chief priority for any 

therapy. 

The induction of diabetes with STZ resulted in elevated blood glucose levels 

(>308 mg/dl) throughout the 21-days investigation period. However, treatment with 

EGCG led to a reduction in blood glucose levels, with 6 mg/L of EGCG demonstrating 

the most significant reduction, approaching normal control values from the 7th day of the 

treatment. These findings align with previous studies in STZ-induced animal models, 

where EGCG administration resulted in decreased blood glucose levels and improved 

body weight. Mechanisms of action of EGCG in reducing blood glucose levels may 

involve insulin-like effects, modulation of cell redox states, and suppression of glucose 

synthesis genes. Moreover, EGCG treatment prevented muscle wasting and enhanced 

insulin secretion and glycogen management, contributing to improved body weight and 

blood glucose control. 

The present findings showed that the blood glucose levels of the DM-induced 

zebrafish were improved with the treatment by 6 mg/L of EGCG, reducing the glucose 

levels to 100 mg/dl. The subjects were considered hyperglycemic when the blood glucose 

levels were 200-300 mg/dl. Induction of diabetes with STZ was reported to be associated 

with high blood glucose levels and weight loss (Rad et al., 2022). Further, the control 

group treated with EGCG showed blood glucose levels similar to fasting blood glucose 
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levels. Similar results were noted when STZ-induced diabetic mice, when injected with 

different grades of EGCG (50,100, 200) mg for 17 weeks, significantly decreased their 

blood glucose levels (Yoon et al., 2014). Study on STZ diabetic mice treated with EGCG 

showed improvement in serum glucose as well as the body weight of the animal (Roghani 

& Baluchnejadmojarad, 2010).  

Further, insignificant values for the body length of the test subjects across the 

groups were recorded throughout the experimental period. This observation suggests that 

the experimental interventions, including DM induction and EGCG treatment, did not 

exert discernible effects on the body length of the zebrafish subjects. Further analysis and 

interpretation of these findings may provide insights into the specific physiological 

responses of zebrafish to the experimental treatments in relation to body size regulation. 

EGCG is essential in decreasing inflammatory response on the wound site (Li et al., 2016). 

Studies related to wound tissue of diabetic mice treated with EGCG showed better wound 

re-epithelialization (Carvalho et al., 2021). The phases of caudal fin regeneration of adult 

zebrafish involve a series of stereotypic successive steps and take approximately three to 

four weeks to completely regenerate the amputated fin (Dietrich et al., 2021). In the 

present study, the wound recovery time was expressed directly by measuring the length 

of the regenerative fin. During the wound healing period, the blastema of the fish fin and 

the granulation tissue of the human are similar, as both repair the damaged tissue by 

providing proliferative blastema cells (Pang et al., 2020). Our results showed that the 

amputated fin gave positive growth when treated with EGCG in Groups III and IV. The 

series in which a diabetic wound is healed, and tissues are repaired is vital, and the 
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underlying action of EGCG on the diabetic regenerative model of zebrafish is still unclear. 

DM delays the wound healing process as it disturbs the different stages of wound repair: 

homeostasis, inflammation, proliferation, and remodeling (Patel et al., 2019). 

The present study showed that the fin of the hyperglycemic adult zebrafish was 

severely impaired. It was observed that on days 7th, 14th and 21st, the fin growth was 

significantly decreased compared to the Group I, III and IV animals. Similarly, when 

studying the fin regeneration in STZ-induced adult zebrafish, it was recorded that the fin 

did not show significant growth during 72 hours following amputation. Still, later 

reductions in the development of the amputated fin were observed in the 2nd and 3rd weeks 

(Olsen et al., 2010). Works with animal models have described the therapeutic insights of 

EGCG (Xu et al., 2021). A study with STZ-induced diabetic mice reported that EGCG 

could improve wound healing before or after the inflammation phase by targeting the 

Notch signaling pathway (Huang et al., 2019). 

The present study comprehensively evaluated the effects of EGCG on blood 

glucose levels, body weight, body length, BMI, and caudal fin regeneration in a 

hyperglycemic zebrafish model. The findings highlight the potential of EGCG in 

mitigating hyperglycemia, improving body weight, and promoting wound healing in 

diabetic zebrafish. Further research is warranted to elucidate the underlying mechanisms 

of EGCG action in promoting caudal fin regeneration and its therapeutic implications for 

diabetic wound healing. Overall, EGCG emerges as a promising candidate for future 

studies on wound healing, as revealed in DM zebrafish models, offering new insights into 

potential therapeutic approaches for impaired wound healing associated with diabetes. 
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4.1 Introduction 

Over the past few decades, DM has become a severe metabolic disorder 

characterized by increased glucose levels in the blood due to disruptions in either insulin 

secretion or the insulin action mediated by receptors (Mukhtar et al., 2020). DM instigates 

a cascade of intricate metabolic and biochemical alterations that culminate in structural 

changes and functional impairments within biomolecular systems (Halim & Halim, 2019). 

The two debilitating concomitants of DM are hyperglycemia and dyslipidemia, which 

play a crucial role in developing micro and macrovascular complications (Ghalichi et al., 

2022). Notably, discernible symptoms, including excessive thirst (polydipsia), heightened 

appetite (polyphagia), frequent urination (polyuria), and the loss of muscle mass 

(sarcopenia) are manifested (Wang et al., 2020). Hyperglycemic conditions amplify 

glycation processes, yielding AGEs while concurrently generating free radicals and ROS 

(Paramanya et al., 2023). The prolonged persistence of DM states precipitates 

complications across diverse organs, prominently affecting the liver and kidneys, thereby 

contributing to the emergence of diabetic hepatic disorders and nephropathies (Yingrui et 

al., 2022). 

In order to comprehensively examine the complex mechanisms that underlie DM 

and develop efficacious therapeutic approaches, a wide range of animal models have been 

utilized, incorporating techniques such as genetic manipulation, surgical interventions, 

and dietary interventions (Salehpour et al., 2021; Rehman et al., 2023). In this regard, 

zebrafish has gained importance as a reliable and consistent model in biomedical research, 

providing the ability to manipulate and replicate experiments. Intraperitoneal 

administration of STZ in zebrafish specifically destroys pancreatic β-cells, effectively 

https://www.sciencedirect.com/topics/medicine-and-dentistry/hyperglycemia
https://www.sciencedirect.com/topics/medicine-and-dentistry/dyslipidemia
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mimicking the pathogenesis of DM (Rehman et al., 2023), making it an indispensable 

resource for researching DM (Tanbek & Sandal, 2023).  

Diabetic dyslipidemia represents a dysregulated lipid profile prevalent in 

individuals with DM, encompassing alterations in total cholesterol (TC), triglycerides 

(TG), low-density very-low-density lipoprotein (VLDL), lipoprotein (LDL) and high-

density lipoprotein (HDL) levels (Vekic et al., 2023). Shin et al. (2023) elucidated that 

glycation processes induced by elevated plasma glucose levels engender modifications in 

lipoproteins and various proteins, precipitating structural modifications and functional 

aberrations particularly pronounced in poorly controlled DM states. This glycation-

induced perturbation may render proteins vulnerable to oxidative stress, potentially 

eliciting alterations that render them immunogenic, either through glycation, oxidation, or 

a combination thereof (Babel & Dandekar, 2021). Such intricate molecular alterations 

underscore the complex interplay between glycemic control, lipoprotein metabolism, and 

oxidative stress in the pathogenesis of diabetic dyslipidemia. 

Cholesterol, a vital constituent of cellular membranes and a precursor to essential 

molecules like hormones and bile acids, plays a pivotal role in various physiological 

processes (Jasim et al., 2022). Cholesterol, which is synthesized primarily in the liver, 

facilitates cellular growth, vitamin and hormone production, thereby underscoring its 

indispensability in maintaining overall health and homeostasis. However, perturbations in 

blood cholesterol levels can inflict substantial harm on the different organs of the body, 

particularly when low-density lipoprotein cholesterol (LDL-C), often termed "bad 

cholesterol", becomes elevated, it predisposes individuals to cardiovascular diseases and 

strokes (Cannon, 2020). In contrast, high-density lipoprotein cholesterol (HDL-C), 
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regarded as the "good cholesterol," exerts protective effects against cardiovascular 

ailments by aiding in the removal of excess cholesterol, thereby reducing the risk of 

atherosclerosis and associated complications (Martagon et al., 2023). In the context of 

DM patients are often seen to exhibit alterations in both the quantity and functionality of 

HDL, accentuating their susceptibility to cardiovascular complications (Banerjee et al., 

2023). This underscores the interplay between DM and dyslipidemia, with abnormal lipid 

profiles posing complex clinical implications. Notably, the components of diabetic 

dyslipidemia, including elevated triglyceride-rich VLDL, are intricately interconnected 

physiologically (Berberich & Hegele, 2022). Hepatic overproduction of VLDL, laden 

with TG, constitutes a hallmark feature of diabetic dyslipidemia, with cytosolic TG 

accumulation serving as a precursor for VLDL-triglyceride synthesis (Packard et al., 

2020; Boren et al., 2022). Such insights shed light on the multifaceted mechanisms 

underpinning dyslipidemia in DM, highlighting the importance of understanding lipid 

metabolism in diabetes management and cardiovascular risk mitigation. 

TG, classified as lipids or fats, are integral components of the bloodstream, 

serving as essential energy reservoirs in the body. By storing excess calories, TG provides 

a vital energy source for cellular functions. However, elevated levels often herald 

additional health complications, particularly predisposing individuals to conditions such 

as stroke and CVD. These associations are frequently observed with obesity and metabolic 

syndrome, further characterized by abdominal adiposity, hypertension, dyslipidemia, 

insulin resistance, hyperglycemia, and abnormal cholesterol profiles (Farnier et al., 2021). 

The deleterious effects of elevated TG extend to arterial health, contributing to arterial 

hardening and thickening, known as arteriosclerosis, thereby escalating the risk of adverse 
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cardiac events, strokes, and heart failure. 

Metabolic enzymes, including alanine aminotransferases (ALT), aspartate 

aminotransferases (AST), and alkaline phosphatase (ALP), orchestrate the intricate 

interconversion of amino acids, fulfilling augmented energy demands (Samanta et al., 

2014). These enzymes serve as pivotal indicators of non-alcoholic fatty liver disease 

(NAFLD), a condition intimately linked to elevated insulin levels and heightened 

susceptibility to DM. Of particular note, ALP is critical in facilitating 

transphosphorylation mechanisms crucial for aquatic organisms' mineralization and 

membrane transport processes (Amjad et al., 2018). Perturbations in the activities of these 

enzymatic markers signify underlying cellular metabolic changes, furnishing diagnostic 

insights into the health status and organ damage precipitated by the metabolic stresses 

associated with DM.  

Given the constraints and adverse effects associated with conventional 

antidiabetic therapies, contemporary research endeavors are increasingly directed toward 

exploring alternative therapeutic modalities for managing DM. This pursuit underscores 

the imperative to unravel novel treatment avenues that offer enhanced efficacy and 

improved safety profiles, thereby ameliorating the burden of this pervasive metabolic 

disorder. The expansive array of plant-derived compounds, rich in diverse 

phytochemicals, has emerged as a focal point in the quest for effective management 

strategies for DM (Anand et al., 2019). Utilized in traditional medicinal practices, a 

myriad of plant species including Acacia arabica, Azadirachta indica, Allium cepa, Aloe 

vera, Berberis vulgaris, Capsicum frutescens, Camellia sinensis, Cinnamomum 

zeylanicum, Eugenia jambolana, and Helicteres isora, are revered for their purported anti-
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diabetic properties (Ansari et al., 2022a). The therapeutic efficacy of these medicinal 

plants in managing DM is attributed to a spectrum of mechanisms, encompassing 

augmentation of insulin secretion from pancreatic β-cells, enhancement of insulin receptor 

binding, attenuation of insulin resistance, and improvement in glucose tolerance (Tran et 

al., 2020). 

Empirical investigations have underscored the favorable outcomes of EGCG 

supplementation in managing DM, as evidenced by clinical trials conducted in both 

human subjects and experimental animals (Wan et al., 2022; Jamir et al., 2023). 

Furthermore, EGCG intake correlates with enhanced glucose tolerance and augmented 

insulin responsiveness (Wan et al., 2022). Beyond glycemic control, green tea and its 

bioactive constituents have demonstrated anti-obesity effects (Rawat et al., 2021) and 

conferred hepatorenal protection in diabetic rodent models (Soussi et al., 2020). 

Mechanistically, EGCG exerts renoprotective effects by attenuating oxidative stress-

induced apoptosis in diabetic nephropathy, modulating the expression of proapoptotic and 

anti-apoptotic proteins such as Bax and Bcl-2 (Mohan et al., 2017). Similarly, EGCG 

ameliorates liver damage induced by agents like carbon tetrachloride (CCl4) by enhancing 

liver function and reducing oxidative stress markers such as malondialdehyde (MDA) 

while augmenting glutathione (GSH) levels (Mostafa-Hedeab et al., 2022). Moreover, 

pretreatment with EGCG has been shown to mitigate liver damage induced by 

methotrexate, as evidenced by improvements in hepatic cytosolic enzyme levels and 

prevention of hepatic toxicity (Pradhan et al., 2023). 

Despite the burgeoning evidence elucidating the therapeutic potential of EGCG 

in various facets of DM pathology, more knowledge is still needed concerning its effect 
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on lipid metabolism and metabolic enzyme activities in DM-induced zebrafish models. 

Thus, this study explores the intricate interplay between EGCG supplementation and lipid 

profiles and metabolic enzyme activities, specifically ALT, AST, and ALP in the liver, 

kidney, and gills of zebrafish afflicted with STZ-induced diabetes. By elucidating the 

dynamic changes ensuing from EGCG treatment, this investigation aims to unravel the 

therapeutic potential of EGCG in ameliorating the disruptions caused by DM. 
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4.2 Materials and methods 

4.2.1 Chemicals  

EGCG was sourced from Merck, while lipid profile kits and metabolic enzymes kits were 

procured from ERBA Chemicals (Erba Diagnostics, Mannheim GmbH, Germany). 

Enzyme activity assays were conducted using the Benesphera C61 clinical semi-automatic 

biochemical analyzer. 

4.2.2 Experimental design  

The experimental protocol involved categorizing the zebrafish (n=6) into distinct groups 

as follows: Group-I: control, Group-II: diabetic, Group-III: diabetic + EGCG, Group-IV: 

control + EGCG. Experimental Groups III and IV were subjected to EGCG 

supplementation at a dose of 6 mg/L of water throughout the experimental duration. 

4.2.3 Blood collection for lipid profile 

Before blood collection, experimental fish from each group (n=6) underwent a 24-hour 

fasting period. For blood collection, fish were anesthetized and disinfected with 70% 

ethanol, and their tails were amputated. Subsequently, the fish body was immersed in a 

1.5 mL tube containing 120 μL of citrate EDTA buffer, allowing blood to flow while 

centrifuging at low speed (50 rpm). Post-centrifugation, the fish body was discarded, and 

the supernatant was further centrifuged at 8000 rpm for 10 minutes to obtain plasma 

samples (pools of 5 fish). Commercial assay kits from ERBA Diagnostics (Mannheim 

GmbH, Germany) were employed to quantify TC, HDL-C, TG, and LDL-C. The 

Benesphera clinical chemistry Analyzer C61 facilitated all analyses. Figure 4.1 shows the 

experimental blood collection setup and studying the lipid profiles of zebrafish model. 
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Figure 4.1: Diagrammatic representation of blood collection for lipid profile in zebrafish          

model. 

4.2.4 Tissue preparation 

The hepatic, gill, and renal tissues were meticulously dissected, finely minced, and 

homogenized at a concentration of 2.5% w/v utilizing ice-cold 0.15% KCl-0.1M 

phosphate buffer (pH 7.4) in a glass homogenizer. Subsequently, the resulting homogenate 

underwent centrifugation at 2000 rpm for 15 minutes at 4°C, facilitating the separation of 

cellular debris. The supernatant containing the soluble fraction of cellular components was 

collected for subsequent biochemical analyses. Figure 4.2 shows the experimental design 

for the tissue collection and processing of metabolic enzyme activities.  

 

Figure 4.2: Experimental design for tissue collection and studying metabolic enzymes 

activities. 
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4.2.5 Biochemical analysis 

The activity levels of alanine aminotransferase (ALT), aspartate aminotransferase (AST), 

and alkaline phosphatase (ALP) were determined using commercially available ERBA 

kits, following the established protocol as outlined by Hajam et al. (2022). This method 

entails colorimetric assays to quantify enzyme activity, providing insights into the 

metabolic status and organ function of the experimental subjects. 

4.2.6 Total cholesterol (TC) 

Principle 

Cholesterol ester + H2O          (CHE)         Cholesterol + fatty acids 

Cholesterol + O2      (CHO)  Cholest -4 –en-3-one + H2O2  

2H2O2 + 4 AAP + phenol  (POD)  Quinoneimine dye + 4H2O 

Absorbance of Quinoneimine so formed is directly proportional to cholesterol 

concentration at 505 nm. 

Reagent composition 

Buffer (pH – 6.4) 100 mmol/L 

Cholesterol oxidase > 100 U/L 

Cholesterol esterase  >200 U/L 

Peroxidase  >3000 U/L 

4 – Amino antipryine 0.3 mmol/L 

Phenol 5 mmol/L 

Cholesterol standard  200 mg/dl 
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Assay parameters 

Mode End point 

Wavelength 1 (nm) 505 

Wavelength 2 (nm)  670 

Sample volume (µl) 5 

Working reagent (µl) 500 

Incubation time (min) 10 

Incubation temperature (°C) 37 

Normal low (mg/dl) 0 

Normal high (mg/dl) 200 

Linearity low (mg/dl) 0 

Linearity high (mg/dl) 1000 

Concentration of standard (mg/dl) 200 

Absorbance limit  0.4 

Blank with  Reagent  

Units  mg/dl 

Assay procedure 

Pipette into tubes Blank Standard Test 

Working reagent 500 µl 500 µl 500 µl 

Distilled water  5 µl - - 

Standard  - 5 µl - 

Sample  - - 5 µl 

The reagents were mixed well and incubated for 10 minutes at 37°C. Finally, the 

absorbance of the test and standard was read against the reagent blank. 

Calculation  

Cholesterol (mg/dl) = 
Abs of Test 

 Abs of Standard 
 x Concentration of Std. (mg/dl) 
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4.2.7 Triglycerides (TG)  

GPO – Trinder method 

Principle 

Triglycerides + H2O      LPL             glycerol + free fatty acids 

Glycerol + ATP      GK /Mg+2     glycerol-3-phosphate + ADP 

Glycerol-3-phosphate + O2      GPO               DAP + H2O2 

H2O2 + 4AAP + 3, 5-DHBS       Peroxidase      Quinoneimine dye + 2H2O 

The intensity of Chromogen (Quinoneimine) formed is proportional to the triglycerides 

concentration in the sample when measured at 505 nm (500-540nm). 

Reagent 1: Triglycerides reagent 

Active Ingredient Concentration 

ATP 2.5 mmol/L 

Mg2+ 2.5 mmol/L 

4-Aminoantipyrine 0.8 mmol/L 

3-5 DHBS 1 mmol/L 

Peroxidase  >2000 U/L 

Glycerol kinase  >550 U/L 

GPO >8000 U/L 

Lipoprotein lipase >3500 U/L 

Buffer (pH 7.0 ± 0.1 at 20℃) 53 mmol/L 

Triglycerides standard 200 mg/dl (2.3 mmol/L) 

Reagents reconstitution procedure 

Before reconstitution, the reagent bottle and Aqua-4 were equilibrated to room 

temperature (15-30°C). Subsequently, 20 ml of Aqua-4 was added to each vial containing 

the reagents. The mixture was gently swirled to facilitate dissolution and allowed to stand 
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undisturbed for 10 minutes at room temperature, allowing complete reconstitution. 

Following this incubation period, the reconstituted solution was deemed ready for use in 

the experimental procedures. This reconstitution protocol ensures optimal solubility and 

stability of the reagents, enhancing the reliability and accuracy of subsequent analytical 

measurements. 

Assay parameters 

Mode End Point 

Wavelength 1 (nm) 505 

Wavelength 2 (nm) 670 

Sample volume (µl) 5 

Reagent volume (µl) 500 

Incubation time (min) 10 

Incubation temperature (℃) 37 

Normal low (mg/dl) 25 

Normal high (mg/dl) 160 

Linearity low (mg/dl) 0 

Linearity high (mg/dl) 1000 

Concentration of standard (mg/dl) 1000 

Blank with Reagent 

Absorbance limit 0.5 

Units mg/dl 

 

Assay procedure 

 

 

 

 

Pipette into tubes marked Blank Standard Test 

Working reagent  500 µl 500 µl 500 µl 

Distilled water  5 µl - - 

Standard   5 µl - 

Test  - - 5 µl 
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The reagents were mixed and incubated at 37°C for 10 minutes.  After incubation, the 

absorbance of the standard and each test was read at 505 nm (500-540 nm) on bichromatic 

analysers against reagent blank. 

Calculations 

Triglycerides (mg/dl) = 
Absorbance of test

Absorbance of standard 
 x Concentration of standard (mg/dl). 

4.2.8 Very low-density lipoprotein (VLDL) 

VLDL concentration was calculated using the formula (VLDL-cholesterol = 

triglycerides/5) as describe by Mashi, (2017).   

4.2.9 Low-density lipoprotein (LDL)  

Principle 

The LDL assay employs a modified precipitation method utilizing polyvinyl sulfonic acid 

(PVS) and polyethylene-glycol methyl ether (PEGME), incorporating optimized 

quantities of these components and selected detergents. LDL, VLDL, and chylomicrons 

(CM) react with PVS and PEGME, forming complexes that render LDL, VLDL, and CM 

inaccessible to cholesterol oxidase (CHOD) and cholesterol esterase (CHER). In contrast, 

high-density lipoprotein (HDL) selectively reacts with the enzymes. Adding reagent R2 

containing a specific detergent releases LDL from the PVS/PEGME complex. The 

released LDL subsequently reacts with the enzymes, resulting in the production of 

hydrogen peroxide (H2O2), which is quantified using the Trinder reaction. 

HDL+LDL+VLDL+CM  PVS, PEGME            HDL+ (LDL+VLDL+CM).  

PVS/PEGME 

HDL     CHOD, CHER  Fatty Acid + H2O2 

(LDL+VLDL+CM). PVS/PEGME  Detergent  LDL+ (VLDL+ CM).  
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PVS/PEGME.  

LDL     CHOD, CHER  Fatty Acid + H2O2 

2 H2O2+ 4-AA + TODB  Peroxidase               Quinone + 5 H2O 

Reagent composition: R1 

 

 

 

 

 

 

 

 

 

 

 

Reagent composition: R2 

 

Reagent preparation 

The calibrator is reconstituted with 1 ml of deionized water at 20-25°C and mixed gently 

to avoid foaming. Following reconstitution, it is allowed to stand for a minimum of 30 

minutes until complete dissolution before use. The reconstituted calibrator is stored at 2-

8°C to maintain stability. 

Assay parameters 

Mode 1-Point End 

Wavelength 1 (nm) 600 

Wavelength 2 (nm)  700 

Sample volume (µl) 3 

MES buffer (pH 6.5) 50 mmol/L 

Polyvinyl sulfonic acid 50 mg/L 

Polyethylene glycolmethylester 30 ml/L 

4-aminoantipyrine 0.9 g/L 

Cholesterol esterase 5 kU/L 

Cholesterol oxidase 20 KU/L 

Peroxidase 5 KU/L 

MES buffer (pH 6.5) 50 mmol/L 

Detergent  

TODB N,N-Bis (4-sulfobutyl)-3-methylanine 3 mmol/L 
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Reagent 1 volume (µL) 375 

Reagent 2 volume (µL) 125 

Incubation time (min). 5 

Incubation temperature (°C) 37 

Normal low (mg/dl) 0 

Normal high (mg/dl) 130 

Linearity low (mg/dl) 2.6 

Linearity high (mg/dl) 263 

Blank with  Reagent  

Absorbance limit (Max.) 0.3 

Units  mg/dl  

 

Assay procedure 

 

 

 

 

 

 

The final absorbance was read at the wavelength of 600nm against the reagent blank. 

Calculation 

LDL C = 
Absorbance of Sample−Absorbance of Blank

Absorbane of Calibrator−absorbance of Blank
 x Concentration of Calibrator. 

  

Pipette in Tube Reagent Blank Sample/Calibrator 

Reagent 1 375 µl 375 µl 

Distilled water  3 µl - 

Sample/calibrator  - 3µl 

Mix and incubate at 37°C 

125 µl 125 µl - 

Mix and incubate at 37°C for 5 min. 
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4.2.10 High-density lipoprotein (HDL)  

Principle 

Similar to the LDL assay, the HDL assay utilizes a modified precipitation method 

employing polyvinyl sulfonic acid (PVS) and polyethylene glycol-methyl ether (PEGME) 

along with optimized quantities of these components and selected detergents. LDL, 

VLDL, and chylomicrons (CM) interact with PVS and PEGME, leading to their 

precipitation and rendering them inaccessible to cholesterol oxidase (CHOD) and 

cholesterol esterase (CHER). Conversely, HDL selectively interacts with the enzymes, 

generating a detectable signal through the Trinder reaction. 

HDL+LDL+VLDL+CM    PVS, PEGME       HDL + (LDL VLDL CM) + PVS/PEGME 

HDL                          CHOD, CHER          Fatty acid + H2O2 

2 H2O2 + 4-AA + TODB    Peroxidase            Quinone + 5 H2O 

 

Reagent composition: R1 

MES buffer (pH 6.5) 6.5 mmol/L 

TODB N, N-Bis (4-sulfobutyl) – 3 – methylaniline   3 mmol/L 

Polyvinyl sulfonic acid 50 mg/L 

Polyethylene-glycol-methyl ester 30 ml/L 

MgCl2  2 mmol/L 

 

Reagent composition: R2 

MES buffer (pH 6.5) 50 mmol/L 

Cholesterol esterase 5 kU/L 

Cholesterol oxidase 20 KU/L 

Peroxidase 5 kU/L 

4- aminoantipyrine 0.9 g/L 
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Detergent 0.5 % 

 

Reagent preparation 

Reagents R1 and R2 are in liquid form and ready to use. The calibrator is reconstituted 

with 1 ml of deionized water at 20-25°C and mixed gently. After reconstitution, it can 

stand for at least 30 minutes before use. 

Assay parameter 

 

Assay procedure 

Pipette in Tube Reagent Blank Sample/Calibrator 

Reagent 1 375 µl 375 µl 

Distilled water  3 µl - 

Sample/calibrator  - 3µl 

Mix and incubate at 37°C 

Mode 1-Point End 

Wavelength 1 (nm) 600 

Wavelength 2 (nm) 700 

Sample volume (µL) 3 

Reagent 1 volume (µL) 375 

Reagent 2 volume (µL) 125 

Incubation time (min.) 5 

Incubation temperature (°C) 37 

Normal low (mg/dl) 42 

Normal high (mg/dl) 79.5 

Linearity low (mg/dl) 1.9 

Linearity high (mg/dl) 193 

Blank with Reagent 

Absorbance limit (Max.) 0.3 

Units mg/dl 



Chapter-4  Effect of EGCG on lipid profiles and metabolic enzymes 

activity in the experimental zebrafish 

 

90 | P a g e  

 

125 µl 125 µl - 

Mix and incubate at 37°C for 5 min. 

 

The final absorbance was read at the wavelength 600nm against the reagent blank. 

Calculation: 

HDL-C = 
Absorbance of sample−Absorbance of sample blank 

Absorbance of calibrator−Absorbance of calibrator blank
 x Concentration of calibrator 

4.2.11 Alanine aminotransferase (ALT) activity 

Approximately 50 μL of tissue sample fluid was added to 500 μL of ALT working reagent 

and homogenized. Absorbance was measured at 340 nm. 

Principle 

L-Aspartate + α-ketoglutarate  GPT   Pyruvate + L-glutamate 

Pyruvate + NADH +H+ Lactate dehydrogenase  L-lactate + NAD+ 

The decrease in absorbance rate due to oxidation of NADH to NAD is proportional to 

GPT/ALT activity. 

Kit contents 

Reagent 1: Buffer  

Tris buffer 110 mM, pH 7.5 

L-Alanine 550 mM 

Reagent 2: Enzymes 

LDH   ≥ 1200 U/L 

NADH 0.2 mM 

𝛼-Ketoglutarate 16mM 

 

Preparation of working reagent 

Reconstitute reagents as per instructions on individual bottle labels to prepare working 
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reagents. 

Test procedure   

The working reagent 1.0 ml and 100 µl of the sample was pipette into the test tube. Mixed 

and after 1 minute of incubation, the change in absorbance was measured (∆OD/min) for 

3 minutes. The mean absorbance change per minute was determined as (∆OD/min). 

Assay parameters 

Input Parameters Values 

Type of reaction Kinetic  

Slope of reaction Decreasing 

Wavelength 340 nm 

Factor 1746 

Incubation time  60 sec. 

Interval time  60 sec. 

Interval no. 3 

Flow cell temperature 37°C 

Molar extinction coefficient  6.3 

∆OD/min. limit 0.200 

Units  IU/L 

Upper normal value  49 IU/L 

Lower normal value  0.0 IU/L 

Linearity  350 IU/L 

Working reagent volume  1.0 mL 

Sample volume  100 µl 

 

Calculations  

ALT Activity (IU/L) =  
∆ OD

min
 × 1746 
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4.2.12   Aspartate aminotransferase (AST) activity 

About 50 μL of tissue sample fluid was mixed with 500 μL of AST working reagent and 

homogenized. Absorbance was measured at 340 nm. 

Principle: 

L- aspartate + 2 – oxoglutarate  AST  oxaloacetate + L-glutamate 

Oxaloacetate + NADH  MDH  Malate + NAD 

Sample pyruvate + NADH   LDH  L-lactate + NAD 

Reagent composition: R1 

2-Oxyglutarate 12 mmol/L 

L-Aspartate 200 mmol/L 

MDH ≥545 U/L 

LDH ≥909 U/L 

NADH (Yeast) ≥0.18 mmol/L 

Tris Buffer (pH = 7.8 ±0.1 at 25°C) 80 mmol/L 

EDTA 5.0 mmol/L 

 

Reagent reconstitution 

Initially, the reagent bottle and Aqua-4 were allowed to attain room temperature (15-

30℃). 20 ml of AQUA-4 was added to each of the vials.  The mixture was made to 

dissolve slowly and allowed to stand for 10 minutes at room temperature, after which it 

was ready to be used.  

Assay parameters 

Mode Kinetic 

Wavelength 340 

Sample volume (µl) 50 
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Assay procedure 

Pipette Volume 

Working 1000 µl 

Test 100 µl 

Calculations 

The general formula for converting absorbance change into international units (IU) of 

activity is:  

 IU/L =   
(∆

A

min
.)x T.V.x 103

S.V.x Absorptivity x P
;    

Where; 

 

Reagent volume (µl) 500 

Lag time (Sec.) 60 

Kinetic interval (Sec.) 60 

No. of readings 3 

Kinetic factor 1768 

Reaction temperature (°C) 37°C 

Reaction direction Decreasing 

Normal low (IU/L) 0 

Normal high (IU/L) 35 

Linearity low (IU/L) 0 

Linearity high (IU/L) 450 

Absorbance limit (Min.) 0.8 

Blank with Water 

Units IU/L 

Absorptivity = mill molar absorptivity of NADH at 340 nm = 6.22 

Activity of AST = ∆ Abs/min x 1768 
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4.2.13 Alkaline phosphatase (ALP) activity  

Approximately 20 μL of serum was added to 1000 μL of ALP reagent (p-Nitrophenyl 

Phosphate, Mg2+) and homogenized. Absorbance was measured at 405 nm. 

Principle 

P-Nitrophenyl phosphate + H2O  
ALP

Mg2+   P – nitrophenyl + phosphate 

Reagent composition: R1 

p-nitrophenyl phosphate 16 mmol/L 

Mg2+ 4 mmol/L 

Tris/carbonate buffer (pH 10.2 ± 0.2 at 25℃) - 

 

Reagent constitution 

Initially, the reagent bottle and Aqua-4 were allowed to attain room temperature (15-

30℃). 20 ml of AQUA-4 was added to each of the vials.  The mixture was made to 

dissolve slowly and allowed to stand for 10 minutes at room temperature, after which it 

was ready to be used. 

Assay parameters 

Mode Kinetic 

Wavelength (nm) 405 

Sample volume (µl) 10/20 

Reagent volume 500 

Lag time (Sec.) 60 

Kinetic interval (Sec.) 60 

No. of readings 3 
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Kinetic factor 2713 

Reaction temperature (°C) 37 

Reaction direction Increasing 

Normal low (IU/L) 42 

Normal high (IU/L) 128 

Linearity low (IU/L) 0 

Linearity high (IU/L) 1000 

Absorbance limit (Max.) 0.800 

Blank with Distilled Water 

Units IU/L 

 

Assay procedure 

Pipette Volumes 

Working reagent 1000 µL 

Test 20 µL 

Calculations   

The general formula for converting absorbance change into International Units (IU) of 

activity is: 

U/L =   
( ∆ A/min) x T.V. x 103

S.V. x Absorptivity x P
       

Absorptivity = millimolar absorptivity of p-nitrophenyl phosphate at 405 nm = 18.8 

Activity of ALP at 37℃ (IU/L) = (∆ 𝐴405/min) x factor (2713) 
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4.2.14 Statistical analysis 

Data analysis was conducted using GraphPad Prism 5.0 software and presented as mean 

± SD. Intergroup comparisons were performed using one-way analysis of variance 

(ANOVA) followed by Tukey's post hoc test. Asterisk represents a significant difference, 

*p<0.05, **p<0.01, and ***p<0.001. 
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4.3 Results 

4.3.1 Total cholesterol (TC) 

The baseline TC levels for Group-I were 285.84±5.6 mg/dL on day 1, slightly increasing 

to 287.84±6.9 mg/dL by day 21. Group-II exhibited significantly elevated TC levels, 

recording a mean level of 354.84±5.4 mg/dL on day 21. Conversely, Group-III showed 

notable improvement in TC levels, with a mean of 290.67±6.7 mg/dL on day 21. 

Compared to Group-I, Group-II demonstrated a substantial increase in TC levels by 23.27 

% after 21 days of treatment. In contrast, Group-III showed a reduction in TC levels by 

18.07 % on day 21. Group-IV exhibited marginal changes in TC levels compared to 

Group-I throughout the study period. Detailed data on TC levels across the experimental 

groups are meticulously presented in Table 4.1 and Figure 4.3. 

4.3.2 Triglycerides (TG) 

The baseline TG levels for Group-I were 248.67±7.0 mg/dL on day 1, increasing slightly 

to 254.34±7.4 mg/dL by day 21. Group-II displayed elevated TG levels, recording a mean 

of 336±6.7 mg/dL on day 21, while Group-III showed an improvement in TG levels, with 

a mean of 270.84±6.8 mg/dL. Compared to Group-I, Group-II exhibited a significant 

increase in TG levels by 32.28 % after 21 days of treatment. However, Group-III 

demonstrated a reduction in TG levels by 19.64 % on day 21. Additionally, insignificant 

results were observed between Group-IV and Group-I. Detailed data about TG levels 

across the experimental groups are meticulously presented in Table 4.2 and Figure 4.4. 

4.3.3 Very low-density lipoprotein (VLDL) 

VLDL plays a crucial role in lipid metabolism, particularly in transporting triglycerides 

synthesized in the liver to peripheral tissues. VLDL levels in each experimental group to 
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assess lipid dynamics and treatment effects were evaluated. On day 21 of the experiment, 

the mean VLDL level in Group-I was recorded as 50.84 ± 6.0 mg/dL. Group-II exhibited 

markedly elevated VLDL levels, with a mean of 76.83±5.3 mg/dL. At the same time, 

Group-III showed an encouraging improvement in VLDL levels, displaying a mean level 

of 55.34±6.1 mg/dL. Comparing these findings with the baseline level in Group-I, it 

becomes apparent that Group-II experienced a significant increase in VLDL levels by 

43.39 % over the 21-day treatment period. Conversely, Group-III demonstrated a notable 

reduction in VLDL levels by 27.63 % on day 21, indicating a positive response to the 

treatment regimen. Furthermore, Group-IV displayed insignificant (p>0.05) values of 

VLDL that deviated from those of Group-I throughout the study duration. Detailed data 

pertaining to VLDL levels across the experimental groups are presented in Table 4.3 and 

visually depicted in Figure 4.5. 

4.3.4 Low-density lipoprotein (LDL) 

The mean LDL level for Group-I on day 21 was 179±7.0 mg/dL, slightly higher than the 

baseline of 174±7.7 mg/dL on day 1. Group-II exhibited markedly elevated LDL levels, 

that recorded 229.84±6.9 mg/dL on day 21. Conversely, Group-III improved LDL levels, 

were recorded as 183.50±7.0 mg/dL. Compared to Group-I, Group-II demonstrated a 

significant (p<0.001) increase in LDL levels by 28.15 % after 21 days of treatment. In 

contrast, Group-III showed a reduction in LDL levels by 20.08% on day 21. Group-IV 

exhibited insignificant change in LDL levels compared to Group-I throughout the study 

period. Detailed LDL results across the experimental period of 21 days are presented in 

Table 4.4 and Figure 4.6. 
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4.3.5 High-density lipoprotein (HDL) 

High-density lipoprotein (HDL) is widely recognized as a protective factor against CVD, 

exerting its beneficial effects through the reverse cholesterol transport pathway. Given its 

importance, HDL levels across the experimental groups were recorded to elucidate the 

effect of the treatment regimen on lipid metabolism. At the onset of the study, Group-I 

zebrafish exhibited the HDL level of 74.16±6.5 mg/dL. However, Group-II subjects 

displayed a significant (p<0.001) decrement in HDL levels, and was recorded as 

43.50±6.3 mg/dL on day 21, highlighting the dyslipidemic state induced by diabetes. In 

contrast, Group-III demonstrated a remarkable improvement in HDL levels, reaching an 

average of 68.17±5.5 mg/dL on day 21, signifying a positive treatment response. 

Comparing the percentage change in HDL levels between Group-I and Group-II reveals a 

substantial decline of 41.89 % in the latter, underscoring the detrimental effect of diabetes 

on lipid metabolism. Conversely, Group-III exhibited a notable enhancement in HDL 

levels, registering a remarkable 58.13 % increase on day 21 compared to Group-II, 

indicative of the therapeutic efficacy of the intervention. While Group-IV exhibited a 

slight reduction in HDL levels, statistical analysis showed insignificant value compared 

to Group-I. The HDL levels across experimental groups are summarized in Table 4.5 and 

visually depicted in Figure 4.7. 

4.3.6 Hepatic tissue alanine aminotransferase (ALT) activity 

ALT, an enzyme predominantly found in hepatocytes, is a sensitive biomarker for 

assessing liver function and integrity. Elevations in ALT levels often signify 

hepatocellular injury or dysfunction, making it a pivotal parameter in evaluating the 

hepatic effect of diabetes and therapeutic interventions. The study evaluated the hepatic 
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tissue ALT activity across different experimental groups to discern the effects of diabetes 

induction and treatment intervention on liver health. 

In Group-I, the baseline ALT activity on day 1 was recorded as 93.67±2.16, with 

subsequent measurements showing modest fluctuations over the 21 days. Conversely, 

Group-II, comprising diabetic zebrafish, exhibited a pronounced increase in ALT activity, 

with a significant elevation of 25.34 %, 26.83 %, 28.85 %, and  30.67 % observed on days 

1, 7, 14, and 21, respectively, compared to Group-I. Remarkably, Group-III, subjected to 

the treatment regimen, displayed a gradual decline in ALT activity throughout the 21 days, 

indicative of a therapeutic response. The ALT values in Group-III were recorded as 

122.50±2.73, 118.84±2.48, 119.67±2.73, and 110.68±2.16 on days 1, 7, 14, and 21, 

respectively, demonstrating a notable amelioration compared to Group-II. 

Moreover, statistical analysis revealed insignificant differences between Group-I and 

Group-IV, suggesting that the treatment intervention effectively mitigated diabetes-

induced hepatic injury. The detailed dataset on hepatic ALT activity is meticulously 

presented in Table 4.6, complemented by visual representations in Figure 4.8. 

4.3.7 Gill tissue alanine aminotransferase (ALT) activity 

The investigation into gill tissue ALT activity in diabetic zebrafish unveiled significant 

alterations compared to the control group, providing valuable insights into the systemic 

effects of diabetes beyond hepatic tissues. Diabetic zebrafish showed a significant 

(p<0.001) rise in ALT activity in the gill tissues on 21 days of the experiment compared 

to the control. In Group-I, the ALT activity of gill measured 110.84±2.85 on day 1, 

109.84±2.31 on day 7, 118.84±3.18 on day 14, and 117.66±2.65 on day 21. Group-II 

demonstrated a substantial increase in ALT activity, with increments of 31.35 %, 35.67 



Chapter-4  Effect of EGCG on lipid profiles and metabolic enzymes 

activity in the experimental zebrafish 

 

101 | P a g e  

 

%, 37.84 %, and 39.67 % estimated on days 1, 7, 14, and 21, respectively, in contrast to 

Group-I. Interestingly, Group-III exhibited a consistent decrease in ALT activity 

throughout the 21-day treatment period, displaying values of 132.17±2.48 on day 1, 

130.84±2.48 on day 7, 127.17±2.85 on day 14, and 125.00±3.68 on day 21. The statistical 

analysis revealed insignificant differences (p>0.05) between the ALT activity of Group-

IV and Group-I. The comprehensive data on gill tissue ALT activity is meticulously 

depicted in Table 4.7 and Figure 4.9. 

4.3.8 Renal tissue alanine aminotransferase (ALT) activity 

Renal tissue ALT activity is a pivotal indicator of metabolic dysregulation and cellular 

injury within the kidneys, warranting comprehensive evaluation in diabetic conditions. 

The meticulous examination of renal tissue ALT activity in diabetic zebrafish revealed 

significant alterations compared to the control group, shedding light on the renal 

manifestations of diabetes. Inducing diabetes in zebrafish led to a significant (p<0.001) 

increase in ALT activity within renal tissues compared to the control group in 21 days. In 

Group-I, ALT activity in the kidney tissue was measured as 60.83±3.18 on day 1, 

67.50±3.27 on day 7, 67.17±2.78 on day 14, and 72.17±2.78 on day 21. Notably, Group-

II exhibited a considerable rise in kidney ALT activity, with an increase of 11.66 %, 9.83 

%, 7.83 %, and 5.34 % observed on days 1, 7, 14, and 21, respectively, compared to Group 

I. Impressively, Group-III demonstrated a consistent decreasing trend in kidney ALT 

activity throughout the 21-day treatment period, presenting values of 87.67±3.01 on day 

1, 83.16±3.95 on day 7, 80.84±2.13 on day 14, and 77.34±2.16 on day 21. Statistical 

analysis underscored the significant (p<0.001) differences between Group-II and Group-

III, affirming the therapeutic efficacy in mitigating renal tissue injury associated with 
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diabetes. The effect of DM on the ALT activity in the kidney tissue of the experimental 

zebrafish on different days is represented in Table 4.8 and Figure 4.10. 

4.3.9 Hepatic tissue aspartate aminotransferase (AST) activity 

Hepatic tissue AST activity, a key parameter reflective of hepatic health and function, was  

meticulously evaluated to discern the hepatic manifestations of diabetes and assess the 

therapeutic efficacy of the intervention. The investigation into hepatic tissue AST activity 

in diabetic zebrafish showed alterations in the tissue compared to the control group, 

highlighting the systemic effect of diabetes on hepatic function.  

Diabetes induction in zebrafish resulted in a significant (p<0.001) increase in AST activity 

in liver tissues compared to Group-I. In Group-I, the AST activity was measured as 

20.50±1.87, 21.84±2.63, 23.17±2.31, and 24.67±2.73 on days 1, 7, 14, and 21, 

respectively. The liver AST activity in Group-II displayed a substantial increase, 

presenting a 59.33 % elevation on day 21 compared to Group-I. Notably, Group-III 

manifested a significant (p<0.001) decrease in AST activity over the 21-day treatment 

period, with values measured as 31.34±2.65, 34.35±3.38, 29.84±2.48, and 28.83±2.63 on 

days 1, 7, 14, and 21, respectively. Statistical analysis revealed insignificant differences 

(p>0.05) between the liver AST activity of Group I and Group IV. The detailed dataset on 

hepatic tissue AST activity, meticulously presented in Table 4.9 and Figure 4.11. 

4.3.10 Gills tissue aspartate aminotransferase (AST) activity 

Aspartate aminotransferase (AST) activity is a crucial indicator of cellular integrity and 

metabolic processes, reflecting tissue damage or physiological changes. In this section, 

the AST activity within the gill tissues of diabetic zebrafish over a 21-day experimental 

period was evaluated, aiming to elucidate potential alterations and therapeutic responses. 
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Diabetic zebrafish exhibited a significant (p<0.001) rise in AST activity within gill tissues 

compared to the control group throughout the duration of the experiment. Specifically, in 

Group-I the baseline AST activity on day 1 was measured as 20.34±2.87, with marginal 

fluctuations observed in subsequent measurements. Conversely, Group-II, comprising 

diabetic zebrafish, demonstrated a substantial increase in gill AST activity, with a 

remarkable elevation of 54.66 % noted on day 21 compared to Group-I. Impressively, 

Group-III, subjected to the treatment regimen, displayed a consistent reduction in gill AST 

activity over the 21 days, indicative of a therapeutic response. Notably, AST values in 

Group-III were recorded as 31.50±2.42, 31.34±2.58, 30.67±2.80, and 28.17±2.92 on days 

1, 7, 14, and 21, respectively. Statistical analysis revealed insignificant (p>0.05) 

differences between the AST gill activity of Group-I and Group-IV. The comprehensive 

dataset on gill tissue AST activity is meticulously summarized in Table 4.10, 

complemented by visual representations in Figure 4.12. 

4.3.11 Renal tissue aspartate aminotransferase (AST) activity 

Renal tissues play a pivotal role in metabolic homeostasis and waste excretion, making 

them susceptible to pathological alterations in conditions such as diabetes. In this section, 

we meticulously evaluated the dynamics of AST activity within the renal tissues of 

diabetic zebrafish to discern potential alterations and therapeutic responses. 

Induction of diabetes in zebrafish resulted in a significant (p<0.001) rise in AST activity 

within renal tissues compared to the control group over the 21-day experimental period. 

Specifically, in Group-I, the baseline AST activity on day 1 was measured as 18.84±2.48, 

with modest fluctuations observed in subsequent measurements. Conversely, Group-II, 

exhibited a notable elevation in renal AST activity, with significant increments of 58.83 
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% and 54.83 % noted on days 14 and 21, respectively, compared to Group-I. Remarkably, 

Group-III, subjected to the treatment regimen, manifested a significant (p<0.001) 

reduction in renal AST activity over the 21 days, reaching reductions of 69.33 % and 71.83 

% on days 14 and 21, respectively, compared to Group-II. 

Statistical analysis revealed insignificant (p>0.05) differences between the renal AST 

activity of Group-I and Group-IV. The detailed dataset on renal tissue AST activity is 

meticulously presented in Table 4.11, complemented by visual representations in Figure 

4.13. 

4.3.12 Hepatic tissue alkaline phosphatase (ALP) activity  

Alkaline phosphatase (ALP) activity indicates liver health and biliary function, reflecting 

alterations in hepatobiliary physiology. ALP activity within hepatic tissues of diabetic 

zebrafish over a 21-day experimental period was measured to elucidate potential 

alterations and therapeutic responses. 

Group-I, representing the control, the baseline ALP activity on day 1 was measured as 

19.03±1.89, with minor fluctuations observed in subsequent measurements. Conversely, 

Group-II, comprising diabetic zebrafish, exhibited a marked elevation in hepatic ALP 

activity, with substantial increase ranging from 56.83 %, 49.84 %, 47.33 %, and 43.33 % 

noted across the experimental timeline compared to Group-I. Impressively, Group-III, 

subjected to the treatment regimen, displayed a considerable reduction in hepatic ALP 

activity over the 21 days, with values reaching 72.84 % lower on day 21 than Group-II. 

Statistical analysis revealed insignificant (p>0.05) differences between the hepatic ALP 

activity of Group-I and Group-IV, underscoring the potential efficacy of the treatment 

regimen in mitigating liver tissue injury associated with diabetes. The detailed dataset on 
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hepatic tissue ALP activity is meticulously presented in Table 4.12, complemented by 

visual representations in Figure 4.14. 

4.3.13 Renal tissue alkaline phosphatase (ALP) activity 

The renal tissue of diabetic zebrafish exhibited a noteworthy increase in ALP activity 

compared to the control group, signifying renal involvement in the diabetic condition. In 

Group-I, the ALP activity was measured as 11.84±2.85, 10.34±2.16, 11.17±2.78, and 

13.34±2.68 on days 1, 7, 14, and 21, respectively. Notably, Group-II displayed a 

substantial elevation in ALP activity, indicating a 72.16 % increase on day 21 compared 

to Group-I, suggesting renal dysfunction associated with diabetes progression. 

Remarkably, Group-III exhibited a significant (p<0.001) reduction in kidney ALP activity 

over the 21-day treatment period, demonstrating an 84.16 % decrease on day 21 compared 

to Group-II. This reduction suggests a potential ameliorative effect of the treatment 

intervention on renal ALP activity. Furthermore, statistical analysis revealed insignificant 

differences (p>0.05) in ALP activities between Group-I and Group-IV test zebrafish, 

indicating that the treatment alone did not significantly affect renal ALP activity compared 

to the control. 

The alterations in renal ALP activity observed in diabetic zebrafish underscore the 

complex interplay between diabetes and renal function. The effect of ALP activity in the 

renal tissue of the test zebrafish across different time points is represented in Table 4.13 

and Figure 4.15. 
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Table 4.1: Effect of diabetes on the cholesterol level in zebrafish model. Group-I – control; 

Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. Data are 

expressed as mean ± SD (n=6). Different superscripts denote significant (p<0.001) 

differences; the same superscripts denote insignificant (p>0.05) results between the 

columns of the exposure groups. 

 

 

Groups 

Treatment period 

            Day 1                   Day 21 

Group-I 285.84±5.6a 287.84±6.9a 

Group-II 301.67±6.0b 354.84±5.4b 

Group-III 300.17±5.0b 290.67±6.7c 

Group-IV 286.34±6.4a 286.34±6.5a 

 

Table 4.2: Effect of diabetes on the triglyceride level in zebrafish model. Group-I – 

control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. 

Data are expressed as mean ± SD (n=6). Different superscripts denote significant 

(p<0.001) differences; the same superscripts denote insignificant (p>0.05) results between 

the columns of the exposure groups. 

 

 

Groups 

Treatment period 

            Day 1                   Day 21 

Group-I 248.67±7.0a 254.34±7.4a 

Group-II 313.34±6.5b 336.50±6.7b 

Group-III 311.34±6.8b 270.84±6.8c 

Group-IV 249.67±6.7a 253.50±5.0a 
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Table 4.3: Effect of diabetes on the very low-density lipoprotein in zebrafish model. 

Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control 

+ EGCG. Data are expressed as mean ± SD (n=6). Different superscripts denote 

significant (p<0.001) differences; the same superscripts denote insignificant (p>0.05) 

results between the columns of the exposure groups. 

 

 

Table 4.4: Effect of diabetes on the low-density lipoprotein in zebrafish model. Group-I 

– control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + 

EGCG. Data are expressed as mean ± SD (n=6). Different superscripts denote significant 

(p<0.001) differences; the same superscripts denote insignificant (p>0.05) results between 

the columns of the exposure groups. 

 

 

 

 

 

 

Groups 

Treatment period 

Day 1 Day 21 

Group-I 50.84±6.0a 53.5±5.5a 

Group-II 62.33±6.9b 76.83±5.3b 

Group-III 63.16±6.0b 55.34±6.1c 

Group-IV 49.17±5.9a 53.84±7.1a 

 

Groups 

Treatment period 

            Day 1                   Day 21 

Group-I 174.16±7.7a 179.34±7.0a 

Group-II 192.34±7.5b 229.84±6.9b 

Group-III 193.83±7.0b 183.50±7.0c 

Group-IV 173.83±6.7a 176.67±6.8a 
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Table 4.5: Effect of diabetes on the high-density lipoprotein in zebrafish model. Group-I 

– control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + 

EGCG. Data are expressed as mean ± SD (n=6). Different superscripts denote significant 

(p<0.001) differences; the same superscripts denote insignificant (p>0.05) results between 

the columns of the exposure groups. 

 

 

Groups 

Treatment period 

Day 1 Day 21 

Group-I 70.16±6.2a 74.16±6.5a 

Group-II 58.33±6.8b 43.50±6.3b 

Group-III 59.34±6.9b 68.17±5.5c 

Group-IV 71.5±6.6a 72.50±7.6a 

 

Table 4.6: Effect of diabetes on the hepatic ALT activity and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

 

Groups 

Treatment period 

Day 1 Day 7 Day 14 Day 21 

Group-I 93.67±2.16a 107.67±3.32a 101.17±2.78a 105.17±2.48a 

Group-II 125.34±2.16b 126.83±2.63b 128.85±2.31b 130.67±3.65b 

Group-III 122.50±2.73b 118.84±2.48c 119.67±2.73c 110.68±2.16c 

Group-IV 95.17±2.78a 98.84±3.43a 98.84±3.06a 102.33±2.59a 
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Table 4.7: Effect of diabetes on the gills ALT activity and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

 

Groups 

Treatment period 

Day 1 Day 7 Day 14 Day 21 

Group-I 93.67±2.16a 107.67±3.32a 101.17±2.78a 105.17±2.48a 

Group-II 125.34±2.16b 126.83±2.63b 128.85±2.31b 130.67±3.65b 

Group-III 122.50±2.73b 118.84±2.48c 119.67±2.73c 110.68±2.16c 

Group-IV 95.17±2.78a 98.84±3.43a 98.84±3.06a 102.33±2.59a 

 

Table 4.8: Effect of diabetes on the renal ALT activity and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

 

 

Groups Treatment period 

Day 1 Day 7 Day 14 Day 21 

Group-I 60.83±3.18a 67.50±3.27a 67.17±2.78a 72.17±2.78a 

Group-II 88.34±2.58b 90.17±2.71b 92.17±2.78b 105.34±2.16b 

Group-III 87.67±3.01b 83.16±3.95c 80.84±2.13c 77.34±2.16c 

Group-IV 64.67±2.80a 65.67±2.80a 70.84±2.48a 68.66±2.73a 
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Table 4.9: Effect of diabetes on the hepatic AST activity and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

 

Table 4.10: Effect of diabetes on the gills AST activity and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

 

Groups 

Treatment period 

Day 1 Day 7 Day 14 Day 21 

Group-I 22.50±2.73a 20.34±2.58a 22.35±2.50a 21.84±2.48a 

Group-II 32.00±2.60b 31.34±2.58b 46.16±3.32b 45.34±2.50b 

Group-III 35.16±3.31b 32.34±2.58c 33.84±3.06c 28.17±2.92c 

Group-IV 24.67±2.94a 17.16±2.40a 21.84±2.48a 19.83±2.31a 

 

 

 

Groups 

Treatment period 

Day 1 Day 7 Day 14 Day 21 

Group-I 20.50±1.87a 21.84±2.63a 23.17±2.31a 24.67±2.73a 

Group-II 30.67±2.16b 31.84±3.86b 38.84±3.55b 40.67±3.51b 

Group-III 33.17±2.78b 34.35±3.38b 29.84±2.48c 28.83±2.63c 

Group-IV 17.67±2.58a 23.67±2.33a 24.67±2.33a 21.67±3.20a 
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Table 4.11: Effect of diabetes on the renal AST level and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

 

Groups 

Treatment period 

Day 1 Day 7 Day 14 Day 21 

Group-I 19.67±2.16a 18.67±2.16a 24.16±2.96a 22.16±2.31a 

Group-II 34.35±2.58b 32.17±2.31b 38.16±2.16b 45.17±3.43b 

Group-III 32.67±2.58b 35.50±2.42c 30.67±2.16c 28.17±2.78c 

Group-IV 24.17±2.78a 20.34±2.73a 21.67±2.80a 19.84±3.06a 

 

Table 4.12: Effect of diabetes on the hepatic ALP level and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

 

Groups 

Treatment period 

Day 1 Day 7 Day 14 Day 21 

Group-I 19.03±1.89a 18.16±3.06a 17.85±2.31a 20.83±2.23a 

Group-II 43.17±2.82b 50.16±3.92b 56.16±3.18b 52.34±3.26b 

Group-III 44.16±2.48b 33.34±2.16c 30.67±2.58c 27.16±2.78c 

Group-IV 17.83±2.63a 20.83±2.31a 19.00±2.60a 18.34±3.78a 
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Table 4.13: Effect of diabetes on the renal ALP level and its treatment with EGCG in 

zebrafish model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group-IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Groups 

Treatment period 

Day 1 Day 7 Day 14 Day 21 

Group-I 11.84±2.85a 10.34±2.16a 13.17±2.78a 12.34±2.73a 

Group-II 18.17±3.48b 16.84±3.18b 21.17±3.65b 25.50±3.83b 

Group-III 17.67±2.58b 20.17±2.31c 15.34±2.58a 16.67±2.80a 

Group-IV 10.67±2.16a 7.67±2.17a 11.17±2.70a 12.16±2.31a 
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Figure 4.3: Effect of diabetes on the cholesterol level in zebrafish model. Group-I – 

control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. 

(A) Day 1 (B) Day 21.  Data are represented as mean ± SD (n=6) and analysed by one-

way ANOVA followed by Tukey's post-hoc test. Asterisk represents a significant 

difference, *p<0.05, **p<0.01, ***p<0.001. 

 

 

Figure 4.4: Effect of diabetes on the triglyceride level in zebrafish model. Group-I – 

control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. 

(A) Day 1 (B) Day 21.  Data are represented as mean ± SD (n=6) and analysed by one-

way ANOVA followed by Tukey's post-hoc test.  Asterisk represents a significant 

difference, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.5: Effect of diabetes on the very low-density lipoprote in zebrafish model. 

Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control 

+ EGCG. (A) Day 1 (B) Day 21. Data are represented as mean ± SD (n=6) and analysed 

by one-way ANOVA followed by Tukey's post-hoc test.  Asterisk represents a significant 

difference, *p<0.05, **p<0.01, ***p<0.001. 

 

 

Figure 4.6: Effect of diabetes on the low-density lipoprotein in zebrafish model. Group-I 

– control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + 

EGCG. (A)Day 1 (B) Day 21. Data are represented as mean ± SD (n=6) and analysed by 

one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents a significant 

difference, *p<0.05, **p<0.01, ***p<0.001.  



Chapter-4  Effect of EGCG on lipid profiles and metabolic enzymes 

activity in the experimental zebrafish 

 

115 | P a g e  

 

 

Figure 4.7: Effect of diabetes on the high-density lipoprotein in zebrafish model. Group-

I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + 

EGCG. (A) Day 1 (B) Day 21.  Data are represented as mean ± SD (n=6) and analysed by 

one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents a significant 

difference, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 4.8: Effect of diabetes on the hepatic ALT activity and its treatment with EGCG 

in zebrafish model. Group-I - control; Group-II - diabetic; Group-III - diabetic + EGCG; 

Group-IV - control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05, **p<0.01, 

***p<0.001. 

 

 



Chapter-4  Effect of EGCG on lipid profiles and metabolic enzymes 

activity in the experimental zebrafish 

 

117 | P a g e  

 

 

Figure 4.9: Effect of diabetes on the gills ALT activity and its treatment with EGCG in 

zebrafish model. Group-I - control; Group-II - diabetic; Group-III - diabetic + EGCG; 

Group-IV - control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 4.10: Effect of diabetes on the renal ALT activity and its treatment with EGCG in 

zebrafish model. Group-I - control; Group-II - diabetic; Group-III - diabetic + EGCG; 

Group-IV - control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 4.11: Effect of diabetes on the hepatic AST activity and its treatment with EGCG 

in zebrafish model. Group-I - control; Group-II - diabetic; Group-III - diabetic + EGCG; 

Group-IV - control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 4.12: Effect of diabetes on the gills AST activity and its treatment with EGCG in 

zebrafish model. Group-I - control; Group-II - diabetic; Group-III - diabetic + EGCG; 

Group-IV - control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 4.13: Effect of diabetes on the renal AST level and its treatment with EGCG in 

zebrafish model. Group-I - control; Group-II - diabetic; Group-III - diabetic + EGCG; 

Group-IV - control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 4.14: Effect of diabetes on the hepatic ALP level and its treatment with EGCG in 

zebrafish model. Group-I - control; Group-II - diabetic; Group-III - diabetic + EGCG; 

Group-IV - control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05, **p<0.01, 

***p<0.001. 
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Figure 4.15: Effect of diabetes on the renal ALP level and its treatment with EGCG in 

zebrafish model. Group-I - control; Group-II - diabetic; Group-III - diabetic + EGCG; 

Group-IV - control + EGCG. (A) Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are 

represented as mean ± SD (n=6) and analysed by one-way ANOVA followed by Tukey's 

post-hoc test. Asterisk represents a significant difference, *p<0.05, **p<0.01, 

***p<0.001. 
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4.4 Discussion 

Diabetes mellitus is a multifaceted medical condition characterized by the 

gradual deterioration of metabolic function and the dysregulation of blood sugar levels, 

often resulting in structural changes across various organs (Song et al., 2022). STZ 

administration is a common approach in establishing diabetic animal models, particularly 

due to its selective targeting of pancreatic β-cells, thus disrupting cellular metabolic and 

oxidative processes (Amirkhosravi et al., 2023). The utilization of zebrafish as a diabetic 

model holds promise due to its rapid detection of diabetic symptoms within a 24-hour 

timeframe, presenting a suitable platform for research (Mathur et al., 2011). Longkumer 

et al. (2020) successfully induced DM in adult zebrafish through intraperitoneal 

administration of STZ, leading to a significant increase in glucose levels within a 24-hour 

period, mimicking the effects observed in humans. 

The selection of zebrafish as an experimental model is further justified by its 

physiological similarities to humans, particularly in terms of pancreatic structure, lipid 

metabolism, glucose regulation, and adipose tissue biology. Plant-based supplements, 

such as Epigallocatechin gallate (EGCG), are often favoured for their potentially fewer 

side effects compared to synthetic drugs. EGCG, known for its water-soluble antioxidant 

properties, has been proposed to inhibit oxidative stress and mitigate immunotoxicity 

induced by toxins (Zhang et al., 2013). Alterations in lipoproteins and lipid 

concentrations, frequently observed in individuals with diabetes, involve the participation 

of enzymes such as alanine aminotransferase (ALT) and aspartate aminotransferase 

(AST), present ubiquitously in tissues like the liver, kidney, heart, and fish gills, serving 

as reliable indicators of overall organ health. These enzymes play vital roles in amino acid 
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synthesis and deamination processes, crucial during periods of heightened energy demand 

(Samim & Vaseem, 2023).  

During the 21-days of experiment, diabetic zebrafish showed poor glycemic 

control, with higher TC, TG, VLDL, and LDL levels and lower HDL levels than the 

control group. Risk factors associated with diabetes, such as hypertension and 

dyslipidemia, play an essential role in the development of cardiovascular disease. Studies 

on the diabetic rat model have shown similar dyslipidemia trends, indicating that insulin 

shortage and oxidative stress are responsible for impaired lipid metabolism (Rao et al., 

2021). One of the most noticeable aspects of diabetes dyslipidemia is an increase in LDL 

particles from either LDL-P or apolipoprotein-B (ApoB) (Neels et al., 2023). There is also 

an increased risk of nephropathy because LDL particles are more atherogenic (Vekic et 

al., 2022). Insulin resistance is the primary cause of dyslipidemia in diabetics. 

The release of free fatty acids from adipose tissue escalates in cases of peripheral 

insulin resistance, subsequently intercepted by the liver, culminating in heightened 

triglyceride (TG) production by hepatic cells (Alves-Bezerra & Cohen, 2017). High 

quantities of triglycerides and LDL cholesterol contribute to the development of 

atherosclerosis by oxidizing or glycating these lipid particles, resulting in artery blockage 

and narrowing (Lee et al., 2021). The hepatic stimulation generated by triglyceride 

production increases ApoB release and the synthesis of triglyceride-rich VLDL. The 

VLDL's high triglyceride content enriches HDL and LDL, increasing their cholesterol 

levels through the action of cholesterol ester transfer protein (Ben-Aicha et al., 2020).  

Triglyceride-rich LDL molecules contribute to the development of tiny dense 

LDL, which is then digested by lipoprotein lipase or hepatic lipase (Zhang et al., 2022). 
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LDL particles have been shown to buildup in the endothelium of blood arteries in DM, 

producing thickening and restriction of blood flow (Khatana et al., 2020). According to 

studies, LDL cholesterol plays an important role in the development of atherosclerosis 

because of its small size, which allows it to pass through the endothelium barrier (Jin et 

al., 2022).  The underlying pathophysiology of dyslipidemia raises the likelihood of CVD. 

Indeed, the lipid abnormalities reported in the diabetic group of the present study support 

the preceding findings.  

EGCG has been shown to improve dyslipidemia by considerably lowering 

triglycerides and LDL cholesterol levels (Wen et al., 2023). Similarly, the improved lipid 

profile of the treated groups supports the previously documented capability of EGCG to 

improve lipid metabolism in DM. These findings imply that using EGCG may be helpful 

in preventing cardiovascular problems caused by lipid metabolism disruptions that are 

common in DM. 

The results also demonstrated a notable elevation in the activity of ALT and AST 

in the hepatic tissue of diabetic zebrafish. This outcome can be attributed to the 

impairment of biochemical processes within the Krebs cycle, leading to tissue damage and 

subsequent leakage of enzymes into the circulatory system (Bhattacharjee et al., 2020). 

The findings align with the results reported in a study conducted by Amirkhosravi et al. 

(2023) wherein elevated levels of serum ALT and AST were observed in diabetic rats. A 

correlation between pesticide exposure and increased activity of ALT and AST has also 

been reported in fishes by Bojarski & Witeska, (2020). Increased levels of ALT and AST, 

commonly used markers for liver function, have been identified as contributing factors in 

the progression of DM (Yazdi et al., 2019; Jarhahzadeh et al., 2021). Further, elevated 
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levels of ALT and AST activity in the gill and kidney tissues were observed in the diabetic 

zebrafish. These observations indicate mitochondrial dysfunction caused by reactive 

oxygen species and increased permeability of harmful substances in cell membranes 

(Ugbomeh et al., 2019; Wang et al., 2022). The current observations hint at active 

transamination, a pivotal process in energy metabolism (Jestadi et al., 2014).  

Furthermore, the diabetic cohort exhibited heightened ALP activity in hepatic 

and renal tissues, recognized as a marker for genotoxic and cytotoxic effects. This aligns 

with the previous result by Jestadi et al. (2014), Hosseini et al. (2017), and Nazir et al. 

(2020), where the ALP activities in the diabetic animal increased drastically throughout 

their study. The administration of EGCG resulted in a significant restoration of enzyme 

activities in test subjects, suggesting a potential protective effect against organ damage. 

The hepatoprotective properties of EGCG have been evident against various toxins 

(Parasuraman et al., 2021). In diabetic rats, EGCG showed promising results in reducing 

the renal inflammation caused by the disease (Yang et al., 2022). The results of the present 

study confirm the feasibility of the lipid profiles and enzyme shifts as early diabetes 

indicators in zebrafish models. Furthermore, EGCG emerges as a potential contender for 

alleviating diabetic complications. This study contributes significantly to the growing 

diabetes pathophysiology knowledge and presents a promising direction for developing 

innovative therapeutic approaches.  



 

 

 

 

 

 

 

Chapter 5 

Evaluation of therapeutic efficacy of EGCG on oxidative stress and 

histopathological changes in zebrafish model 

 

 

 

 

  

 

 

 

 

 

  

 

 

 

 

 

 

 5.1 Introduction 

5.2 Materials and methods 

5.3 Results 

5.4 Discussion C
on

te
nt

s 



 

128 | P a g e  

 

Chapter-5  Evaluation of therapeutic efficacy of EGCG on oxidative stress and 

histopathological changes in zebrafish model 

5.1. Introduction 

DM presents a substantial global health challenge characterized by 

hyperglycemia arising from disruptions in insulin secretion, insulin action, or both. DM 

poses significant risks, contributing to a spectrum of severe health complications that 

impair quality of life and escalate mortality rates (Jwad & AL-Fatlawi, 2022). Patients 

with DM exhibit increased generation of free radicals and decreased antioxidant status, 

leading to oxidative damage to cellular components such as lipids, nucleic acids, and 

proteins (Black, 2022). Chronic DM instigates a cascade of pathological processes that 

culminate in organ dysfunction and failure, impacting vital organs such as the kidney and 

liver. 

STZ stands as a widely utilized diabetogenic agent, instrumental in triggering 

DM via the destruction of pancreatic β-cells, mirroring the pathology seen in human 

subjects (Yang et al., 2023). Its mechanism involves the alkylation of DNA upon entering 

pancreatic β-cells through the glucose transporter GLUT2, leading to cellular damage. 

STZ-induced diabetic animal models closely mimic human symptoms, exhibiting 

polyuria, polydipsia, and weight loss (Rashmi et al., 2023). The pathophysiology of DM 

underscores the role of oxidative stress, characterized by an imbalance between ROS 

production and antioxidant defence mechanisms (Khalid et al., 2022). Enhanced ROS 

levels and compromised antioxidant defence contribute to cellular damage, fostering 

diabetic complications. Oxidative stress, coupled with non-enzymatic glycosylation, 

exacerbates the severity of chronic hyperglycemia complications (Cavati et al., 2023). 

The therapeutic effects of EGCG extend to diabetic nephropathy prevention by 

modulating key pathways involved in oxidative stress and inflammation. Studies have 

elucidated its protective effects against STZ-induced diabetic nephropathy in mice, 
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showcasing its potential to ameliorate renal damage (Soussi et al., 2020; Kanlaya & 

Thongboonkerd, 2019). Furthermore, EGCG exhibits hepatoprotective properties, 

shielding liver cells from inflammatory insults and oxidative damage (Yoon et al., 2014). 

EGCG holds promise as a potent therapeutic agent in managing DM and its associated 

complications. Its multifaceted benefits encompass glycemic control, organ protection, 

and oxidative stress mitigation. Understanding the mechanistic underpinnings of the 

actions of EGCG is imperative for harnessing its full therapeutic potential in combating 

the global burden of DM. 

Zebrafish (Danio rerio) is a well-established and widely used model organism 

for studying metabolic diseases. Its versatility spans larval and adult stages, rendering it 

invaluable for compound screening and toxicological assessments. Notably, zebrafish 

share analogous metabolic organs with humans, including the kidney and liver, 

underscoring their relevance in disease modeling (Lei et al., 2023). Studies have 

leveraged this similarity to successfully recapitulate human pathologies, including DM, 

within zebrafish models (Geba et al., 2024).  

Considering the multifaceted relationship between diabetes, inflammation, and 

oxidative stress, there exists a pressing need to develop safe and effective treatment 

therapies capable of improving DM-related complications. Despite the recognized role of 

oxidative stress in DM pathogenesis, the influence of antioxidants on insulin activity still 

needs to be explored, leaving a discernible gap in understanding the potential of 

compounds such as EGCG in DM management. EGCG administration has effectively 

prevented high-fat diet-induced insulin resistance in murine models (Liu et al., 2022). 

The present study endeavors to evaluate the impact of EGCG on the enzymatic 

antioxidant activities of superoxide dismutase (SOD) and catalase (CAT) within the liver, 
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kidney, and gills of zebrafish. Additionally, it seeks to elucidate the potential of EGCG 

in ameliorating histopathological alterations in the selected organs of the zebrafish model 

induced with DM. The outcomes derived from the present study hold substantial promise 

for advancing therapeutic strategies targeting DM and its associated complications. By 

unraveling the antioxidative potential of EGCG and its ability to mitigate histological 

aberrations in zebrafish organs, the present study contributes valuable insights into 

developing novel therapeutics to alleviate the burden of DM-related morbidities. 
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5.2. Materials and methods 

5.2.1 Chemicals  

EGCG (>95%), hematoxylin-eosin stain, xylene, and absolute alcohol were procured 

from Merck. All other chemicals used were of reagent grade. Solutions were prepared 

employing deionized water to ensure optimal purity and consistency.  

5.2.2 Acclimatization of zebrafish 

The zebrafish were carefully housed in a specialized housing system (Model-NT-ZB-11; 

Make-Narshi Technologies), providing a controlled environment with a constant 

temperature of 28±2°C. The system ensured continuous chemical, biological, and 

mechanical water filtration and aeration, maintaining dissolved oxygen. Polycarbonate 

fish tanks adhered to a 14-hour light and 10-hour dark photoperiod cycle. Detailed 

acclimatization procedures are provided in Chapter 2. 

5.2.3 Experimental design 

Adult zebrafish of both genders, demonstrating robust health, were randomly assigned to 

four experimental Groups, namely Group-I (control), Group-II (diabetic), Group-III 

(diabetic + EGCG), and Group-IV (control + EGCG). Experimental Groups III and IV 

were subjected to treatment with 6 mg/L of EGCG for a duration of 21 days. On the 21st 

day, the animals were euthanized, and vital organs such as the liver, kidney, and gills 

were promptly excised and prepared for subsequent antioxidant parameter measurement 

and histological examinations. The detailed representation of the experimental setup is 

described in Figure 5.1. 
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Figure 5.1: Diagrammatic representation of the experimental setup for studying 

antioxidant activity and histological parameters on the zebrafish model.  

5.2.4 Induction of diabetes mellitus 

DM was induced in zebrafish specimens via intraperitoneal injection of STZ. The diabetic 

groups received booster doses of STZ over 21 days to ensure the persistence of 

hyperglycemia, which was in line with established protocols (Longkumer et al., 2020). A 

detailed induction of DM in the zebrafish model is provided in Chapter 3. 

5.2.5 Tissue preparation 

Four zebrafish from each group were euthanized on ice on day 21 of the experiment. 

Subsequently, the kidney, liver, and gill tissues were dissected, minced, and homogenized 

at a concentration of 2.5% w/v in ice-cold 0.15% KCl-0.1M phosphate buffer (pH 7.4) 

utilizing a glass homogenizer. Following homogenization, the resultant mixture 

underwent centrifugation at 2000 rpm for 15 minutes at 4°C, with the resulting 

supernatant collected for subsequent biochemical parameter analyses. 
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5.2.6 Biochemical assay 

5.2.6.1 Superoxide dismutase (SOD) (EC 1.15.1.1) 

SOD activity was measured using the method described by Misra & Fridovich (1972), 

which is based on the oxidation of epinephrine to adrenochrome by the enzyme. The 

ensuing reaction was quantified spectrophotometrically at 480 nm. 

 Reagents 

 

 

 

Procedure 

A 0.5 ml aliquot of tissue homogenate underwent dilution with 0.5 ml of distilled water, 

followed by adding 0.25 ml of ethanol and 0.15 ml of chloroform. The resultant mixture 

was vigorously shaken for 1 minute and subsequently subjected to centrifugation at 2000 

rpm. 

The enzymatic activity in the supernatant was determined by adding 1.5 ml of buffer to 

0.5 ml of the supernatant. Adding 0.4 ml epinephrine initiated the reaction, and the 

ensuing change in optical density per minute was measured spectrophotometrically. The 

activity was quantified and expressed as Units/mg/protein. 

5.2.6.2 Catalase assay (CAT) (E.C. 1.11.1.6) 

CAT activity was determined using the method described by Sinha (1972). This method 

relies on reducing dichromate in acetic acid to chromic acid in the presence of hydrogen 

peroxide, with the transient formation of perchromic acid as an intermediate. The ensuing 

reaction was monitored spectrophotometrically at 610 nm. 

 

1. EDTA 

2. Carbonate Buffer:0.05M, pH 10.2 

3. Epinephrine: 3mM 
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Reagents 

1. Phosphate buffer: 0.01M, pH 7 

2. Dichromate acetic acid reagent: Prepared using 5% potassium dichromate 

diluted in acetic acid 

3. Hydrogen peroxide: 0.2M 

4. Diluted acetic acid: Prepared at a ratio of 1:3 v/v in distilled water 

Procedure 

Each of the four test tubes was added with 1 ml of phosphate buffer, followed by the 

addition of 0.1 ml of aliquoted tissue homogenate. Subsequently, 1 ml of hydrogen 

peroxide was introduced into each test tube to initiate the reaction. The reaction was 

arrested at predetermined intervals (15, 30, 45, and 60 seconds) by adding 2 ml of 

dichromate acetic acid reagent. The tubes were then boiled for 10 minutes, followed by 

cooling and subsequent measurement at 610 nm. 

Simultaneously, a zero-time control was executed by introducing the dichromate-acetic 

acid reagent prior to the addition of hydrogen peroxide. Standard hydrogen peroxide 

solutions spanning a concentration range of 4-20 μm were subjected to identical treatment 

for calibration purposes. Catalase activity was quantified and expressed as 

units/mg/protein, providing valuable insights into the antioxidative capacity of the 

zebrafish tissue samples under investigation. 

5.2.7 Histopathology 

On day 21, liver, kidney, and gill tissues were meticulously harvested, weighed, and 

cleansed in physiological saline solution to eliminate extraneous debris or blood residues. 

Subsequently, the tissues were fixed in 10% buffered formalin for a period of 24 hours to 

facilitate preservation. Histopathological evaluation of the liver, kidney, and gills was 
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conducted employing a well-established protocol as described by Abdelhamid et al. 

(2020). Following fixation, the tissues underwent thorough washing in running tap water 

overnight to remove residual fixative. Subsequent dehydration was accomplished via a 

graded series of alcohol solutions. The tissues were then sectioned at a 4-5 μm thickness 

utilizing a semi-automatic rotary microtome (model: RMT-35) to facilitate histological 

examination. Staining was performed using Harris-hematoxylin for nuclei and eosin as a 

counterstain. Following dehydration and clearing, the sections were mounted in DPX to 

ensure optimal visualization. Prepared slides were meticulously observed and 

documented under a CX1 microscope equipped with a Sony digital camera (model 

E31SPM20000KPA; USB 2.0). Image analysis was performed utilizing Image J software, 

as detailed in Chapter 2. 

5.2.8 Determination of histological alteration index (HAI) in liver, kidney, and gills 

The Histological Alteration Index (HAI), which is based on the severity of the damages, 

was adopted to quantify the presence of histological abnormalities semi-quantitatively 

(Flores-Lopes & Thomaz, 2011; Pal et al., 2012). Minor alterations (I) refer to changes 

that do not affect the normal function of the tissues and can be reversed with improved 

environmental conditions. Moderate alterations (II) are more severe and can cause 

significant damage to normal function. Severe alterations (III) result in irreparable 

damage with little possibility of recovery, even with improved water quality.  

The HAI for each specimen was computed using the formula: HAI = (1 × SI) + (10 × SII) 

+ (100 × SIII), where SI, SII, and SIII denote the number of alterations graded as 1, 2, 

and 3, respectively. The resulting HAI scores were interpreted as follows: scores between 

0 and 10 indicating normal organ function, 11-20 suggesting minor damage, 21-50 

reflecting substantial alterations, 50-100 representing severe damage, and scores above 
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100 indicative of irreversible tissue damage. 

Table 5.1: Stages of histological alteration in liver, kidney, and gills. 

                                       Histological alterations 

Stage Liver Kidney Gills 

I 

  

  

  

  

Nuclear hypertrophy                                
Dilation of glomerular 

capillaries 

Hypertrophy and 

hyperplasia of gill 

epithelium                            

Irregularly shaped 

nucleus 

Hypertrophy of the 

cell nucleus 

Lamellar epithelial lifting 

and edema                            

Cellular hypertrophy 
Cytoplasmic 

vacuolation 

Lamellar Fusion Club 

shaping of lamellae                             

Cytoplasmic 

vacuolation 
Tubular regeneration Marginal canal dilation 

Cellular atrophy                                         
Hypertrophy of 

tubular epithelial cell 
Lamellae shortening 

II 

  

  

  

  

  

  

Nuclear vacuolation                                      
Reduction of 

Bowman’s space 
Mucus cell hyperplasia  

Cytoplasmic 

degeneration                                              

Obstruction of 

Bowman’s space 
Chloride cells hyperplasia                                    

Cellular rupture                                       
Blood congestion in 

glomeruli capillaries 
Leukocyte infiltration 

Blood congestion                                        Tubular degeneration Hemorrhage 

Hemorrhage 
Decrease of the 

tubular lumen caliber 
       ---- 

Nuclear degeneration                            Hemorrhage        ---- 

Bile stagnation                                          leukocytes infiltration                                                     ---- 

 Focal necrosis                                          Necrosis Lamellar aneurysm 

III          ---        --- 
Necrosis and cell 

degeneration 

Adopted from (Flores-Lopes & Thomaz, 2011; Pal et al., 2012).  
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5.2.9 Statistical analysis 

Statistical analysis was performed using GraphPad Prism 5.0 software, and the results 

were presented as mean ± SD. One-way analysis of variance (ANOVA) with Tukey's post 

hoc test was used for comparisons between groups, with *p<0.05, **p<0.01, and 

***p<0.001 considered statistically significant.  
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 5.3 Results 

5.3.1 SOD and CAT activity in the liver 

The hepatic activities of SOD and CAT were recorded in different experimental groups 

of zebrafish. In Group-I, Group-II, Group-III, and Group-IV, the antioxidant activity of 

SOD in the liver was assessed. Group-II exhibited a significant (p<0.001) reduction in 

SOD activity, measuring 47.0 ± 2.5 U/mg prot, compared to Group-I, which displayed an 

activity of 79.0 ± 4.3 U/mg prot in the liver. However, Group-III demonstrated a notable 

increase in SOD activity at 71.0 ± 3.5 U/mg prot compared to Group-II. Group-IV 

exhibited statistically insignificant differences (p>0.05) compared to Group-I. The SOD 

activity of liver in the experimental zebrafish on day 21 is depicted in Table 5.2 and Figure 

5.2(A). 

Likewise, the CAT activity in the hepatic tissue was evaluated in Group-I, Group-II, 

Group-III, and Group-IV. Group-I displayed a CAT activity of 26.0 ± 2.6, whereas 

Group-II showed a significantly (p<0.001) reduced CAT activity at 10.2 ± 1.9 U/mg prot. 

In contrast, Group-III exhibited a substantial increase in CAT activity compared to 

Group-II, suggesting the therapeutic effect of EGCG. Group-IV showed insignificant 

(p>0.05) CAT activity compared to Group-I. The CAT activity in the liver of the test 

zebrafish on day 21 is depicted in Table 5.2 and Figure 5.2(B). 

5.3.2 SOD and CAT activity in the kidney  

The SOD and CAT activities in the renal activities were assessed in zebrafish from 

Group-I, Group-II, Group-III, and Group-IV on day 21. In Group-I, the SOD activity in 

the kidney was measured at 64.0 ± 3.5 U/mg prot. Group-II exhibited a significant 

(p<0.001) reduction in SOD activity, recording 40.2 ± 3.1 U/mg prot compared to Group-

I. Conversely, Group-III displayed a substantial increase in SOD activity compared to 
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Group-II, with a recorded value of 57.4 ± 3.6 U/mg prot. and this increase was highly 

statistically significant (p<0.001). Group-IV, on the other hand, showed insignificant 

change (p>0.05) compared to Group-I, with a SOD activity value of 65.5 ± 3.7 U/mg prot. 

Table 5.3 and Figure 5.3(A) illustrates the SOD activity in the kidney of the various 

experimental groups on day 21. 

The CAT activity in the kidney, Group-I exhibited the highest value, measuring 32.2 ± 

3.0 U/mg prot. Group-II showed a significant (p<0.001) reduction in CAT activity 

compared to Group-I, with a value of 18.1 ± 3.6 U/mg prot. However, Group-III, which 

received EGCG treatment, displayed an increase in CAT activity (26.3 ± 3.1 U/mg prot.), 

indicating the therapeutic effect of EGCG. Importantly, Group-IV demonstrated 

insignificant (p>0.05) result compared to Group-I, with a CAT activity value of 30.5 ± 

3.2 U/mg prot. The CAT activity in the kidney of the test zebrafish on day 21 is presented 

in Table 5.3 and Figure 5.3(B). 

5.3.3 SOD and CAT activity in the gills 

In the gills, the SOD activity was significantly (p<0.001) higher in Group-I compared to 

Group-II; the value was recorded to be 39.7 ± 3.4 U/mg prot and 19.4 ± 3.8 U/mg prot, 

respectively. A significant (p<0.001) increase in CAT activity was recorded in Group-III, 

with the value of 32.4 ± 3.4 U/mg prot showing the ameliorating effect of EGCG. 

Insignificant (p>0.05) results were obtained between Group-IV and Group-I test 

zebrafish. The SOD activity in the gills of the experimental zebrafish on day 21 is 

represented in Table 5.4 and Figure 5.4(A). 

A similar trend was observed for CAT activity in the gills of test zebrafish. The Group-II 

zebrafish gills showed lower CAT values than the Group-I, with values of 4.4 ± 1.2 U/mg 

prot and 10.9 ± 1.0 U/mg prot, respectively, which was highly significant (p<0.001). 
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Treatment with EGCG in Group-III resulted in a significantly (p<0.001) higher CAT 

activity value of 8.8 ± 1.7 U/mg prot, indicating the potential healing effect of EGCG. 

Further insignificant (p>0.05) value was measured compared to Group-IV and Group-I. 

The CAT activity in the gills of different groups on day 21 is represented in Table 5.4 and 

Figure 5.4(B). 

5.3.4 Histology of liver 

Histological analysis of the liver, a vital metabolic organ, was examined on day 21 to 

elucidate the effects of EGCG administration on hepatic morphology and integrity. 

Administration of EGCG in the experimental Group-III exhibited a protective effect on 

the organs. The liver of Group-I displayed a normal hepatic lobule architecture, with 

hepatocytes forming branched cords and separated by blood sinusoids. The cells had a 

polyhedral appearance, basophilic granules, and rounded vesicular central nuclei. Portal 

areas showed normal connective tissue cells with minimal inflammatory infiltration. In 

Group-II, the histopathological damage was more severe, with a significantly (p<0.001) 

higher HAI value of 114.3 ± 6.5 compared to Group-I. Histological alterations such as 

steatosis, hepatocyte hypertrophy, atrophy, cytoplasmic vacuolation, and necrosis were 

observed in the liver tissue of Group-II. In Group-III, these alterations were less 

pronounced, and the HAI value was significantly (p<0.001) lower, with a value of 24.1 ± 

5.6, indicating a mitigating effect. The liver structure of Group-IV appeared normal but 

exhibited some hypertrophy and atrophy, although insignificant (p>0.05) when compared 

to Group-I. The histological changes in the liver of test zebrafish, represented in Figure 

5.5(A-D), correspond to the HAI values of the liver in different experimental groups, as 

represented in Figure 5.8. 
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5.3.5 Histology of kidney 

The kidney of the zebrafish consists of pinwheel-shaped nephron configurations, and the 

Group-I exhibited a normal renal histological structure. The brush border, proximal 

tubule, and distal tubule were orderly arranged. In contrast, the kidney of Group-II 

showed severe histological alterations, including vacuole degeneration, mesangial 

expansion, necrosis, tubular degeneration, focal hemorrhage, thickened glomerulus, 

brush border deficit, and dilation of Bowman's space. The HAI was significantly 

(p<0.001) higher with a value of 133.5 ± 5.5 in Group-II. These kidney tissue alterations 

were observed to be improved in the Group-III. A reduced HAI value of 32.3 ± 4.7 was 

revealed in Group-III, which is significantly (p<0.001) lower when compared to Group-

II. The Group-IV showed a similar histological structure to Group-I, with minimal tubular 

alterations that were insignificant (p>0.05) when compared to Group-I. The histological 

changes in the kidney of test zebrafish, depicted in Figure 5.6(A-D), are paralleled by the 

HAI values of the kidney in the various experimental groups, as illustrated in Figure 5.8. 

5.3.6 Histology of gills 

The gill histological sections of Group-I exhibited a normal structure, with primary 

lamellae organized in two rows and alternating secondary lamellae projecting over the 

lateral side. In contrast, the Group-II showed severe histopathological alterations in the 

gills, including epithelial cell hyperplasia, hypertrophy, lamellar fusion, lifting of the 

epithelia, edema in lamellae, hemorrhage, lamellar aneurysm, and necrosis. The HAI 

values were significantly (p<0.001) higher in Group-II with value (237 ± 5.6) compared 

to Group-I, Group-III, and Group-IV, with HAI values of 96.0 ± 3.2 for Group-III, and 

4.0 ± 2.3 in Group-IV, respectively. In the present study, Group-III gill structure showed 

less severe damage than Group-II, indicating a healing effect of EGCG. The treatment 
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Group-IV exhibited slight epithelial lifting and hypertrophy in the lamella, but these 

changes were insignificant (p>0.05) compared to Group-I. The histological changes in 

the gills of test zebrafish, as shown in Figure 5.7(A-F), are accompanied by the 

presentation of HAI values for the kidney in the diverse experimental groups, detailed in 

Figure 5.8. 
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Table 5.2: Effect of diabetes on the antioxidant enzyme activity in the liver of zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV 

– control + EGCG. Data are expressed as mean ± SD (n=6). Different superscripts denote 

significant (p<0.001) differences; the same superscripts denote insignificant (p>0.05) 

results between the columns of the exposure groups on day 21. 

 

 

 

 

 

 

 

 

 

 

Table 5.3: Effect of diabetes on the antioxidant enzyme activity in the kidney of zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV 

– control + EGCG. Data are expressed as mean ± SD (n=6). Different superscripts denote 

significant (p<0.001) differences; the same superscripts denote insignificant (p>0.05) 

results between the columns of the exposure groups on day 21. 

 

 

 

 

 

 

 

 

 

 

 

 

Groups 

Parameters 

SOD (U/mg/prot.)                     CAT (U/mg/prot.) 

Group- I 79.0±4.3a 26.0 ± 2.6a  

Group- II 47.0± 2.5b 10.2± 1.9b 

Group- III 71.0± 3.5c 21.2± 3.2c 

Group-IV 80.1 ± 4.1a 26.5± 2.5a 

 

Groups 

Parameters 

SOD (U/mg/prot.)                   CAT (U/mg/prot.) 

Group- I 64.0 ± 3.5a 32.2± 3.0a 

Group- II 40.2± 3.1b 18.1± 3.6b 

Group- III 57.4 ± 3.6c 26.3± 3.1c 

Group-IV 65.5± 3.7a 33.7± 2.9a 
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Table 5.4: Effect of diabetes on the antioxidant enzyme activity in the gills of zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV 

– control + EGCG. Data are expressed as mean ± SD (n=6). Different superscripts denote 

significant (p<0.001) differences; the same superscripts denote insignificant (p>0.05) 

results between the columns of the exposure groups on day 21. 

 

   

Groups 

Parameters 

SOD (U/mg/prot.)                       CAT (U/mg/prot.) 

Group- I 39.7 ± 3.4a 10.9± 1.0a 

Group- II 19.4 ± 3.8b 4.4± 1.2b 

Group- III 32.4 ± 3.4c 8.8± 1.7c 

Group-IV 40.0 ± 3.4a 11.3± 0.8a 
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Figure 5.2: Effect of diabetes on the antioxidant enzyme activity in the liver of zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV 

– control + EGCG. (A) SOD (B) CAT. Data are represented as mean ± SD (n=6) and 

analysed by one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents a 

significant difference, *p<0.05, **p<0.01, ***p<0.001. 

 

 

Figure 5.3: Effect of diabetes on the antioxidant enzyme activity in the kidney of 

zebrafish. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-

IV – control + EGCG. (A) SOD (B) CAT. Data are represented as mean ± SD (n=6) and 

analysed by one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents a  
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significant difference, *p<0.05, **p<0.01, ***p<0.001. 

 

Figure 5.4: Effect of diabetes on the antioxidant enzyme activity in the gills of zebrafish 

model. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV 

– control + EGCG. (A) SOD (B) CAT. Data are represented as mean ± SD (n=6) and 

analysed by one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents a 

significant difference, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 5.5: Histological changes in the liver of test zebrafish. (A) Group-I (B) Group-II 

(C) Group-III (D) Group-IV. Liver alterations are represented as steatosis (SA), 

hepatocyte hypertrophy (HP), atrophy (AT), cytoplasmic vacuolation (VA), and necrosis 

(N). 

(Figures captured at 40X magnification) 
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Figure 5.6: Histological changes in kidney of test zebrafish. (A) Group-I (B) Group-II 

(C) Group-III (D) Group-IV. Alterations in the tissue of different groups are represented 

as vacuole degeneration (VD), mesangial expansion (ME), necrosis (N), tubular 

degeneration (TD), focal haemorrhage (HR), thickness of the glomerulus (TG), brush 

border deficit (BD), and dilation of the bowman’s space (DC). 

(Figures captured at 40X magnification) 
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Figure 5.7: Histological changes in gills of test zebrafish. (A) Group-I (B-D) Group-II 

(E) Group-III (F) Group-IV. Alterations in the tissue of different groups are represented 

as epithelial cell hyperplasia (HL), hypertrophy (HP), lamellar fusion (SL), lifting of the 

epithelia (EP), edema in lamellae (ED), hemorrhage (HR), lamellar aneurysm (LA), and 

necrosis (N). 

(Figures captured at 40X magnification) 
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Figure 5.8: Histological alteration index (HAI) value of different organs of test zebrafish. 

Different superscripts denote significant (p<0.001) differences between the exposure 

groups of the same organs. 

 

 

 

 

 

 

 

 

 

 

 

 



 

151 | P a g e  

 

Chapter-5  Evaluation of therapeutic efficacy of EGCG on oxidative stress and 

histopathological changes in zebrafish model 

5.4 Discussion  

DM is a formidable global health challenge, and its treatment avenues frequently 

fall short of addressing its complicated character (Kerry et al., 2022). In this context, 

polyphenols such as EGCG, a prominent component of green tea, have garnered attention 

for their antioxidant properties and potential in combating the oxidative stress implicated 

in chronic degenerative ailments (Truong & Jeong, 2021). Oxidative stress, a hallmark of 

DM progression and pathogenesis, stems from prolonged hyperglycemia, which triggers 

an overproduction of ROS and subsequent cellular damage (Mandal et al., 2022; Zhang 

et al., 2023). Zebrafish, a widely recognized model organism, can counter increased 

oxidative stress through enzymes like SOD and CAT (Guru et al., 2022).  

SOD is a critical component of the scavenger pathway responsible for 

neutralizing ROS, while CAT and glutathione peroxidase enzymes break down hydrogen 

peroxide produced by SOD (Cheng et al., 2022). The results of the present study are 

consistent with recent research by Al-Sowayan & AL-Sallali, (2023), where a 

considerable reduction in SOD and CAT activity in STZ-induced diabetic rat models was 

documented. This decline in antioxidant enzymes predisposes various organs to oxidative 

damage due to the accumulation of harmful radicals, potentially exacerbating DM 

complications (Firdous & Singh, 2016). The observed decrease in CAT activity in 

diabetic conditions is attributed to heightened superoxide anion production, as evidenced 

in rodent and zebrafish models (Pérez Gutiérrez et al., 2022). Further, the reduced CAT 

and SOD levels in the gills may be linked to elevated oxidative stress associated with 

DM, further elevating the risk of harm from free radicals (Correia et al., 2023). Prolonged 

DM may lead to tissue lipid peroxidation and direct ROS attacks on proteins, contributing 

to the loss of tissue antioxidant capabilities. Treatment with EGCG demonstrated a 
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notable improvement in tissue antioxidant levels, indicating its effectiveness in mitigating 

oxidative stress within the liver, kidney, and gills of diabetic zebrafish. In various studies, 

EGCG has garnered recognition as a potent antioxidant agent (Singh et al., 2011; 

Bartosikova & Necas, 2018). Flavonoids in green tea, particularly EGCG, have been 

documented for their antioxidant and iron-chelating properties, countering the detrimental 

effects of oxygen-depleted free radicals associated with chronic diseases (Hutachok et al., 

2023).  

The present findings resonate with contemporary research, showcasing the 

capacity of EGCG to activate SOD and CAT, thereby replenishing antioxidant enzyme 

levels (Soussi et al., 2022). Notably, EGCG administration has shown efficacy in 

decreasing lipid peroxidation and nitrite content while boosting SOD activity in diabetic 

rats (Baluchnejadmojarad & Roghani, 2012; Akpoveso et al., 2023). Moreover, it is 

envisaged that EGCG has the role of suppressing hepatic gluconeogenesis and enhancing 

insulin signaling pathways, underscoring its multifaceted therapeutic benefits in DM 

management. 

The pivotal role of the liver in glucose homeostasis and insulin action 

underscores its significance in metabolic regulation. This present investigation into STZ-

induced diabetic zebrafish revealed notable histological alterations in the liver, mirroring 

findings observed in STZ-induced rat models. These alterations encompass vacuolation, 

hepatocyte hypertrophy, atrophy, steatosis, and necrosis, reflecting a spectrum of 

pathological changes consistent with diabetic liver pathology documented in prior 

research (El-Megharbel et al., 2022; Ghalwas et al., 2022).  

Histologically, atrophy and hypertrophy denote adaptive responses in shifting  

metabolic demands, whereas vacuolation signals metabolic disruption and cellular injury  
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(Shreenidhi & Bose, 2022). The observed increase in apoptosis aligns with its role in 

tissue homeostasis and dysregulation in diabetic states (Sharma et al., 2021c). STZ-

induced diabetes triggers a cascade of events, including oxidative stress, inflammation, 

and dysregulated apoptotic pathways, culminating in cellular demise and diabetes-related 

complications (Farid et al., 2022). The necrotic changes in the liver cells of the present 

experimental DM groups can likely be attributed to increased oxidative stress. Notably, 

EGCG is known for its antioxidant properties and has shown ameliorating results in 

insulin resistance, maintaining glucose homeostasis, and suppressing liver inflammation 

(Legeay et al., 2015; Wan et al., 2022). Multiple studies have showcased the favourable 

impact of EGCG on liver histopathology, including the alleviation of fatty changes, 

necrosis, and inflammation (Zhou et al., 2017; Soussi et al., 2022; Mostafa-Hedeab et al., 

2022). Throughout the study, EGCG treatment demonstrated the potential to mitigate 

oxidative stress and restore normal liver histological features in diabetic zebrafish. The 

antioxidant and anti-inflammatory properties of EGCG and its role in regulating glucose 

homeostasis collectively contribute to its therapeutic efficacy. These observations align 

harmoniously with research conducted in diabetic animal models and instances of liver 

toxicity (Legeay et al., 2015; Sampath et al., 2017; Mostafa-Hedeab et al., 2022). 

In zebrafish, the kidney is an essential organ for toxin excretion, providing 

valuable insights into environmental influences and the progression of disease states such 

as diabetes. Meticulous examination of DM-induced diabetic zebrafish uncovered a 

spectrum of histological irregularities within renal tissues, echoing findings observed in 

analogous diabetic animal models. These renal anomalies comprised vacuole 

degeneration, mesangial expansion, necrosis, tubular degeneration, focal hemorrhage, 

glomerular thickening, and dilation of Bowman's space, mirroring the structural kidney 
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aberrations documented in DM-induced animal models. These findings correspond to 

earlier studies conducted in animals induced with STZ, which reported analogous 

structural kidney irregularities like vacuole degeneration, glomerular thickening, and 

dilation of Bowman's space (Omara et al., 2012; Duman et al., 2022). 

Glomerular hypertrophy, stemming from heightened plasma flow and glomerular 

capillary hydrostatic pressure, represents an incipient stage of glomerular impairment in 

diabetic pathology (Thomas & Ford Versypt, 2022). Renal glomerular hypertrophy is 

attributed to increased plasma flow and glomerular capillary hydrostatic pressure (Deng 

et al., 2023). Elevated glucose levels can induce excessive apoptosis in mesangial cells, 

resulting in Bowman’s capsule expansion and widening Bowman's space due to glycogen 

accumulation (Zhang et al., 2015). Furthermore, proximal tubule necrosis, characterized 

by deficits in the brush border and epithelial cell alterations, underscores the intricate and 

multifaceted nature of diabetic renal pathology (Alipin et al., 2019). A comparable loss 

of brush border and necrosis in the kidney tissues has been reported in DM-induced mice 

via STZ (Fareed et al., 2023). Cell vacuolization in kidney tubules can indicate cellular 

adaptation or destruction depending on the specific cellular context. Glycogen deposition 

is associated with cell vacuolization, and it is worth noting that anti-inflammatory drugs 

have been shown to improve vacuolar alterations (Zhou et al., 2017). 

Following treatment with EGCG, a striking restoration of the observed 

histological kidney alterations was evident in diabetic zebrafish. Notably, the kidney 

structure of zebrafish treated with EGCG resembles that of healthy counterparts. This 

observed efficacy of EGCG can be attributed to its potent antioxidant and anti-

inflammatory properties, which play pivotal roles in mitigating the deleterious effects 

inflicted by ROS on kidney tissues. The mechanism of EGCG action involves direct 
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scavenging of ROS and indirect suppression of ROS-producing enzymes, along with 

binding to pro-oxidizing metal ions. Notably, its antioxidant properties are underscored 

by its capability to neutralize the DPPH radical, demonstrating its robust antioxidative 

potential (Thangapandiyan & Miltonprabu, 2014). Zebrafish treated with EGCG 

exhibited kidney structures with nearly normal glomerular and tubular cell architecture, 

minimal inflammation, tubular expansion, and congestion compared to untreated diabetic 

fish. This echoes the findings from studies conducted in rats and mice, demonstrating the 

ameliorative effects of EGCG on diabetic nephropathy (Yoon et al., 2014). Furthermore, 

EGCG has exhibited anti-inflammatory properties, suppressing endoplasmic reticulum 

stress responses and inhibiting apoptosis in renal tissues (Yang et al., 2022). 

While indispensable for respiration and maintaining physiological equilibrium, 

fish gills are exceptionally vulnerable to environmental pollutants due to their thin and 

exposed structure. Like other freshwater teleosts, the gill architecture in zebrafish 

comprises branchial arches housing primary filaments and secondary lamellae, 

facilitating efficient gas exchange (Macirella & Brunelli, 2017). Beyond their primary 

role in oxygen exchange, fish gills serve essential functions such as osmotic regulation, 

nitrogenous compound excretion, and acid-base balance maintenance in adult fish 

(Giareta et al., 2023). However, the delicate nature of gill membranes, which enables 

efficient oxygen exchange, also makes them vulnerable to various environmental 

pollutants, even at low concentrations in the water (Haque et al., 2022). Fish possess 

remarkable sensitivity to alterations in their chemical and physical surroundings, and their 

physiological changes can indicate the impact of changing environmental conditions 

(Haque et al., 2022). 

Histological aberrations observed in the gills of zebrafish, including epithelial  
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cell hyperplasia and hypertrophy, lamellar fusion, epithelial lifting, and lamellar edema, 

are commonly construed as defence mechanisms elicited in response to exposure to 

environmental irritants (Ortiz-Delgado et al., 2021). These alterations, induced by toxins 

or pathogenic agents, range from first-degree gill changes such as hypertrophy, 

hyperplasia, epithelial lifting, and fusion of secondary lamellae to more severe damage, 

including hemorrhage, lamellar aneurysm, and necrosis. Such histopathological 

variations align with those documented in fish gills exposed to diverse pollutants and are 

generally considered nonspecific responses (Azadbakht et al., 2019). Similar first-degree 

lesions have been observed in the gills of Clarias gariepinus, signifying the potential of 

gill tissues as indicators of xenobiotic exposure and the effects of pharmaceutical 

particles, even at low concentrations (Trombini et al., 2022). Additionally, 

histopathological changes like hyperplasia, epithelial lifting, lamellar fusion, necrosis, 

and hemorrhage have been reported in Osteobrama belangeri following exposure to 

unionized ammonia (Mangang & Pandey, 2021).  

Hyperplasia, characterized by increased cell numbers, can significantly reduce 

the interlamellar space in fish gills, ultimately resulting in lamellar fusion, compromising 

efficient gas exchange, and detrimentally impacting overall fish health (Nimet et al., 

2019). Gill lamellae lifting is typically associated with the penetration of environmental 

contaminants through the gill epithelium and basement membrane, effectively 

lengthening the distance for diffusion (Kirthi et al., 2022). Lamellar cell hypertrophy 

further reduces the lamellar space and has the potential to induce secondary lamellar 

fusion and capillary hemorrhage. These responses collectively suggest that epithelial 

thickening, through cell multiplication, is a defence mechanism to impede further entry 

of pollutants. 
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The manifestation of gill filament curling is often associated with the collapse of 

the vascular skeleton within fish gills, possibly due to low hydrostatic pressure within the 

pillar cell system (Pal et al., 2012). Aneurysms, indicative of severe structural changes in 

the gills, arise from disruptions in blood flow within the gill structure. Morphological 

alterations in pillar cells can adversely affect blood circulation in lamellar capillaries, 

triggering downstream effects (Neelima et al., 2015; Badroo et al., 2020). In extreme 

environmental stress, impaired or collapsed pillar cells can induce increased blood flow, 

resulting in congestion and aneurysms. While these responses protect against toxicants, 

they may impede gill respiration, potentially outweighing their protective effects against 

toxin uptake. 

The findings of this study demonstrate the therapeutic potential of EGCG in 

mitigating oxidative stress and histopathological changes in a zebrafish model. The 

antioxidant properties of EGCG, coupled with its ability to enhance endogenous 

antioxidant defences and promote tissue repair, highlight its promise as a natural 

therapeutic agent for managing oxidative stress-related diseases. 
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Effect of EGCG on diabetes-induced reproductive performance and 
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6.1 Introduction     

The global reduction in birth rates, particularly evident in industrialized 

nations, has ignited substantial discourse. It is predominantly concerned with 

discerning the relative influence of sociocultural and biological factors, especially with 

DM, on reproductive well-being. Exposure to toxins such as endocrine disruptors is a 

major biological cause of concern for decreased fertility. In addition, the increasing 

prevalence of DM may also play a crucial role in the alarming decline in birth rates 

(Molina et al., 2021). DM is known to cause vascularization and endothelial 

dysfunctions, leading to reproductive impairment in both men and women (Devi et al., 

2015). DM can result in congenital malformations, increasing perinatal morbidity and 

mortality among pregnant women. The pathophysiology of pregnancy complications 

in diabetic women is not entirely understood. However, it is believed to be related to 

the pro-inflammatory and pro-oxidative intrauterine environment due to metabolic 

abnormalities (Sharma et al., 2022). DM can also lead to male reproductive 

dysfunctions, hindering spermatogenesis and reducing the quality and quantity of 

sperm produced, with accompanying dysfunctions of the hypothalamic-pituitary-

testicular axis, which results in decreased levels of hormones like luteinizing hormone, 

follicle-stimulating hormone, and testosterone. Chronic hyperglycemia can also result 

in loss of libido and erectile dysfunction, leading to male infertility (Singh et al., 

2016a). 

Natural compounds of herbal origin have gained popularity as epigenetic 

modulators and are used as alternative therapies for treating various metabolic diseases 

(He et al., 2022). EGCG, a catechin abundant in green tea, is known for its potent 

antioxidant and anti-inflammatory properties. It has also been reported to regulate 
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disease-specific targets and improve metabolic functions (Jamir et al., 2023).  EGCG 

has shown efficacy in enhancing glucose tolerance, increasing glucose secretion, and 

preserving the pathological changes in islet structure in db/db mice (Blahova et al., 

2021).  

The utilization of zebrafish as a model organism for studying metabolic 

disorders has surged owing to their genetic similarity and shared organ systems with 

humans. Zebrafish are frequently employed in embryonic toxicity studies and drug 

screening due to their transparent embryos and rapid development. Furthermore, they 

are cost-effective, easy to maintain, and provide highly reproducible statistical data (Li 

& Ge, 2020). Adult zebrafish can develop a long-term diabetic condition similar to 

humans and can be used to investigate DM-related pathologies. The glucose 

metabolism in zebrafish works similarly to humans as it is regulated by the direct 

release of insulin and glucagon into the bloodstream (Lee & Yang, 2021). 

However, the effect of EGCG on DM-induced zebrafish remains largely 

unexplored. Thus, the objective of this study was to induce diabetes in adult zebrafish 

via STZ treatment and to evaluate the associated reproductive parameters in the first 

filial generation (F1) for 14 days post-fertilization (dpf). Additionally, this study aimed 

to investigate the potential benefits of EGCG treatment in improving reproductive 

performance and restoring histoarchitectures of the reproductive organs in the DM-

induced zebrafish model, thereby highlighting the significance of EGCG in combating 

diabetic embryopathy. To the best of our knowledge, there are no existing reports 

detailing the effects of EGCG on developmental abnormalities, hepato-somatic index 

(HSI), and gonado-somatic index (GSI) in a diabetic zebrafish model. 
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6.2 Materials and methods 

6.2.1 Chemicals 

EGCG (>95%) and STZ were obtained from Merck. Before usage, all glassware and 

aquariums underwent thorough cleaning procedures and were subsequently rinsed with 

distilled water to ensure study accuracy. Additionally, xylene, hematoxylin-eosin 

solution, and absolute alcohol were employed in the study. 

6.2.2 Induction of diabetes 

DM was induced in adult zebrafish by administering STZ following the protocols 

described (Longkumer et al., 2020).  Post-injection, the zebrafish were closely 

monitored for abnormal behaviour and then transferred to a normal water tank for 

recovery. The detailed induction process of diabetes in zebrafish is described in Chapter 

3. 

6.2.3 Acclimatization of zebrafish 

Adult zebrafish were obtained from Aqua Fish & pets, Jorhat Assam, India, and housed 

in a zebrafish housing system (Model-NT-ZB-11; Make-Narshi Technologies) with 

constant temperature, biological and mechanical water filtration, and aeration. The 

zebrafish were maintained under a 14h/10hr: day/night photoperiod cycle and were fed 

commercially available Optimum Super NovaTM fish feed containing protein 28%, 

crude fat 3%, fibre 4%, and moisture 10%. The detailed acclimatization of the zebrafish 

is described in Chapter 2.  

6.2.4 Experimental design 

Zebrafish of approximately 500-600 mg in weight for females and 390-420 mg for 

males were selected from the stock. The zebrafish were divided into groups: Group-I - 

control, Group-II - diabetic, Group-III - diabetic + EGCG, and Group-IV - control + 
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EGCG. An effective dose of 6 mg/L of EGCG was used for the study. The treatment 

with EGCG was maintained throughout the experiment. Figure 6.1 describes the 

experimental design of the study. 

 

Figure 6.1: Diagrammatic representation of the experimental setup for reproductive 

performance and developmental deformities in the zebrafish model.   

 

6.2.5 Larval rearing 

Zebrafish larvae were reared by collecting eggs in a clean Petri dish filled with 

deionized water to prevent contamination. Initially, larvae obtained nutrients from their 

yolk sac until a few days after hatching. Afterward, they were fed a combination of 

zooplankton paramecium and crushed dry fish pellets (approximately 100 microns in 

size). After 14 days, they were transferred to a 1-liter aquarium, and their nutritional 

provision was adjusted systematically to accommodate their advancing age. 

6.2.6 Determination of gonadosomatic (GSI) and hepatosomatic index (HSI) 

On days 1, 7, 14, and 21, the gonadosomatic index (GSI) and hepatosomatic index 

(HSI) were quantified for each sexually mature male and female zebrafish under study. 

By the end of day 21, a histological examination was conducted on the gonadal tissues. 
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The computation of GSI and HSI values was calculated using the formulas: [gonad 

weight in (g) / total weight in (g)] x 100, and [liver weight in (g) / total weight in (g)] 

x 100 respectively as described by Jan & Jan. (2017). 

6.2.7 Assessment of reproductive parameters 

Male and female zebrafish were introduced into a breeding chamber in a 2:1 male-to-

female ratio to investigate reproductive parameters. The eggs from the F1 generation of 

the designated groups were gathered and subjected to a comprehensive 14-day analysis 

within a petri dish containing distilled water. Various parameters such as: average 

fecundity, percentage fertilization, percentage hatching, and percentage survival. 

Average fecundity represented the total number of eggs laid, both viable and non-

viable, during the spawning activity. The determination of the percentage of 

fertilization was done once the zebrafish eggs reached the 4-8 celled developmental 

stage. Subsequently, the percentage hatching and percentage survival for the 

experimental groups were calculated using the formula described by Adebayo et al. 

(2006). 

Percentage fertilization = (Number of viable eggs/Total number of eggs laid per 

spawning activity) × 100 

Percentage hatching = (Total number of eggs hatched/Total number of eggs laid per 

spawning activity) × 100 

Percentage survival = (Total number of eggs survived up to larva stage/Total number 

of eggs hatched) × 100 

6.2.8 Deformity assessment  

A deformity assessment of embryos was conducted for the test groups to evaluate 

malformations from zero-hour post-fertilization (0 hpf) to 14 dpf. Deformities such as 
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early cell stage anomalies, lordosis, edema, and tail deformities were recorded. The 

percentage of embryo deformity was calculated using the formula described by 

(Adebayo et al., 2006) 

Percentage deformity = (Total number of deformed embryos/Total number of embryos) 

× 100 

6.2.9 Histopathological study 

After 21-days of the treatment period, gonads were dissected out, washed in 

physiological saline solution, and preserved in 10% buffer formalin. Following 

fixation, tissues underwent dehydration, embedding in paraffin blocks, and sectioning 

at 4-5 μ thickness. Harris-hematoxylin stain was applied, followed by eosin 

counterstaining. The detailed procedure of the histological study is described in 

Chapter 2. 

6.2.10 Image pre-processing and processing 

The collected eggs were first examined under an Olympus Stereo zoom microscope 

(Model SZX10) to remove debris. Images of the eggs at different developmental stages 

and the histological slides of the ovary and testis were captured using a labomed cxl 

binocular microscope, equipped with magnifications ranging from 4X to 100X. The 

microscope was connected to a Sony digital camera model E31SPM20000KPA (USB 

2.0). Images were processed using ImageJ software. 

6.2.11 Statistical analysis 

Statistical analysis was conducted using GraphPad Prism 5.0 software and presented  

as mean ± SD. One-way analysis of variance (ANOVA) with Tukey's post hoc test was 

used for comparisons between groups, with p<0.05, p<0.01, and p<0.001 indicating 

statistical significant.  
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6.3 Results 

6.3.1 GSI and HSI in female subjects 

GSI and HSI assessments are crucial for evaluating the reproductive health and liver 

condition of test fish. This study observed changes in GSI and HSI values in female 

zebrafish under different experimental durations. Group-I showed a slight increasing 

trend in GSI values over the 21-day experimental period, but the changes were 

insignificant (p>0.05). Conversely, Group-II had significantly (p<0.001) lower GSI 

values compared to Group-I, indicating the detrimental impact of diabetes on the 

reproductive organs of test zebrafish. However, Group-III led to a significant (p<0.001) 

improvement in GSI values, suggesting potential therapeutic effects in restoring 

reproductive health in diabetic subjects. The changes in the values of GSI of the female 

experimental subjects are described in Table 6.1 and Figure 6.2[A-D]. 

The HSI values of Group-I showed a similar trend as that of GSI, with a slightly 

increasing value over the experimental duration, but it was insignificant (p>0.05). In 

contrast, Group-II had significantly (p<0.001) higher HSI values than Group-I, 

indicating liver damage. Further, Group-III showed a significant (p<0.001) decrease in 

the HSI values over the course of the study compared to Group-II. The changes in the 

HSI value of the different experimental groups are depicted in Table 6.1 and Figure 

6.3[A-D]. 

6.3.2 GSI and HSI in male subjects 

The change in the value of GSI and HSI of the male experimental zebrafish was 

examined and recorded. The Group-I subject recorded a similar increasing trend of GSI 

and HSI values as that of female subjects. In contrast, the Group-II subjects had a 

significantly (p<0.001) lower GSI value and significantly (p<0.001) higher HSI value 
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than the Group-I, indicating the detrimental impact of diabetes on male reproductive 

organs. However, Group-III subjects over the period of 21 days showed a significant 

(p<0.001) improvement in GSI and HSI values, suggesting the potential therapeutic 

effects of EGCG in restoring reproductive health in diabetic conditions. Additionally, 

Group-IV showed insignificant (p>0.05) values of GSI and HSI compared to Group-I. 

Table 6.2, Figure 6.4[A-D], and Figure 6.5[A-D] depicts the change in the GSI and HSI 

of the experimental zebrafish. 

6.3.3 Assessment of reproductive parameters 

6.3.3.1 Normal development of zebrafish embryo 

The normal development of the zebrafish embryo was studied, and represented in Table 

6.3. The eggs are telolecithal, and the pattern of cleavage is discoidal and meroblastic. 

The embryogenesis of the zebrafish from fertilization to hatching took 96- hours to 

complete.  

Zygote stage  

The zygote stage of the zebrafish embryo occurs early on, where the cytoplasm 

accumulates at the animal pole. One cell stage of the embryo is represented in Figure 

6.7. 

Cleavage stage 

The cleavage of the embryo occurs at the animal pole from 0.45 minutes to 1-hour post-

fertilization. The embryo at this stage undergoes cell division from the 2-cell 

blastomere stage to the 16-cell blastomeres stage, as represented in Figure 6.7, which 

is followed by the blastula stage. 

Blastula stage 

The blastula stage occurs from 2 hours post fertilization to 4 hours post fertilization.  
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During the blastula stage, the blastomere increases in number, and the interface 

between the yolk and the blastoderm appears to be flat, as represented in Figure 6.7. 

Gastrula stage 

The blastula stage is followed by a series of changes in the embryo known as the 

gastrula stage, where the cell spreads over to the vegetal pole, replacing the margin of 

the blastoderm and starting gastrulation. During the gastrula stage, 50% epiboly and 

75% epiboly are seen covering nearly half of the yolk, as represented in Figure 6.7.  

Segmentation stage 

The Gastrula stage is followed by segmentation, which starts at 10 hours and 30 

minutes post-fertilization, and the formation of the first somites is observed. The 

somites begin to develop. Further, the mesoderm of the early trunk develops, and 

segmentation in the tail occurs, as represented in Figure 6.7. 

Hatching 

The embryo hatched from 48 hours post-fertilization to 96 hours post-fertilization. The 

twisting movement of the unhatched larvae inside the egg was visible before the 

hatching time. Figure 6.7 represents the hatched larvae at 48 hours. 

120 hours old hatched larvae 

The larvae feed on the yolk sac and the yolk sac until they are slowly replaced by a 

developing alimentary canal, as depicted in Figure 6.7. 

14-day old larvae 

The 14-day-old larvae had a clear pigmented body, and further, the yolk sac was 

replaced by an alimentary canal. The fins were beginning to develop, as depicted in 

Figure 6.7. 
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6.3.3.2 Average fecundity  

The change in the average fecundity of the test zebrafish under different experimental 

conditions has been represented in Table 6.4 and Figure 6.6(A). Group-I exhibited the 

value of average fecundity as 334±7.9, while Group-II had a significantly (p<0.001) 

lower value (244±4.7), indicating the detrimental impact of diabetes on reproductive 

performance. However, treatment of diabetic zebrafish with EGCG improved the 

fecundity value, as seen in Group-III which depicted higher fecundity values than 

Group-II, as evident in Figure 6.6(A). Although the fecundity of Group-III was still 

significantly (p<0.05) lower than the control group, these results suggest a potential 

beneficial effect of EGCG in restoring reproductive health in diabetic conditions. 

Furthermore, Group-IV had slightly higher average fecundity than the control group, 

though statistically insignificant (p>0.01), indicating the potential benefits of EGCG 

treatment in the fecundity of healthy subjects. 

6.3.3.3 Percentage fertilization  

Fertilization is a crucial aspect of reproduction, and the percentage of fertilized eggs is 

a measure of reproductive success. Results showed that the percentage of fertilized 

eggs was significantly lower in Group-II (74.8±3.0) compared to Group-I (98.9±0.3), 

indicating a harmful effect of diabetes on egg fertilization. However, treatment with 

EGCG showed a potential impact on the fertilization percentage of the experimental 

group. The Group-III showed an improved fertilization percentage with a value of 

(79.0±3.0) which is higher than Group-II, suggesting that EGCG treatment may 

improve fertilization in diabetic conditions. Moreover, the fertilization percentage of 

Group-IV was slightly higher than that of Group-I, although this difference was 

insignificant (p>0.05). These results suggest that EGCG treatment may potentially 
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affect fertilization and pathological conditions in the subjects. The effect of diabetes on 

the average fertilization of the zebrafish embryo is depicted in Table 6.4 and Figure 

6.6(B).  

6.3.3.4 Percentage hatchability  

The eggs of the control zebrafish showed a higher hatchability percentage which was 

99.4±0.3. Group-I showed nearly complete hatchability of eggs. In contrast, Group-II 

had a significantly (p<0.001) lower hatchability percentage of (62.9±4.2), indicating 

potential detrimental effects on zebrafish egg hatchability. However, Group-III 

demonstrated a significantly (p<0.001) higher hatchability percentage (81.5±6.6) than 

Group-II, suggesting potential beneficial effects in mitigating diabetes-related 

hatchability issues. Interestingly, insignificant (p>0.05) difference in hatchability 

percentage was observed when compared between Group-I and Group-IV, implying 

that the EGCG treatment in Group-IV did not affect zebrafish egg hatchability, the 

percentage hatchability of the different groups is depicted in Table 6.4 and Figure 

6.6(C). 

6.3.3.5 Percentage survival  

Results of the present study showed that Group-I and Group-IV had the best survival 

values, with survival percentages of 99.7±0.5 and 99.5±0.2, respectively. The finding 

suggests that these groups had a high survival rate, indicating that the conditions for 

the eggs were optimal. On the other hand, the Group-II zebrafish showed a significantly 

(p<0.001) lower survival percentage (60.6±5.1) indicating that diabetes may have 

detrimental effects on the survival of zebrafish eggs. However, the study reveals that 

Group-III had a significantly (p<0.001) better survival percentage of 70.8±4.4 

compared to Group-II adding to the protective effect of EGCG. The result of  
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the different groups are depicted in Table 6.4 and Figure 6.6(D). 

6.3.3.6 Deformity assessment  

The deformity assessment of zebrafish larvae revealed the highest malformations in 

Group-II, while Group-I and Group-IV exhibited the least malformations. It has been 

recorded that Group-III had lower malformations than Group-II, as shown in Table 6.5. 

Malformations were categorized into the coagulation of egg, blisters, uneven cleavage, 

lordosis, swollen body, edema, and tail deformities, which are represented in Figure 

6.8[E-X]. Group-II had the highest malformations compared to the Group-I, but 

treatment with EGCG in Group-III showed notable reductions as described in Figure 

6.8[A-D]. In the case of tail deformities, Group-II had higher deformities compared to 

Group-I, but Group-III demonstrated a remarkable reduction in tail malformations.  

6.3.4 Histopathological study 

6.3.4.1 Histopathology of the ovary  

The histological analysis showed that Group-II had marked alterations in the ovarian 

structure compared to Group-I, including oocyte degeneration, vacuolation, atria 

follicles, and a reduced number of matured oocytes. These findings indicate that DM 

adversely affects the ovarian structure of test zebrafish, which can lead to impaired 

reproduction. Interestingly, treatment with EGCG, as in Group III, improved the 

ovarian structure of diabetic zebrafish, as evidenced by a decrease in oocyte 

degeneration as well as a decrease in atria follicles and an increase in the number of 

matured follicles. These results suggest that EGCG may have a potential therapeutic 

effect on diabetic-associated ovarian dysfunction. Furthermore, the histological 

analysis of Group IV showed an ovarian structure similar to that of Group I. This 

finding indicates that EGCG treatment did not adversely affect the ovarian structure of 
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control subjects. The histological analysis of the different groups is represented in 

Figure 6.9[A-D]. 

6.3.4.2 Histopathology of the testis 

The Group-I result showed a normal testis histology containing different stages of 

spermatogenesis. In contrast, Group-II showed several histological lesions, including 

degeneration of spermatids, vacuolation, degeneration of the interstitial site, and 

decreased number of spermatozoa. These results suggest that diabetes significantly 

impacted the testicular tissue of zebrafish. However, Group-III improved the 

histological structure of the testis. Although few alterations, such as vacuolation and 

degeneration of spermatozoa, were still observed, their incidence was lower than that 

of Group-II. Furthermore, the histological sections of Group IV and Group I showed 

normal histoarchitecture without any lesions and alterations. Figure 6.10[A-D] depicts 

the histological sections of the testis under different experimental conditions. 
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Table 6.1: Changes in GSI and HSI of female experimental zebrafish model. Group-I 

– control; Group-II – diabetic; Group-III – diabetic + EGCG; Group IV – control + 

EGCG. Data are expressed as mean ± SD (n=6). Different superscripts denote 

significant (p<0.001) differences; the same superscripts denote insignificant (p>0.05) 

results between the columns of the exposure groups.  

 

Table 6.2: Changes in GSI and HSI of male experimental zebrafish model. Group-I – 

control; Group-II – diabetic; Group-III – diabetic + EGCG; Group IV – control + 

EGCG. Data are expressed as mean ± SD (n=6). Different superscripts denote 

significant (p<0.001) differences; the same superscripts denote insignificant (p>0.05) 

results between the columns of the exposure groups. 

Parameter Groups Exposure (Days) 

Day1 Day 7 Day 14 Day 21 

GSI Group-I 6.91±0.49a 7.01±0.45a 7.10±0.42a 7.14±0.34a 

Group-II 5.80±0.55b 5.61±0.43b 5.48±0.47b 5.30±0.57b 

Group-III 5.82±0.56b 6.05±0.41b 6.33±0.45c 6.42±0.38c 

Group-IV 6.98±0.44a 7.03±0.51a 7.11±0.44a 7.16±0.50a 

HSI Group-I 0.70±0.10a 0.75±0.06a 0.76±0.08a 0.79±0.09a 

Group-II 1.28±0.11b 1.30±0.12b 1.36±0.18b 1.54±0.12b 

Group-III 1.29±0.15b 1.15±0.14b 1.07±0.16c 0.99±0.09c 

Group-IV 0.70±0.12a 0.73±0.12a 0.75±0.12a 0.77±0.11a 

Parameter Groups Exposure (Days) 

Day 1 Day 7 Day 14 Day 21 

GSI 

 

Group-I 0.73±0.09a 0.75±0.07a 0.78±0.07a 0.82±0.07a 

Group-II 0.58±0.05b 0.54±0.08b 0.51±0.06b 0.48±0.09b 

Group-III 0.59±0.08b 0.60±0.09b 0.63±0.04c 0.66±0.07c 

Group-IV 0.73±0.07a 0.77±0.09a 0.79±0.08a 0.83±0.12a 

HSI Group-I 0.70±0.10a 0.75±0.06a 0.76±0.08a 0.79±0.09a 

Group-II 1.28±0.11b 1.30±0.12b 1.36±0.17b 1.54±0.12b 
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Table 6.3: Normal development of zebrafish embryo 

 

 

Group-III 1.29±0.07b 1.15±0.14b 1.07±0.16c 0.99±0.09c 

Group-IV 0.70±0.12a 0.73±0.12a 0.75±0.12a 0.77±0.11a 

Stages Characterization Time (hours) 

Fertilization Zygote 0 hour 

Zygote stage Accumulation of cytoplasm at the 

animal pole. One cell stage 

0 hour 

Cleavage stage  2 cell stage -16 cell stage division  0.45 minutes -1 

hour:30 minutes 

Blastula stage Increase in the number of blastomers. 

The interface between the yolk and 

blastoderm is flat 

2 hours - 4 hours  

Gastrula stage   Epibolic movements start; blastoderm 

becomes thin and curve 

5 hours-10 hours 

Segmentation stage Somites start to develop; 

undifferentiated mesodermal 

components of the early tail and tail 

segments are visible; muscular twitches 

and an extended tail are observed  

10:30 hours- 20 

hours 

Pharyngula stage Movement of the tail is spontaneous; 

the tail detached from the yolk, body 

pigmentations, retina pigmentation and 

heart beat is observed 

24 hours-36 

hours 

Hatching  Normal heart beat, yolk extension 

begins to taper, pigmentation is well 

defined, and foregut starts to develop 

48 hours-96 

hours 
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Table 6.4: Average fecundity, % fertilization, % hatchability and % survival of the F1 

generation. Group-I – control; Group-II – diabetic; Group-III – diabetic + EGCG; 

Group IV – control + EGCG. Data are expressed as mean ± SD (n=6). Different 

superscripts denote significant (p<0.001) differences; the same superscripts denote 

insignificant (p>0.05) results between the columns of the exposure groups. 

 

Table 6.5: Percentage deformities of the F1 generation.  Groups: (I) – control; (II) – 

diabetic; (III) – diabetic + EGCG; (IV) – control + EGCG. Data are expressed as mean 

± SD (n=6). Different superscripts denote significant (p<0.001) differences; the same 

superscripts denote insignificant (p>0.05) results between the columns of the exposure 

groups. 

 

 

 

Group 

Average 

fecundity 

Fertilization 

(%) 

Hatchability 

(%) 

Survival 

(%) 

Group-I   334±7.9a 98.9±0.3a 99.4±0.3a 99.7±0.5a 

Group-II   244±4.7b 74.8±3.0b 62.9±4.2b 60.6±5.1b 

Group-III 274±5.0c 79.0±3.0c 81.5±6.6c 70.8±4.4c 

Group-IV 338±7.8a 99.1±0.3a 99.6±0.2a 99.5±0.2a 

 

Groups 

Percentage Deformity 

24 hpf 48 hpf 72 hpf 120 hpf 168 hpf 10 dpf 14 dpf 

I 
2.9±0.1a 1.8±0.2a 0.0a 0.0a 0.0a 0.0a 0.0a 

II 24.4±1.5b 29.1±3.7b 20.8±1.7b 17.3±2.7b 10.0±1.6b 5.1±1.6b 3.9±1.4b 

III 13±1.7c 19.8±2.6c 6.2±1.5c 5.9±1.9c 5.3±2.8c 2.2±0.9c 0.0c 

IV 3.0±0.2a 1.4±0.2a 0.0a 0.0a 0.0a 0.0a 0.0a 
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Figure 6.2: Effect of diabetes on the GSI of female zebrafish model. Group-I – control; 

Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. (A) 

Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are represented as mean ± SD (n=6) and 

analysed by one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents 

a significant difference, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 6.3: Effect of diabetes on the HSI of female zebrafish model. Group-I – control; 

Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. (A) 

Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are represented as mean ± SD (n=6) and 

analysed by one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents 

a significant difference, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 6.4: Effect of diabetes on the GSI of male zebrafish model. Group-I – control; 

Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. (A) 

Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are represented as mean ± SD (n=6) and 

analysed by one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents 

a significant difference, *p<0.05, **p<0.01, ***p<0.001. 
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Figure 6.5: Effect of diabetes on the HSI of male zebrafish model. Group-I – control; 

Group-II – diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. (A) 

Day 1 (B) Day 7 (C) Day 14 (D) Day 21. Data are represented as mean ± SD (n=6) and 

analysed by one-way ANOVA followed by Tukey's post-hoc test. Asterisk represents 

a significant difference, *p<0.05, **p<0.01, ***p<0.001. 



 Chapter-6 Effect of EGCG on diabetes-induced reproductive performance 

and developmental deformities in zebrafish model 

 

178 | P a g e  

 

 

Figure 6.6: Assessment of reproductive parameters. Group-I – control; Group-II – 

diabetic; Group-III – diabetic + EGCG; Group-IV – control + EGCG. (A) Average 

fecundity (B) Percentage fertilization (C) Percentage hatchability (D) Percentage 

survival. Data are expressed as mean ± SD (n=6) and analysed by one-way ANOVA 

followed by Tukey's post-hoc test. Asterisk represents a significant difference, 

*p<0.05; **p<0.01; ***p<0.001. 
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Figure 6.7: Normal embryonic development of the zebrafish. 
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Figure 6.8: Evaluation of deformity in the F1 generation.  (A) coagulation, blisters, and 

uneven cleavage pattern (%), (B) lordosis and swollen body (%), (C) edema (%), (D) 

tail deformity (%). (E) egg coagulation, (F-G) blisters in early cell development, (H-J) 
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uneven cleavage pattern in early cell stages, (K-N) lordosis and swollen body of the 

larvae, (O-R) pericardial and yolk sac edema, (S-X) tail deformity of developing 

offspring.  

(Figures captured at 40X magnification) 

 

 

Figure 6.9: Histological changes in the ovary of test zebrafish. (A) Group-I (B) Group-

II (C) Group-III (D) Group-IV. The changes in the structure of the ovary are 

represented as degeneration of oocyte (Od), vacuolation (Va), atria follicle (AF). 

Follicles at different stages are represented as developing follicles (I and II), 

transitioning follicles (III), and fully matured follicles (IV).  

(Figures captured at 40X magnification) 
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Figure 6.10: Histological changes in the testis of test zebrafish. (A) Group-I (B) Group-

II (C) Group-III (D) Group-IV. The different structural changes in the testis are 

represented as degeneration of spermatids (Ds), vacuolation (Va), degeneration of 

interstitial site (Is), and decrease in spermatozoa (Sp). Follicles at different stages are 

represented as primary spermatocyte (I), secondary spermatocyte (II), spermatids (III), 

and Spermatozoa (IV).  

(Figures captured at 40X magnification) 
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6.4 Discussion 

This study delves into the intricate interplay between metabolic disorders, 

particularly diabetes, and their impact on reproductive function in zebrafish, offering 

insights into fundamental biology and potential therapeutic avenues. The observed 

effects of diabetes, such as systemic pathological changes leading to severe 

complications and impaired reproductive function due to elevated blood glucose levels, 

underscore the importance of understanding these dynamics in both basic research and 

potential therapeutic interventions (Molina et al., 2021). The remarkable antioxidant 

properties of EGCG and its possible role in enhancing gamete quality and fertility are 

of significant relevance in reproductive health. Its mechanisms, including inhibition of 

lipid absorption and antioxidative actions, provide a promising avenue for therapeutic 

intervention (Zhang et al., 2021; Jamir et al., 2023). 

The findings, specifically the decrease in gonadal size indicated by GSI and 

the increase in liver size indicated by HSI in STZ-induced diabetic zebrafish, shed light 

on the repercussions of diabetes on gonadal development. These changes are likely 

linked to energy demands during gonadal development and disruptions in the 

gonadotropin-releasing hormone axis (Ye & Chen, 2020) The rise in HSI could be 

attributed to fatty acid accumulation and liver enlargement due to diabetes-induced 

metabolic shifts (Goessling & Sadler, 2015) The beneficial effects of EGCG 

supplementation on GSI and HSI, especially in Group-III, highlight its potential to 

counteract the DM-induced disruptions. However, during this study, the response 

recorded in Group IV further underscores the positive effect of EGCG treatment in the 

untreated subjects. 

The normal embryo was monitored to understand the growth of zebrafish   
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eggs over time. According to Salis et al. (2021), zebrafish eggs are telolecithal, and 

their cleavage pattern is discoidal and meroblastic, resembling the vast majority of 

teleost fish. The exploration of the embryonic stage in zebrafish has witnessed an 

astonishing rise in prominence. It is a unique approach that permits researchers to 

investigate the early phases of the full and well-characterized embryonic stage in a 

vertebrate embryo in a rapid and simple culture system. The embryonic development 

was observed to be rapid at 28°C, the chorion was seen to be dragged away from the 

egg after fertilization, and the clear cytoplasm advanced toward the animal pole within 

the embryo, detaching the blastodisc from the more substantial underlying yolk layer.   

The blastodisc exhibited meroblastic cleavage 45 minutes after fertilization. 

The yolk remained intact. With the advancement of the cleavage stage, a clump of cells 

on the animal pole was produced called the blastula (Marlow, 2020). Further, in the 

mid-blastula stage, the cell division was observed to lengthen and become 

asynchronous; cells initiate transcription of their respective genome instead of 

depending on maternally supplied mRNA, and cell motility is visible (Kane & Kimmel, 

1993; Liu et al., 2021). Around the same time, the marginal cells that still have 

attachments with the yolk disintegrate, guiding their nuclei and cytoplasmic contents 

to enter the yolk and establishing a multi-nucleated yolk fluid-filled layer (Bruce, 

2016). Subsequently, a couple of other phases, epiboly, or the structured reducing and 

broadening of the blastula that entirely surrounds the yolk, begins at nearly four hpf, 

governed by myosin motors within the yolk syncytial layer (Bruce & Heisenberg, 

2020). The fraction of the yolk encapsulated by enclosing cells determines the stages 

during epiboly. At 50% epiboly, cells on the embryo's eventual dorsal side begin 

involuting, developing the embryonic barrier, and cells continually involute and stretch 
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backward in the direction of the animal pole as epiboly progresses towards the vegetal 

pole (Pathak & Barresi, 2020). Epiboly is complete at about 10 hpf, characterized by 

the tailbud emerging close to the original vegetal pole while the head develops towards 

the former animal pole. The trunk mesoderm is eventually segmented into somites, 

arranged from anterior to posterior, typically the initial somites developing around 20 

minutes and later somites growing every 30 minutes. At the same duration, nerve 

impulses start, with the ectodermal layer folding into the nervous system (Bruce, 2016; 

Diaz-Cuadros et al., 2021). Development and differentiation persist, with nearly all 

primary organ systems formed by 36 hpf.  

The larvae hatch within 48-72 hpf, marking the completion of the embryonic 

stage. During days 3 and 4, the swim bladder increases, enabling upward swimming 

within the water column, and then the larvae fish commence to consume food 

(Robertson et al., 2007). Though the progression of embryonic phases has been 

standardized to promote growth at 28.5°C, embryos can be nurtured at a higher or lower 

temperature to accelerate or delay growth. Following the embryonic stage, the 

zebrafish live the next four weeks as a larva. Development within the larval phase 

dramatically depends on humidity, temperature, and individual traits, making 

standardization of larval stages more complex, with size representing an ideal criterion 

for larval staging (Singleman & Holtzman, 2014). As the fish attain 4 weeks, they are 

referred to as juveniles, as they will become sexually developed 10 to 12 weeks after 

fertilization. The sexual identification processes in zebrafish remain intricate and not 

entirely understood, yet it does not rely on sex chromosomal inheritance. Instead, 

environmental influences or polygenic sex determination systems could have a role 

(Liew et al., 2012). Males gradually have a leaner abdomen, whereas gravid females 
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obtain a broader, rounder abdomen. The usual duration of zebrafish varies depending 

on strain and rearing; however, zebrafish may survive for 3 to 4 years before exhibiting 

signs of aging at approximately 2 years. 

The impact of parental diabetes on embryonic development, driven by nutrient 

transfer and epigenetic modifications, is an emerging interest. Maternal 

hyperglycemia's influence on DNA methylation and acetylation during oocyte 

formation aligns with its role as a teratogen in diabetic pregnancy (Das & Maitra, 

2021). The developmental alterations in diabetic zebrafish offspring underscore the 

intricate cascade of events stemming from maternal hyperglycemia-induced ROS 

increases, ultimately leading to congenital disabilities. The subjects treated with EGCG 

had a positive effect on embryonic development, resulting in increased fecundity, 

fertilization, hatchability, and offspring survival. In addition, the subjects treated with 

EGCG had fewer deformities compared to the diabetic group. Similarly, Zhong et al. 

(2016) observed decreased neural tube abnormalities in diabetic mice treated with 

EGCG; additionally, it prevented the maternal DM-induced DNA methyltransferase 

expression and activity, which contributed to an inhibition of DNA hypermethylation. 

The reduced mature follicles in the ovary, fibrosis, and vacuolation resonate 

with the adverse effects of prolonged hyperglycemia and oxidative stress (Paula et al., 

2023). The impact of diabetes on ovarian structure and follicular development parallels 

observations in related studies, emphasizing the role of oxidative stress imbalance in 

these alterations. 

The ability of EGCG to improve follicular development, indicated by 

decreased atresia and increased follicle counts, holds promise for future therapeutic 

applications. Similarly, in the male reproductive system, the reduction in 
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spermatogonia and histological changes align with the findings, underlining the 

vulnerability of spermatogenic cells to diabetes-induced stress (Zhang et al., 2020; 

Huang et al., 2020). 

The protection of EGCG against germ cell apoptosis and histopathological 

alterations is consistent with its antioxidative potential and role in maintaining cellular 

homeostasis. However, the balance between the positive and negative effects of EGCG 

on fertility highlights the need for tailored interventions (Jiang et al., 2022). The study 

reveals that EGCG counteracts diabetes-related reproductive issues by safeguarding 

ovaries and testes, improving follicle and sperm quality, and enhancing reproductive 

capacity.  
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The diabetes state induced by STZ in zebrafish causes discernible alterations 

to the overall tissues, having a significant impact on the hepatic, renal, and gill tissues 

with cascading effects on the overall test subject’s vitality. Adopting zebrafish as an 

experimental model is prudent, leveraging their physiological similarity to human 

systems and making them an effective platform for understanding the complexities of 

metabolic diseases.  

The acute toxicity study and behavioural responses in the zebrafish model 

treated with EGCG represent a comprehensive investigation into the safety and 

potential therapeutic effects of EGCG in aquatic environments. EGCG, a bioactive 

compound found in green tea, has garnered significant attention for its diverse health 

benefits in humans, ranging from antioxidant properties to potential therapeutic 

applications in various diseases. However, its effects on organisms, particularly 

zebrafish, remain relatively unexplored. 

This study aimed to fill this gap by assessing the acute toxicity of EGCG in 

zebrafish and evaluating its impact on various behavioural parameters, including 

swimming behaviour, overall physiological status, and histological damage in the liver, 

kidney, and gill tissues. 

The findings of this study provide valuable insights into the safety profile and 

potential therapeutic effects of EGCG in the zebrafish model. Furthermore, the study 

demonstrated that the zebrafish model was extremely sensitive to EGCG, as indicated 

by their behavioural reactions, confirming the usefulness of zebrafish as a model for 

studying the effects of EGCG. A high concentration of EGCG was explicitly proven to 

be toxic, inflicting severe damage to the gills, kidneys, and liver, interfering with the 

experimental normal physiological functions of the zebrafish model.  

The investigation into estimating the minimum effective dose for EGCG and  
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its effects on the general physiological status and fin regeneration in experimental 

zebrafish offers valuable insights into the potential therapeutic applications of EGCG. 

Despite the extensive literature documenting the use of animal models for DM 

research, there remains a dearth of studies investigating the potential of EGCG in 

promoting regeneration in the caudal fin of diabetic zebrafish model. This study holds 

promise as an initial exploration into the safe and efficacious utilization of EGCG for 

wound healing and regenerative applications in the hyperglycemic milieu characteristic 

of the diabetic zebrafish model. 

In the present study, the results showed that EGCG had a significant effect on 

blood glucose levels, body weight, body mass index, and caudal fin regrowth in the 

hyperglycemic zebrafish model, indicating its role in facilitating tissue repair and 

regeneration processes. Furthermore, understanding the mechanism of EGCG in 

enhancing caudal fin regeneration in DM-induced zebrafish may have larger 

implications. The results suggested that EGCG could be used as a powerful adjuvant 

along with a known potent drug to treat poor wound healing in the zebrafish model.  

Further, the investigation into the effect of EGCG on lipid profiles and 

metabolic enzyme activity in experimental zebrafish provides valuable insights into the 

potential therapeutic applications of EGCG in managing metabolic disorders and 

associated complications. The study aimed to elucidate the impact of EGCG on lipid 

metabolism and the activity of key metabolic enzymes in zebrafish, which serve as 

important indicators of overall metabolic health and disease status. 

The study also revealed that EGCG treatment resulted in significant 

improvements in lipid profiles in zebrafish with dyslipidemia, including reduced levels 

of total cholesterol (TC), triglycerides (TG), low-density lipoprotein (LDL), and very-

low-density lipoprotein (VLDL), as well as increased levels of high-density lipoprotein 
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(HDL) and cholesterol. These findings suggest that EGCG may exert beneficial effects 

on lipid metabolism, potentially mitigating the risk of cardiovascular disease and other 

metabolic complications associated with dyslipidemia. 

Furthermore, the study demonstrated that EGCG treatment modulated the 

activity of key metabolic enzymes, including alanine aminotransferase (ALT), 

aspartate aminotransferase (AST), and alkaline phosphatase (ALP) in zebrafish tissues. 

EGCG treatment resulted in a notable reduction in ALT and AST activity in the hepatic 

tissue, indicating improved liver function and reduced hepatic damage. Further, the 

study recorded the ameliorating effect of ALT and AST in the renal and gills tissue, 

suggesting a potential protective effect against organ damage and overall health of the 

subject. Additionally, EGCG treatment led to a decrease in ALP activity in hepatic and 

renal tissues, suggesting a potential protective effect against genotoxic and cytotoxic 

effects. The discernible increase in the lipid profile and enzymes following diabetic 

induction, combined with their subsequent restoration following EGCG administration, 

emphasizes the critical role these parameters play as sensitive markers heralding 

diabetes progression and, thus, potential targets for therapeutic interventions.  

The study further demonstrates EGCG as a promising therapeutic agent 

against diabetes-related complications, demonstrating efficacy in mitigating oxidative 

stress, ameliorating histopathological lesions, and preserving organ integrity in diabetic 

zebrafish. Oxidative stress is a crucial factor in the pathogenesis of various diseases, 

including metabolic disorders, neurodegenerative diseases, and cardiovascular 

diseases. The therapeutic potential of EGCG was assessed in a zebrafish model, which 

offers unique advantages for studying oxidative stress and histopathological changes 

due to its genetic tractability, rapid development, and physiological similarities to 

humans. 
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The findings of this study underscore the therapeutic potential of EGCG in 

mitigating oxidative stress and histopathological changes in a zebrafish model. EGCG 

treatment enhanced the activity of antioxidant enzymes such as superoxide dismutase 

(SOD) and catalase (CAT), which play critical roles in neutralizing ROS and protecting 

cells from oxidative damage. Moreover, EGCG treatment demonstrated remarkable 

efficacy in mitigating histopathological changes associated with oxidative stress, 

including tissue damage, inflammation, and cellular apoptosis. Histological analysis in 

the liver, kidney, and gills tissue revealed a significant reduction in tissue damage and 

inflammatory cell infiltration in EGCG-treated zebrafish compared to untreated 

controls. Furthermore, EGCG treatment promoted tissue regeneration and restoration 

of normal histological features, indicating its potential for tissue repair and recovery. 

This study also contributes valuable insights into the intersection of metabolic 

disorders and reproductive health. DM is a complex metabolic disorder characterized 

by chronic hyperglycemia and systemic complications affecting various organ systems, 

including the reproductive system. Reproductive dysfunction and developmental 

abnormalities are common complications of diabetes, giving rise to  

deleterious challenges to affected individuals. 

The findings of the study revealed that EGCG had an ameliorating effect on 

the reproductive parameters in DM-induced zebrafish. EGCG improves the GSI and 

HSI of diabetic zebrafish. EGCG administration further improves the hatchability, 

fertility, and survival of the offspring of the first filial generation to diabetic parent 

zebrafish. Furthermore, EGCG treatment demonstrated significant efficacy in 

preventing developmental deformities in zebrafish embryos exposed to maternal 

diabetes. Zebrafish embryos from diabetic mothers treated with EGCG exhibited 

reduced incidence and severity of developmental abnormalities compared to untreated 
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controls. EGCG-treated embryos showed improved embryonic development, reduced 

oxidative stress, and enhanced cellular viability, indicating its protective effects against 

diabetes-induced teratogenicity. 

Additionally, EGCG treatment effectively mitigated diabetes-induced 

reproductive dysfunction in zebrafish, as evidenced by improvements in testicular 

morphology, follicle development, and sperm quality. EGCG-treated zebrafish 

exhibited increased follicle counts, reduced atresia, and enhanced sperm quality 

compared to untreated diabetic controls. These findings suggest that EGCG can 

potentially restore reproductive function and improve fertility in diabetic individuals. 

The findings of this study highlight the potential therapeutic benefits of EGCG in 

mitigating diabetes-induced reproductive dysfunction and developmental deformities 

in a zebrafish model. The antioxidant and anti-inflammatory properties of EGCG, 

coupled with its ability to regulate glucose metabolism and improve cellular function, 

make it a promising candidate for managing diabetic complications affecting 

reproductive health and embryonic development.  

Further research is warranted to elucidate the underlying mechanisms of the 

protective effects of EGCG and optimize its clinical applications in preventing and 

treating diabetic reproductive complications. This finding significantly enhances our 

understanding of the mechanisms at play, offering new perspectives for managing 

reproductive health in metabolic disorders. In the ever-advancing field of diabetes 

research, the present study highlights the intricate ensemble of metabolic abnormalities 

and the possibility of EGCG to realign the disrupted system.  

Recommendations and future perspective 

The ability of EGCG to alleviate diabetes symptoms ignites a growing hope for 

developing novel therapy regimens. However, this research commends for further 
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investigations into the inner workings of the defensive arsenal of EGCG. The 

complicated arrangement of molecular events that provide EGCG with its exceptional 

efficiency warrants rigorous dissection, providing a broader explication of its 

mechanism of action. Furthermore, the precise mechanism underscoring the protective 

attributes of EGCG necessitates further scrutiny, warranting a comprehensive 

exploration to unveil its latent potential for translation into clinical applications for 

diabetes management. Some recommendations for future studies are laid below. 

1. Conduct in-depth research on how EGCG affects zebrafish behaviour and 

neurodevelopment over the long run. 

2. Exploring of potential interactions between EGCG and other environmental 

stressors to assess combined toxicity effects. 

3. Investigation of the molecular mechanisms underlying the effects of EGCG on 

fin regeneration to elucidate its regenerative potential.  

4. Optimising dosage regimens when combined with other therapeutic drugs to 

ascertain the most efficient and long-lasting treatment plans for fin 

regeneration. 

5. Exploration of the influence of EGCG on other physiological parameters, such 

as immune function and reproductive health. 

6. Examination of the long-term effects of EGCG treatment on lipid metabolism 

and metabolic enzyme activity in zebrafish. 

7. Elucidation of the molecular pathways involved in EGCG-mediated protection  

8. against oxidative stress and tissue damage. 

9. Investigation of the potential synergistic effects of EGCG with other 

antioxidants or therapeutic agents for enhancing repair and regeneration in the 

affected organs. 



Chapter-7 Summary and conclusion 

 

194 | P a g e  

 

10. Examination of the underlying mechanisms by which EGCG improves 

reproductive function and prevents developmental abnormalities in diabetic 

zebrafish. 

11. Investigation of the optimal timing and duration of EGCG treatment during 

critical developmental stages to maximize the therapeutic benefits. 

Additionally, EGCG has varied impacts on different cell types, both in vitro and in 

vivo. Although the qualities of EGCG have been steadily defined, specific issues still 

remain. In terms of use, combining EGCG with other anti-diabetic medications can 

have a synergistic and beneficial impact. Nevertheless, EGCG still faces numerous 

hurdles for therapeutic implementation. EGCG has limited bioavailability, whether 

administered orally or via venous injection, and concentration, derivatives, and other 

circumstances easily influence its effects. Solutions are still needed on how to transport 

EGCG to the desired sites effectively.  
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Research paper presentation  

National conferences 

1. Oral presentation on the topic “Application and welfare of Teleost Fish in 

Biomedical Research” at National Campaign on System Diversification in 

Aquaculture, organised by Fish Biology and Fisheries Laboratory, Department of 

Zoology, Nagaland University, held on 1st September 2021.  

2. Oral presentation on the topic “Evaluation of Lethal concentration (LC50) and 

behavioral responses of zebrafish, Danio rerio exposed to Epigallocatechin-gallate 

(EGCG) and C-Phycocyanin (C-PC)" at a National online conference on 

Challenges, opportunities, and application of Biological Sciences under MPHEQIP 

World Bank Scheme, organized by Department of Zoology and Biotechnology and 

Environment social welfare, Khajuraho, Government Science College 

(Autonomous) Jabalpur held from 11th-12th October 2021. 

3. Oral presentation on the topic "(-)-Epigallocatechin gallate, a green tea polyphenol, 

improves reproductive performance and restores histoarchitectures in STZ-induced 

diabetic zebrafish model" at National Conference on reviving traditional knowledge 

for biodiversity conservation (RTKBC-23) organized by department of zoology, 

Nagaland University in collaboration with GB Pant NATIONAL Institute of 
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Himalayan Environment (GBNIHE) supported by Himalayan Knowledge Network, 

held on 31st March 2023. 

International conferences 

1. Oral presentation on the topic “Improvement of caudal fin regeneration in diabetic 

induced zebrafish (Danio rerio) using Epigallocatechin gallate (EGCG)” at 

International E-Conference on Sustainable and Futuristic Materials (SFM-2021), 

Organized by the international research center and department of chemistry 

Kalasalingam academy of research and education, Krishnankoil held from 29th -30th 

November 2021.  

2. Oral presentation on the topic, “Initiation of Optimal Hyperglycemia in Zebrafish 

(Danio rerio) Using Diabetogenic Agents" at the International Conference on the 

Multidisciplinary Aspects of Environment and Sustainable Development after the 

Covid-19 Pandemic, organised by Raj Rishi (GOVT.) Autonomous College Alwar, 

301001 (Rajasthan) Department of Zoology held from 15th -18th December 2021.  

3. Oral presentation on the topic, “Assessment of Acute Toxicity and 

Histopathological Alteration in Liver and Gill of Zebrafish (Danio rerio) Exposed 

to Epigallocatechin gallate” at 3rd international conference on environmental, 

agricultural, chemical and biological sciences organised by Voice of India concern 

for the environment (VOICE) held from 22nd – 26th January 2022.  
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Workshops & Seminars attended 

1. National seminar on Chemistry in Interdisciplinary Research (NSCIR-2018) 

organised by the Department of Chemistry, Nagaland University from 9th – 10th 

November 2018. 

2. National workshop on “Newer Frontier in Bioinformatics and Research 

Methodology” organised by Bioinformatics Infrastructure Facility (BIF) Centre, 

Nagaland University, Lumami, sponsored by Department of Biotechnology 

Ministry of Science and Technology, Government of India from 13th – 19th 

November 2018. 

3. ICSSR sponsored National Seminar on “Writing Quality Research Papers: 

Preparation, Presentation, and Production” organised by Fazl Ali College, 

Mokokchung, Nagaland held on 22nd February 2019. 

4. Sensitization workshop on DST- Women Scientist Scheme, organised by 

Department of Science and Technology, Government of India, New Delhi and 

Nagaland University at SASRD Medziphema, from 4th- 5th March 2019. 

5. One-day workshop on “Importance of IPR in Academic Institutions” organised 

by IPR cell, Nagaland University, held on 29th May 2019. 

6. Course on “Anti-inflammatory Life style for Prevention and Treatment of  

Cancer and Neurodegeneration: Facts and Fiction” by Global Initiative of  

Academic Networks (GIAN) at Zoology Department, Nagaland University,  

Lumami from 1st -5th October 2019.  

7. Two Days Workshop on Intellectual Property Rights Organised by Fazl Ali 

College, Mokokchung in Collaboration with Patent Information Centre, 

Department of Science & Technology, Government of Nagaland, sponsored by 

Rajiv Gandhi National Institute of Youth Development, Sriperumbudur, Tamil 

Nadu held on 28th -29th January, 2021. 

8. National webinar on “Resent Trends in Science and Technology” organised  

by Department of Computer Application, North-Eastern Hill University, Tura 

Campus, Meghalaya, India from 25th -26th February 2021. 

9. Two-day workshop on “Quality Enhancement in Research” organised by IQAC 

Nagaland University held on 22nd -23rd March 2021. 

10. National Seminar on “Contemporary Research in Biotechnology" Organized by 

the Department of Biotechnology & Bioinformatics, North-Eastern Hill 

University, Shillong-793022 on 25th March 2021. 

11. Webinars on “Designing Rational Combination Therapies to treat 

Chemoresistant Breast and Ovarian Cancers; Crosstalk between Prostate Cancer 

and Microenvironment Reveals New Therapeutic Targets; Prostate Cancer 

Progression: Novel Signaling Mechanisms and Mouse Models” organized by 

Mizoram University on 6th September 2021. 

12. Webinar on “Biotechnology in Drug discovery & Clinical applications” 

organized by Mizoram University on 7th September 2021.  
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13. Webinar September Recent Advances in Cancer Research and Treatment: 

Conventional and Herbal methods organised by Department of Botany, Rajiv 

Gandhi University, Arunachal Pradesh, Tata Memorial Centre, ACTREC, 

Kharghar, Navi Mumbai and Mahatma Gandhi Institute of Medical Sciences, 

Sevagram held on 27th September 2021. 

14. Eight Days International author workshop on “Academic Writing and 

Publishing” in collaboration with the renowned publishers (Elsevier, Taylor and 

Francis, Cambridge University Press, Springer Nature, Brill, Oxford University 

Press, Emerald, and Wiley) organized by Manipur University Library held 

during 21-29 October 2021. 

15. Two days online workshop on “Recent Advancements in Biomedical Imaging 

and Image Processing” organized by Department of Biomedical Engineering, 

School of Technology, North-Eastern Hill University, Shillong, Meghalaya, 

INDIA, under the Azadi ka Amrit Mahotsav program held on 8th – 9th 

November, 2021. 

16. Webinar on the topic ‘Transcranial Magnetic Stimulation to treat Obesity and 

Diabetes’organised by Department of Horticulture, Aromatic and Medicinal 

Plants, Mizoram University, Aizawl, held on 4th April 2022. 

 

 


