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ABSTRACT 

Background 

Glycogen storage disease type 1 (GSD type 1) is an inherited metabolic disease 

resulted due to  the impaired glucose-6-phosphatase enzyme complex, which is 

important in glycogen metabolism. The enzyme complex glucose-6-phosphatase 

(G6Pase), is encoded by G6PC1 gene, and the glucose-6 phosphate translocase or 

transporter subunit (G6PT), which is encoded by the SLC37A4 gene. The major 

manifestations of GSD type 1 are hypoglycemia, excessive glycogen 

accumulation, hepatomegaly, hyperuricemia, hyperlactatemia. This study 

investigates the induction and management of GSD I symptoms. It is known that 

metformin may affect the levels of lactic acid, and that chlorogenic acid (CGA), 

which is prevalent in green coffee and present in various kinds of fruits, inhibits 

the enzyme glucose-6-phosphatase complex and micronutrients which inhibits the 

glycogenesis process were employed for the management of hepatic glycogen 

accumulation, which is responsible for further other manifestations as mentioned 

above. 

Objectives: To establish a chemically induced GSD model, which could facilitate 

to investigate the most common GSD type 1 manifestations and to investigate the 

influence of dietary regimen consisting of macronutrients and micronutrients in 

experimentally induced GSD manifestations. 

Methodology: The study was divided into in silico and in vivo approach to 

assimilate the manifestations of GSD type 1 and manage the same. The in silico 

approach was employed to study the binding patterns of Glucose-6-phosphatase 

(G6Pase) and the SLC37A4 target using molecular docking and molecular 
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dynamics simulations. On the other hand the in vivo studies were conducted to 

investigate the effects of chlorogenic acid (CGA) on GSD type 1 manifestations. 

A dosage of 200 mg/kg of CGA was found to be effective via. pilot study to induce 

hypoglycemia in rats, to enhance the impact of CGA, drinking water containing 

CGA was continuously subjected to the animals along with Metformin 500 mg/kg. 

to induce other manifestations like lactic acidemia. Management of GSD type 1 

manifestations was attempted through selected macro and micronutrients. In silico 

methods were used to select micronutrients based on drug likeness, while 

macronutrients were chosen based on literature review. 

Results and Discussion: The molecular docking studies revealed the interaction 

between G6Pase and CGA ligand, and the MD simulations provided insights 

within the structural modifications of SLC37A4 following ligand binding. 

Similarly, the micronutrients were docked with the major enzymes involved in 

glycogenesis and were validated via MD simulations. The combination of 

micronutrients and cassava starch resulted in improvements in various parameters 

like liver weight/hepatomegaly, liver glycogen content, fasting blood glucose, and 

liver histology. 

Conclusion: Overall, this study provides insights into the biochemical basis of 

GSD type 1 and potential disease management strategies. Thus, the use of 

chemically induced animal models and in silico approaches contributes to our 

understanding of the disease and its management. The inclusion of macro and 

micronutrients demonstrated their unique and complementary effects in different 

ways. Both UCCS and Cassava Starch include complex carbohydrates that are 

thought to undergo a sustained conversion into glucose, they both showed a 
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progressive retention of normoglycemia, with Cassava Starch out performing 

UCCS even in combination with micronutrients like, β-carotene, Vitamin-C, 

Vitamin-E and Riboflavin  

Keywords: Glycogen Storage Disease, Chlorogenic acid, Glycogenesis, 

Glycogenolysis, Hypoglycemia, Glucokinase, Glycogen synthase, Protein 

phosphatase-1 
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1. INTRODUCTION 

1.1 Background 

The glycogenoses, also known as glycogen storage diseases (GSD), are a group of 

inherited metabolic diseases brought on by inadequate levels or absolute 

absence of the enzymes that regulate gluconeogenesis or glycogenolysis 

pathways.1 Hepatic GSD is characterized by hypoglycemia, while muscular GSD 

is characterized by weakness and cramps in the muscles. These conditions affect 

between 1 in 20,000 and 43,000 live babies on average. Eighty percent of hepatic 

GSDs are type I, type III, and type IX, with type I being the most common.2  

Von Gierke's disease, generally known as GSD type I, is further divided into types 

Ia and Ib. GSDIa is caused due to insufficient activity of G6Pase – α.3  and scarce 

glucose-6-phosphate transporter activity (G6PT) results in to GSD Ib.4 Both 

conditions lead to manifestations such as hypoglycemia, hepatomegaly, excessive 

glycogen buildup mostly in the kidney and liver, which causes hepatomegaly and 

nephromegaly to progress hyperuricemia, lactic acidemia, hyperlipidaemia.5 

   One in 100,000 individuals have GSD I, of which 80% suffer GSD Ia and 20% 

with GSD Ib.6 Apart from the clinical signs and manifestations of GSD type Ia, 

type Ib is characterized by recurrent infections, neutropenia, and neutrophil 

dysfunction7 due to compromised glucose transport via the polymorphonuclear 

leukocytes' cell membrane. It has been proposed that the transfer of microsomal 

glucose-6-phosphate (G6P) contributes to neutrophil antioxidant defence and that 

a genetic deficiency in the transporter causes apoptosis and cellular dysfunction, 

which serves as a possible reason for the malfunctioning of neutrophils. In older 

children and adults, long-term consequences can include hepatic adenomas, 
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hepatocellular carcinoma,8 progressive renal failure and renal calculi, and irritable 

bowel disease.9 Liver biopsy is still the most reliable diagnostic method for most 

GSD patients in order to determine the accumulation of glycogen in the 

hepatocytes. Additional diagnostic methods consist of biochemical parameter 

estimation, mutation analysis, and enzyme assay, which, especially in cases of 

GSD type Ib, can indicate neutropenia, hyperuricemia, hyperlipidaemia, 

hypoglycemia, and lactic acidemia. 

Managing GSD symptoms is a really challenging process. The GSD patient needs 

to closely rely on a diet rich in carbohydrates (every three to four hours) and 

uncooked corn starch (UCCS), which is free of other macronutrients and simple 

sugars like lactose (found in dairy products), fructose (found in fruits), and sucrose 

(found in refined sugar). Excessive consumption of non-utilizable sugars should 

be avoided at all costs since this might result in the buildup of glycogen in various 

tissues and the natural synthesis of uric acid, triglycerides (TG), and lactate. 

Restricted intake of both essential micronutrients and macronutrients could result 

from such dietary restrictions.10  

There is evidence that a few micronutrients, such as selenium, Riboflavin, β-

carotene, Vitamin-C, Vitamin-E, thiamine, and Vitamin-D, 11–14 influence the way 

the glucose is metabolized and may alleviate a few GSD symptoms. 

Though genetically altered cells and gene-knockout animals can serve as disease 

models, The literature indicates that developing and sustaining It is a difficult task 

to develop a disease model for GSD. These models provide significant challenges 

in terms of their cost, stability, survivability, and maintenance. According to a 

review of the literature, a few chemical derivatives, such as chlorogenic acid 
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(CGA), a kind of hydroxycinnamic acid, have been identified in a variety of fruits 

and at higher concentrations in green coffee beans 15 and have been demonstrated 

to inhibit the particular enzyme G6Pase complex, which can mimic the reaction or 

exhibit symptoms resembling GSD type I. The goal of the current study is to 

evaluate the impact of using macro and micronutrients to control or manage 

the manifestations and to ascertain how well these chemical compounds replicate 

the distinctive GSD manifestations. The macronutrients utilized were uncooked 

corn starch and cassava starch. as per the literature review and A few 

micronutrients were chosen for the investigation based on an in silico analysis like 

β-Carotene, Riboflavin, Vitamin C, Vitamin E. Maintaining normoglycemia during 

the day and night is essential in GSD It could be accomplished either by frequent 

consumption of meals or continuous administration of glucose via gastric tube 16 

and/or feeding the uncooked raw corn starch/ flour (UCCS).17 Nonetheless, the 

patient may consume frequent meals throughout the day, but at night they must 

rely on UCCS, which is subject to temporal constraints of its own such as 

inadequate dietary intake, fiber. Complex carbohydrate, stand a chance to be 

pursued for a superior substitute starch, such as tapioca or cassava starch, can help 

maintain normoglycemia longer than UCCS alone, while also preserving the 

nutritional value of the diet.18 Etiology of GSD type 1 mainly depends upon the 

Glycogenolysis pathway, where the Glucose-6-phosphatase enzyme is either 

suppressed or completely absent, our hypothesis is to suppress this enzyme with 

CGA to induce the GSD type 1 manifestations (Figure 1). 
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Figure 1: Glycogenolysis pathway, with emphasis on the process of enzyme 

inhibition and the manifestations caused due to its inhibition. 

 

Hepatic glycogen buildup is the next significant manifestation of GSD type 1, 

which is attributed due to upregulated Glycogenesis and Underregulated 

Glycogenolysis,19 this causes hepatic dysfunction and eventual hepatomegaly in 

more advanced cases, In an effort to tackle this problem, our goal was to halt the 

glycogenesis process by deactivating the three main enzymes involved in the 

glycogen production pathway: protein phosphatase 1 enzyme, glycogen synthase, 

and glucokinase.20 A few specific micronutrients were used to aid in this process. 
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In a nutshell macronutrients are anticipated to sustain normoglycemia for as long 

as feasible, while micronutrients are anticipated to mitigate the build-up of 

glycogen in the liver, preserving the liver's normal architecture and physiology. 

(Figure 2). 

 

  

Figure 2: Glycogenesis pathway with emphasis on specific enzyme targets 

which can be suppressed to improve the glycogen accumulation 

  

1.2 Justification for the study 

The fundamental objective of GSD treatment should be to sustain blood 

glucose levels all both during the day and at night. This can be either achieved via 

eating more often, or by continuous glucose feeding therapy, or by consuming 
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uncooked corn starch (UCCS).21 However, while the patient can have frequent 

meals throughout the day, they must rely on UCCS at night. and previous studies 

have suggested that corn starch therapy can only prevent hypoglycaemia for a 

median time of 4.25 h in children. As a result, the patient is required to wake-up at 

night for timely feed of UCCS, failing to which, may lead to episodes of 

hypoglycaemia, developmental delay, hepatomegaly, and poor growth.22 Further, 

the UCCS is known to cause inflammatory bowel disease and gastric distress in 

case of GSD type Ib patients. Thus, it is required to study some alternative starches 

like cassava root starch or its derivatives like tapioca starch or sweet polvilho, 

which may prove to be better than UCCS. The main concern in the management 

of GSD I is consumption of non-utilizable carbohydrates in excess, which leads to 

glycogen storage and overproduction of uric acid, triglycerides, and lactate. In 

general, excessive sugar intake may increase the risk of hepatomegaly.23 Thus, the 

patient has to depend meticulously on regular diet rich in carbohydrates (every 3–

4 hours), devoid of simple and non-utilizable carbohydrates such as lactose (found 

in dairy goods), fructose (found in fruits), and sucrose (found in sugar).24 Such 

dietary restrictions may result in diminished micronutrient nutrition. 

Very few studies have explored about the influence of macronutrients and 

micronutrients on glycogen metabolic disorders. The restricted consumption of 

milk and fruits necessitates supplementation with a multivitamin-mineral 

supplement that includes calcium.25 along with magnesium, niacin, pyridoxine, 

vitamin E etc. Hence, Determining the combined impact of macro and 

micronutrients can be aided by the current investigation with the aim of: 

To prevent the manifestations associated with hepatic GSD. 
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For better management of existing manifestations.    

To improve the prognosis of the hepatic GSD patients.   

By examining the influence of macronutrients and micronutrients on GSD type 1, 

this study aims to provide valuable insights into the optimal dietary management 

of this metabolic disorder and also in process of this, understanding the role of 

specific nutrients in preventing and managing GSD-related complications can lead 

to improved patient outcomes and a better quality of life for individuals with GSD. 
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2. AIMS AND OBJECTIVES 

To establish a suitable chemically induced GSD type 1 model, and to determine the 

role of macro and micronutrients in mitigating the manifestations of GSD type 1. 

OBJECTIVES 

Primary objective 

 To induce the manifestations of hepatic GSD in Wistar rats. 

Secondary objective 

 To investigate the influence of dietary regimen consisting of macronutrients and 

micronutrients in experimentally induced GSD manifestations.  

 



  

 Review of Literature 

 

 

KLE College of Pharmacy, Hubli                     Page 12 

   

3. REVIEW OF LITERATURE 

A series of systemic review, analysis based on the research question has been made 

focusing on the possible associated relationship between the Glycogen Storage Disease 

(GSD), its manifestations with nutritional deficiency, by emphasizing on the following 

key words as GSD, hypoglycemia, hyperuricemia, lactic acidosis, 

hypertriglyceridemia, hepatomegaly, uncooked corn starch, alternate starch, 

macronutrients and micronutrients. 

3.1.1.1. Introduction to Glycogen Storage Disease 

Glycogen storage diseases (GSDs) represent a heterogeneous group of hereditary 

metabolic disorders stemming from deficiencies in enzymes pivotal for glycogen 

metabolism. Glycogen, an intricately structured polysaccharide, shoulders a critical 

role as the primary reservoir of glucose within hepatocytes and myocytes. Its dynamic 

interplay with glucose regulates energy homeostasis, primarily in the liver and skeletal 

muscles, thereby influencing systemic glucose levels. Its role in the liver is to supply 

a source of glucose so that blood glucose levels remain within the normal range 

throughout the intervals in between meals. In the muscle, Glycogen delivers glucose 

for the synthesis of ATP and glycolysis, which are necessary for the energy needs of 

active contracting muscle cells.(17) Dysregulation in the synthesis or breakdown of 

glycogen, attributed to genetic aberrations affecting specific enzymes, precipitates a 

spectrum of clinical phenotypes.(6)  
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3.1.1.2. Types of GSD 

Glycogen storage diseases (GSDs) are categorized according to the affected tissues 

and the particular enzyme deficit. Types I, III, VI, and IX are notable in this regard, 

each exhibiting distinct physiological disruptions and dietary treatment 

considerations.(26,27) 

GSD type I, also referred to as Von Gierke’s disease, is the most prevalent form, with 

type Ia corresponding to about 80% of GSD type I cases.(20) GSD type Ia is 

characterized by fasting hypoglycemia, growth retardation, hepatomegaly, and renal 

disease.(28) Whereas, GSD type Ib is distinguished from type Ia by additional 

complications such as neutropenia and neutrophil dysfunction, which can result in 

infections and inflammatory bowel disease. (9,29) 

In conclusion, GSDs encompass a group of disorders with various types, each linked 

to specific enzyme deficiencies and clinical outcomes. Among these, GSD type I is 

the most prevalent, with type Ia being the most common subtype. It is characterized 

by a range of symptoms, including hypoglycemia, hepatomegaly, and renal 

complications. 

3.1.1.3. Etiopathogenesis of GSD type 1 

GSD type 1, is further classified into two subtypes: type 1a and type 1b. The 

underlying mechanisms and potential therapeutic strategies. The etiology of GSDs 

primarily resides in monogenic defects affecting genes encoding enzymes responsible 

for glycogen metabolism. The enzymes that are missing or under processed are 

G6Pase in case of GSD type 1a and in case of GSD type 1b the enzyme deficient is 

glucose-6-phosphate translocase (G6PT), these enzymes are involved in the final step 

of gluconeogenesis and glycogenolysis. This deficiency leads to impaired glucose 
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homeostasis, resulting in fasting hypoglycemia, hepatomegaly, and other 

manifestations like hyperuricemia, hyperlactatemia and hyper triglyceridemia. The 

gene that encodes The catalytic component of G6Pase, which is accountable for GSD 

type 1a is G6PC which is located in chromosome 17q21 and SLC37A4 gene is 

responsible for GSD type Ib.(30) Numerous mutations have been identified in this 

gene, leading to a wide spectrum of clinical manifestations and severity. 

Characteristically the blood glucose levels rise and endogenous glucose synthesis is 

inhibited during the postprandial phase. Exogenous glucose is either converted by the 

skeletal muscle and hepatocytes into pyruvate or stored as glycogen, and then 

pyruvate is transformed into acetyl coenzyme A, or acetyl-CoA, in aerobic conditions. 

Subsequently, acetyl-CoA initiates the citric acid cycle, producing ATP, carbon 

dioxide, and water, or it can be utilized to synthesize fatty acids. On the other hand, 

lactate, which is produced under anaerobic circumstances from pyruvate, serves as a 

crucial substitute fuel during hypoglycaemic episodes. (31)  

These gene mutations and enzymatic deficiencies disrupt the intricate orchestration 

of glycogenolysis and gluconeogenesis, leading to aberrant glycogen accumulation. 

Such perturbations elicit a cascade of pathophysiological consequences, manifesting 

as distinct clinical presentations in both GSD type 1a and type 1b.  

The pathogenesis of Glycogen Storage Disease (GSD) type 1a involves the 

dysregulation of glucose metabolism and glycogen storage. In individuals without the 

disease, glycogen is synthesized and stored in the liver when there is an excess of 

glucose available, and it is broken down to release glucose as needed. However, in 

GSD type 1a, the inability to convert glycogen into glucose leads to a surplus stores of 

glycogen in hepatocytes. This accumulation disrupts the normal architecture of the 
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liver and impairs its function. Additionally, the inability to carryout glycogenolysis 

leads to the diversion of the pathways leading to excessive synthesis of Uric acid, 

lactic acid and fatty acids which further exacerbate the metabolic abnormalities 

observed in GSD type 1a.(32) 

In contrast, GSD type 1b is characterized by a deficiency of G6PT, It is in responsible 

for transferring glucose-6-phosphate (G6P) into the lumen of the endoplasmic 

reticulum (ER) from the cytoplasm. This transport step is necessary to preserve 

glucose homeostasis and regulating glycogen metabolism. The gene responsible for 

GSD type 1b is located on chromosome 11q23 and encodes the G6PT protein. 

Mutations in this gene result in impaired glucose transport into the ER, leading to 

reduced availability of G6P for glucose production and glycogen synthesis.(33) 

Studies have testimonies that in case of GSD type Ib, significant neutropenia is 

frequently observed, around 87% have reported with neutropenia. Upon further 

investigations. In GSD type Ib, the outcomes of bone marrow exams have been 

variable, ranging from normal to myeloid hyperplasia and maturation arrest. The 

outcome of the study confirm a wide forms of compromised neutrophil function, and 

neutrophils are metabolically dormant when at rest. Since neutrophils lack 

mitochondria, they must either mobilize extracellular glucose or intracellular 

glycogen in order to produce nicotinamide adenine dinucleotide phosphate and supply 

energy.(34) 

 

3.1.1.4. Clinical Manifestations of Glycogen Storage Disease type 1 

Clinically, the manifestations of GSDs encompass a broad spectrum of symptoms, 

reflecting the diverse tissue distribution and physiological roles of glycogen. Common 
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clinical features include hepatomegaly, hypoglycemia, lactic acidosis, hyperuricemia 

growth retardation, muscle weakness, and exercise intolerance. On the other hand 

there are few lesser common manifestations like delayed puberty, pulmonary or 

systemic hypertension, gout, renal insufficiency, and vitamin D deficiency.(35) The 

severity and onset of symptoms vary markedly among GSD subtypes, ranging from 

neonatal lethality to mild, late-onset presentations. (36) whereas in case of GSD type 

1 b there is additional concern of neutropenia and neutrophil dysfunction along with 

all other manifestations of GSD type 1 a, which is the main reason for frequent 

infections due to compromised immune system.(37) Additionally, GSDs may 

precipitate life-threatening complications such as liver failure, cardiomyopathy, and 

neurological impairment, underscoring the multisystemic impact of disrupted 

glycogen metabolism.(38,39) 

Diagnosis of GSDs necessitates a comprehensive approach integrating clinical 

evaluation, biochemical analyses, and molecular genetic testing, for screening and 

diagnosing glycogen storage diseases. Biochemical studies involve analysing blood 

samples to reveal characteristic abnormalities by measuring specific markers, such as 

glucose, lactate, uric acid levels, and in some cases even lipid profiles, and few lesser 

prominent biomarkers such as hepatic adenomas, cardiomyopathies, skeletal muscle 

dysfunction, growth retardation, osteopenia, neutropenia, and intestinal 

inflammation.(40) Further, histological findings done by tissue biopsy complement 

the diagnosis, Ultimately, the genetic analysis plays a pivotal role and is a more 

definitive method for diagnosing GSDs, as it can identify specific gene mutations 

associated with each type of GSD. Moreover, imaging techniques such as ultrasound 

and MRI can be used to assess the size and structure of organs affected by GSDs, such 
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as the liver and kidneys in GSD type I. These techniques not only help  in confirming 

the diagnosis, but also in facilitating disease prognosis, and guiding familial 

counselling. Moreover, advancements in next-generation sequencing techniques have 

enhanced the precision and efficiency of genetic diagnostics, enabling timely 

interventions and personalized management strategies.(41,42) 

3.1.1.5. Disease Management 

Currently, there are no specific pharmaceutical treatments available for GSD type 

1.(43) However, research is ongoing to explore potential therapeutic options. Animal 

models have played a crucial role in understanding GSD type 1 and developing 

potential treatments. For example, transgenic mouse models with a scarcity in 

glucose-6-phosphatase (G6Pase), the enzyme affected in GSD type 1, have been 

utilized to study the disease mechanisms and test therapeutic interventions. These 

models have provided insights into the pathophysiology of GSD type 1 and have been 

used to evaluate gene therapy approaches, enzyme replacement therapy, and 

pharmacological interventions such as gene expression modifiers. Additionally, gene 

editing technologies such as CRISPR-Cas9 are being investigated as potential 

therapeutic options for GSD type 1. However, further research is required to evaluate 

the stability, effectiveness and safety of these emerging therapies before they can be 

implemented in clinical practice. Thus, our study attempts to manage the GSD type1 

manifestations using alternative starch and by using certain vitamins and 

micronutrients to overcome several manifestations like hypoglycemia, hepatomegaly, 

hyperlactatemia, and metabolic disturbances. Management of GSDs revolves around 

multidisciplinary care aimed at mitigating symptoms, preventing the complications, 

and optimizing the metabolic stability. Therapeutic modalities encompass dietary 
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interventions tailored to individual needs, pharmacological agents to ameliorate 

metabolic derangements, and supportive measures addressing specific organ 

involvement. In select cases, innovative approaches such as gene therapy hold 

promise for correcting underlying enzymatic deficiencies and attenuating disease 

progression.(33) In case of GSD type 1b the major manifestation is neutropenia and 

neutrophil dysfunction, there are few evidences that SGLT2 inhibitors can be of some 

help in maintaining the normal functioning of neutrophils.(44) The management of 

GSD type I also includes pharmacological therapy and close monitoring to prevent 

long standing complications like hepatic adenomas, renal disease, and 

hyperlipidaemia. Overall, GSD type I is a complex metabolic disorder that requires a 

multidisciplinary approach for optimal management, involving close collaboration 

between metabolic specialists, dietitians, and other healthcare professionals.(36) 

3.1.1.6. Disease modifying Intervention 

3.1.1.6.1. Role of Macronutrients 

Patients with GSD type I require lifelong dietary management, including frequent 

feedings of uncooked cornstarch and continuous glucose supplementation to maintain 

euglycemia and prevent hypoglycaemic episodes.(18) The study by Terry et al., 

claims that in GSD patients, there is very less room for error, as the therapeutic 

window for dietary management is very small, due to which, under treatment may 

lead to hypoglycemia, whereas, over treatment can cause excessive glycogen 

accumulation and metabolic instability. The primary goal of the treatment for GSD 

should be to maintain normoglycemia, this is achievable through either, having meals 

more frequently, or continuous glucose therapy or including uncooked cornstarch for 

the nocturnal treatment. Dietary management in hepatic GSD should be designed by 
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restricting the diet consisting sucrose, fructose and galactose. The main concern is the 

unnecessary over consumption of non-utilizable carbohydrates, leading to glycogen 

accumulation and abnormal synthesis of lactic acid, uric acid and triglycerides in GSD 

I patients.(45) Managing GSD symptoms is a challenging endeavor. The GSD patient 

must closely rely on a diet rich in carbohydrates (every three to four hours) and 

uncooked corn starch (UCCS), which is devoid of other macronutrients and simple 

non-complex sugars like lactose (found in dairy products), fructose (found in fruits), 

and sucrose (found in refined sugar). Excessive consumption of non-utilizable sugars 

should be avoided as this can cause tissues to store glycogen and increase the body's 

natural synthesis of uric acid, triglycerides, and lactate. Such dietary restrictions raise 

the risk of inadequate intake of micronutrients.(46) Similarly, Correia and group of 

researchers compared the efficacy of a new modified experimental starch (heat-

moisture processed cornstarch) with the currently used corn starch therapy in patients 

with type Ia and Ib GSD. The study was a crossover pilot research that was 

randomized, double-blinded, and had 12 participants (Each 6 with GSDIa and GSDIb) 

who were at least 13 years old, the experimental starch was compared to the 

commonly used uncooked cornstarch. The subjects were given 100 g of digestible 

starch at 2200, and hourly measurements of glucose and lactate were made until the 

subjects' plasma glucose concentration reached 60 mg/dL or until they had completed 

a 10-hour fast. The products were examined in a blinded, randomized sequence. The 

experimental starch prevented hypoglycemia better than standard treatment (i.e. ≤60 

mg/dL). In addition to improving safety, this therapy may enable GSD patients to 

sleep through the night without waking up for treatment.16 
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There are still disagreements on the best dietary strategy for treating GSD type 1 even 

though there has been considerable progress in the treatment of these patients. 

Discussions involve around seven of the main disputes:  

1) Appropriate dietary limitations 2) Dosing of carbohydrates in diet 3) Per day dosage 

of cornstarch 4) The utilization of waxy maize starch with prolonged release. 5) 

Employing continuous feeds 6) Intervention with Ketogenic diet, and 7) 

Supplementation with certain micronutrients, and it is established that improved diet 

and nutrition have changed GSDs from a fatal condition to one with a 

favorable prognosis. (56) Owing to the GSDs' rarity, a multicenter partnership would 

be beneficial for researching a bigger patient population from various cultural 

backgrounds. For children and adults with these uncommon illnesses, exchanging 

treatment plans that work will enhance their quality of life and enhance the knowledge 

in patients.(23,39) 

Several starch fractions were characterized and analyzed by Nalin and group wherein 

an in vitro dynamic gastrointestinal model, the digestion of various starches was 

investigated. The following UCCS brands were used in the study: the American 

companies Great Value® and Argo®; Dutch Maizena Duryea® from the Netherlands; 

Yoki® and Brazilian Maizena Duryea® from Brazil, additionally investigated were 

sweet polvilho cassava starch, a Brazilian sweet starch derived from cassava, and 

Glycosade®, a modified starch. The Glycemic Index method was used to assess the 

starch fractions, and the Gastro-intestinal Model (TIM-1 system), an in vitro dynamic, 

computer-controlled gastrointestinal model that served as a replica of the stomach and 

small intestine, was used to determine the digestion analyses. For the UCCS and 

Glycosade®, the final digested quantities were from 84 to 86%, but for sweet povilho, 
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it was 75.5%. The amount of starch that had been digested at 180 minutes, a crucial 

time point for patients with GSD, was 55.5% with sweet povilho and 67.9–71.5 for 

UCCS and Glycosade®. A final digested amount of 78.4% was discovered in an 

experiment with a mixture of Brazilian Maizena Duryea® and sweet polvilho starch; 

the value at 180 minutes was 61.7%. Sweet polvilho starch appears to release more 

slowly or over a prolonged period of time.(48) 

 

3.1.1.6.2. Role of Micronutrients 

There is evidence that certain micro nutrients, such as selenium (12), β-carotene,  

vitamin C, riboflavin, vitamin E, vitamin D, and thiamine, (10) affect how glucose is 

metabolized and help with a few GSD manifestations. An investigation on the 

effectiveness of vitamin E on the modulation of hepatic glycogen was conducted, on 

neutropenia, neutrophil dysfunction and Inflammatory Bowel Disease in the total 

number of GSD type 1b patients in Italy by Melis et al. where before and throughout 

vitamin E medication, the effectiveness of the vitamin in modifying neutrophil count 

and function, hospitalization frequency for infections, and inflammatory bowel 

activity were assessed on a regular basis for a year. The study revealed that the 

glycogen levels were regulated and also improved the neutrophil function during 

vitamin supplementation and the patients who were on Granulocyte-colony 

stimulating factor (G-CSF), the dose was reduced after the end of the study. The 

investigators of the research came to the conclusion that vitamin E supplementation 

is beneficial. There are unambiguous advantages of vitamin E over G-CSF, as it can 

be consumed orally, and it has no severe side effects10. Although using the techniques 

they employed in their investigation, the researchers were unable to find any impact 
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on neutrophil function. On the other hand, the neutrophil count mean value was 

considerably raised by vitamin E administration. When compared to the period 

without vitamin supplements, the detection rate of neutrophil count values below 

500/mm3, which are linked to an increased risk of infections, was much lower during 

the vitamin E supplementation period. 18 

Glucose-1-Phosphate represents a pivotal compound situated at the convergence of 

various metabolic pathways, including glycolysis, glycogenesis, glycogenolysis, and 

gluconeogenesis. During the process of glycogenesis, glycogenolysis is suppressed, 

and conversely, when glycogenolysis takes place, glycogenesis is hindered. 

Anomalies in glycogen metabolism, marked by irregular glycogen accumulation 

resulting in severe hepatomegaly and, in more severe cases, hepatic dysfunction, In 

an effort to resolve this problem, we tried to block the glycogenesis process by 

deactivating the key enzymes in the glycogen production pathway, the three main 

enzymes involved were: glucose kinase, glycogen synthase, and backup enzyme 

protein phosphatase-1, with the assistance of a few select micronutrients like β-

Carotene,(12) Riboflavin, (50) Vitamin C, and Vitamin E. (11,51,52) 

The literature suggests the certain micronutrients can influence the Glycogenesis and 

the mechanism, where the effect of Hyperhomocysteinemia (HHcystemia) on hepatic 

glycogen synthesis. Mice were subjected to water comprising two percent 

methionine, which caused them to develop hyperhomocysteinemia. The hepatic 

glycogen level and the rate of glycogen synthesis were significantly reduced in 

HHcystemia-affected mice, whereas there was a rise in the phosphorylation of 

glycogen synthase. In animals with HHcystemia, there was an up-regulation of TRB3 
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(tribbles-related protein 3) expression in the liver, which coincided with the 

dephosphorylation of Akt and glycogen synthase kinase-3β.(53) 

 

Diminished glycogen synthesis in the liver during the postprandial phase and impaired 

insulin secretion in the pancreas are the results of glucose kinase scarcity or 

inactivation, which impairs glucose metabolism in the hepatocyte and pancreatic β-

cells. Patients with glucokinase deficiency see a reduced net increase in hepatic 

glycogen content following a meal in comparison to control.(54,55) 

Glycogen synthase kinase-3 (GSK3) plays a crucial role in regulating glycogen 

synthase and glucose metabolism, as well as energy homeostasis. It is involved in 

various biological and pathophysiological processes. GSK3 has major regulatory role 

on glycogen synthase, and on the other hand can also contribute in the development 

of metabolic disorders. GSK3 inhibitors show potential as therapeutic targets for 

treating metabolic diseases. Clinical tests of GSK3 inhibitors have been conducted, 

indicating their potential application in clinical settings.(56,57) 

Protein Phosphatase 1 (PP-1) key enzyme regulates the delicate balance between 

glycogen synthesis and degradation. PP-1 manages the process by which glycogen is 

synthesized and stored within cells. Its importance in glycogenesis is acknowledged 

by its ability to dephosphorylate and activate key enzymes involved in glycogen 

synthesis, thereby promoting the conversion of glucose into glycogen for energy 

storage.  

The primary target of PP-1 in glycogenesis is glycogen synthase, the enzyme 

responsible for catalysing the formation of α-1,4-glycosidic bonds between the 

glucose molecules during glycogen synthesis. Glycogen synthase exists in both 
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phosphorylated (inactive) and dephosphorylated (active) forms, with PP-1 playing a 

pivotal role in the conversion between these states. By dephosphorylating glycogen 

synthase, PP-1 stimulates its activity, facilitating the incorporation of glucose residues 

into the growing glycogen molecule.(58) In summary, it is anticipated that the 

macronutrients will sustain normoglycemia for as long as feasible, while the 

micronutrients will lessen the amount of glycogen accumulated in the liver by 

blocking the process of glycogenesis, thereby preserving the liver's normal 

architecture and physiology. (59) 

3.1.2 GSD type 1 Disease models 

3.1.2.1. Genetic models 

Understanding the mechanisms underlying Glycogen Storage Disease Type 1 and 

creating treatments for it depend heavily on animal models. Genetically modified 

animal models, such as mice and canine model, have been used to simulate the 

enzyme deficiencies seen in Glycogen Storage Disease Type 1.(60) These genetically 

modified animal models allow researchers to study the effects of the enzyme 

deficiencies on glycogen metabolism and identify potential therapeutic targets. 

Nonetheless, research indicates that creating and developing a disease screening 

model for GSD is an exhausting assignment. Although genetically altered cells and 

animals with gene knockouts function as disease screening models, the cost, 

maintenance, durability, and stability of these screening models have significant 

challenges. Similarly to evaluate chronic liver disease, a liver specific G6pc knock-

out (k/o) mice model (L-G6pc-/-) was developed. Unlike total G6pc k/o mice, L-

G6pc-/- mice survived and maintained normoglycemia postnatally. However, they 

developed hyperlipidaemia, lactic acidosis, and uricemia initially, which improved 
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after 6 months. Hepatomegaly, hepatic glycogen accumulation, and hepatic steatosis 

were observed, with MRI revealing hepatic nodules (<1mm) at 9 months and 

hepatocellular adenomas (1-5mm) in 30-40% of mice at 12 months, progressing to 

multiple adenomas in all mice by 18 months. This model provides insights into the 

GSD1a-related hepatic manifestations, such as the delayed development of 

hepatocellular adenomas.(61)  

3.1.2.2. Chemically induced GSD type 1 manifestations by inhibiting G6Pase and 

G6PT 

According to a review of the literature, green coffee contains a high concentration of 

specific chemical compounds, such as chlorogenic acid (CGA), a kind of 

hydroxycinnamic acid, which is found in many different fruits 13 and its derivatives 

are known to inhibit the particular complex of enzymes called G6Pase, which can 

mimic the reaction or symptoms of GSD type I. 

Similar to CGA, many other chemical constituents and phytoconstituents have 

showed promising results in inhibiting the pivotal enzyme G6Pase, by which they can 

imitate the manifestations of GSD type 1 disease, claims like Mumbaistatin was 

proposed, which is referred to as an inhibitor of the G6Pase system. Mumbaistatin 

was extracted from Streptomyces sp. DSM1 1641 cells by reversed-phase 

chromatography and anion-exchange chromatography. To aid in the discovery of its 

structure, the acid-labile inhibitor underwent methylation. The structure of an 

aromatic dispirodiketal, a molecule with a unique ring system, was clarified using 

single crystal X-ray structural evaluation of a triple methylated dehydrated product, 

C31H24O11. Comprehensive 2D-NMR analyses involving Mumbaistatin and its 

methylation byproducts demonstrated that Mumbaistatin has the hydroxy-di-keto-di-
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carboxylic acid structure 1, C28H20O12, which self-condenses with water loss to 

produce the dispirodiketal when acidic or activated via methyl ester production. 

Comprehensive 2D-NMR analyses involving Mumbaistatin and its methylation 

byproducts demonstrated that Mumbaistatin has the hydroxydiketodicarboxylic acid 

structure 1, C28H20O12, which self-condenses with water loss to produce the 

dispirodiketal when acidic or activated via methyl ester production. Anthraquinone 

derivative Mumbaistatin (IC50 = 5 nM) shows strong inhibition of G6PT. The 

anthraquinone derivative Mumbaistatin (IC50 = 5 nM) shows strong inhibition of 

G6PT.(63)  The goal of the current research is to ascertain how closely these chemical 

compounds resemble the distinctive symptoms of GSD. 

One more chemical by the name Kodaistatin, was studied where, a combination of 

two new substances, Kodaistatin A and Kodaistatin C, were obtained from Aspergillus 

terreus Thom DSM1 1247 cells. A variety of 2D NMR techniques, in particular 13C-

13C correlation assessment, were applied to clarify the structure of kodaistatin-A. 

Kodaistatin A and C are hydroxylated derivatives that share highly substituted 

polyketide units and hydroxylated aspulvinones. The G6PT subunit of the G6Pase 

system, which is essential for metabolic regulation, is efficiently inhibited by both 

Kodaistatins.(64) 

Certain plant-based studies also suggested the G6Pase inhibitory property, where the 

study investigated the inhibitory effects of quercetin 3-O-α- (2″-galloyl) rhamnoside 

(QGR), a flavonoid present abundantly in the leaves of Bauhinia megalandra, on 

G6Pase in the intact microsomal cells. The results show that QGR inhibits G-6-Pase 

in a concentration-dependent manner. QGR also increases the Km for glucose-6-

phosphate without affecting the Vmax. According to the study, QGR inhibited the 
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glucose-6-phosphate transporter (G6PT) in a reversible and competitive manner 

without influencing the phosphate/pyrophosphate transporter or the catalytic 

component. Furthermore, QGR inhibited the gluconeogenic capacity of liver slices, 

indicating its potential for reducing glucose levels in diabetic patients.(65)  

3.1.2.3. Chlorogenic acid as an inducing agent 

Among these shortlisted chemical agents, chlorogenic acid was most favoured 

chemical along with metformin, as both have more dependable when it comes to 

stability and availability, and also, they are well tolerated in animals CGA has many 

supportive evidences that it can be a successful inhibitor of both G-6-Pase and G6PT 

enzyme complex, it has been studied in diabetic studies, especially in in vitro studies. 

Ong K, and team conducted the study in type 2 diabetes genetic model in HepG2 

hepatocytes and found that the acute administration of CGA considerably reduced 

blood glucose levels during fasting condition along with simultaneous suppression of 

G6Pase expression and the mechanism was attributed to the capacity of CGA to 

suppress the Glucose 6-Phosphatase activity, which is required for gluconeogenesis 

as well as glycogenolysis13. Similarly, Herling and team studied the chlorogenic acid 

derivatives' pharmacodynamic profiles, such as those of S-3483 and S-4048, were in 

line with the compound's defined mechanism of action, which involves inhibition of 

G6Pase activity, suppression of glucose production in the hepatocytes, and a 

subsequent hypoglycemia.19 Similarly Henry C and team studied a decaffeinated 

green coffee extract called Svetol and concluded that the phytochemical prevented the 

glucose-6-phosphate hydrolysis in intact human liver microsomes and competitively 

inhibited G6Pase in a dose-dependent fashion. G6Pase activity in the liver is increased 

by two to three times during starvation and diabetes. This suggests that dietary 
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substances aimed at, for instance, suppressing hepatic glucose synthesis could 

potentially target this enzyme system for improving diabetic hyperglycaemia. 20 

Adolfo Andrade-Cetto aimed to investigate the theory that reducing hepatic glucose 

production would occur from using an inhibitor of G6PT to target gluconeogenesis, 

based on the previous study by (Hemmerle et al., 1997) where it was identified that 

chlorogenic acid is a specific inhibitor of the G6PT component in microsomes of rat 

liver 20. Similarly the liver microsomal fractions studies were conducted by Bassoli et 

al., where, CGA and its synthetic equivalents have been shown in vitro studies using 

intact vesicles from hepatocyte endoplasmic reticulum to inhibit the G6PT of the 

G6Pase enzyme complex and, consequently, block G6P hydrolysis, which confirmed 

the inhibitory effect of CGA on G6Pase activity in a dose-reliant manner, same as its 

synthetic derivatives. About 40% of the reported inhibition was seen at 1 mM CGA, 

while only a tendency was seen at 0.25 mM. However, 0.25 mM CGA has been shown 

to 50% block this action in intact microsome preparations.(39,69) 

Bioavailability of CGA was extensively studied by Lafay et al., to identify that in 

which form, throughout the gastrointestinal tract, CGA is absorbed through the 

mucosa of the gut and the absorption site, using HPLC with coulometric detection, 

CGA and its metabolites were measured at different time periods (1.5, 3, 4.5, and 7 h) 

after the meal and the cecum, small intestine, and stomach contents subsequently, 

plasma and urine were estimated. While the contents of the small intestine and 

stomach degraded CGA (by 1%), the cecum hydrolysed 15–32% of the consumed 

chlorogenic acid into caffeic acid. CGA and caffeic acid were detected at 1.5 hrs in 

the plasma as well as urine sample, indicating that the absorption of chlorogenic acid 

occurs in the upper gastrointestinal system. Further, in order to study the absorption 
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of chlorogenic acid in the stomach, CGA was placed into the ligated stomachs of 

overnight fasted rats. The aorta and stomach vein both contained intact chlorogenic 

acid after 30 minutes of infusion. These findings demonstrated that intact chlorogenic 

acid is rapidly absorbed in the rat GIT especially in the stomach. 22. Similarly, 

Gonthier et al., studied that the process of absorbing chlorogenic acid in the digestive 

tract and its metabolism determine its biological characteristics. Additionally, by 

identifying and measuring the primary metabolites produced in rats fed diets 

supplemented with pure chemicals, they investigated the bioavailability of 

chlorogenic acid and contrasted it with that of caffeic and quinic acids. Urine and 

plasma comprised both intact CGA and its metabolites. Urine containing intact 

chlorogenic acid indicated that the compound has been absorbed in its original 

form.(71,72) 

On the other hand the challenge of the hydrophilic nature of CGA can affect its 

bioavailability, which was evaluated by Feng et al., who evaluated the CGA’s 

difficulty to get past the barrier of the lipophilic membrane, which can hinder its 

bioavailability due to rapid metabolism. These considerations limited the effective 

utilization and availability of CGA for prolonged duration in the gastro intestinal tract 

and also its clinical application is limited. Therefore, to overcome this factor, the 

authors attempted to investigate Chlorogenic acid-loaded liposome (CAL) and its 

related pharmacological effectiveness. 18 

Chlorogenic acid  has also been studied for its anti-hypertensive activity along with 

anti-diabetic property by Bhandarkar et al., they examined the various CGA dosages 

and reported that the rats subjected to a high-carb, high-fat diet had a daily chlorogenic 

acid intake of about 100 mg/kg. Lower doses of about 30 mg/kg/day for 8 weeks or 
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about 50 mg/kg/day for 12 weeks did not alter body weight or insulin resistance in 

mice. Studies using 200 and 300 mg/kg/day of chlorogenic acid, respectively, shown 

positive effects with drops in blood glucose levels. Chlorogenic acid dosages ranging 

from 25 mg to 900 mg per day have been utilized in prior human trials. Chlorogenic 

acid absorption through the digestive tract was investigated and described. In the 

small intestine, about  1/3rd of the chlorogenic acid was absorbed. The gut bacteria 

hydrolysed and thoroughly processed the portion of ingested chlorogenic acid that 

made it to the colon.(74). Similarly, pre-clinical and clinical studies were conducted 

by Zuniga et al., evaluated the impact of CGA treatment on insulin sensitivity, release, 

and glycemic management in individuals with established impaired glucose tolerance 

(IGT). The study was hypothesized based on cumulative evidence of in vivo, animal 

models that have indicated that chlorogenic acid has substantial antidiabetic 

properties by improving the regulation of glucose homeostasis. A specific type of 

evidence pertaining to glucose metabolism shows that db/db mice that received a 12-

week dose of chlorogenic acid (80 mg/kg/day) via probe experienced a notable 

decrease in fasting blood glucose (FBG). Relying over these investigations, the 

researchers carried out a randomised, double-blind, placebo-controlled clinical 

investigation involving thirty patients diagnosed with impaired glucose tolerance 

(IGT); fifteen of the patients were randomized to receive 400 mg of oral chlorogenic 

acid three times a day for a duration of twelve weeks, while the remaining fifteen 

patients were given a placebo. Anthropometric and metabolic measures, such as FBG, 

glycated haemoglobin A1c, and a lipid profile, were taken both before and after the 

intervention. The findings demonstrated a significant reduction in FPG concentration 

in the individuals treated with chlorogenic acid.(75).  
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Apart from inhibiting G6Pase enzyme, CGA is also studied for its protective role in 

alcoholic liver disease by Hyunjin et al., based on more pertinent research 

demonstrating the health advantages of CGA consumption, including a decreased risk 

of Alzheimer's disease, diabetes type 2, and cardiovascular disorders. In addition, it 

possesses anti-inflammatory and antibacterial qualities and protects the liver from 

acetaminophen poisoning. The authors have conducted the study on mice where, the 

animals were subjected to multiple doses of CGA acid at fixed interval of time. The 

animals received CGA (10-40 mg/kg per dose) orally after every 30 min interval once 

the animals were exposed to alcohol (3 g/kg per dose) for 7 consecutive days 

antioxidant activity(76). 

Green coffee beans and its extract has rich CGA content,(77) as one of the dietary 

supplements that promote health, green coffee can be added to food preparations or 

enhanced products. Its protective effects are demonstrated by the reduction of type 2 

diabetes and specific cancers, such as those of the colon and liver. (78) The mode of 

action of CGA was studied by Jung et. al., & Ong et. al., it was proposed that the 

inhibition of the enzyme that transfers glucose-6-phosphate and glucose absorption 

may be connected to the hypoglycemic mechanism of CGA. In rat liver microsomes, 

CGA has been found to be a unique selective reversible inhibitor of the glucose-6-

phosphate translocase. As it is essential that endogenous glucose should be produced 

through glycogenesis and glycogen breakdown in order to support the function of 

glucose-6-phosphate-transporting enzyme, which is crucial for controlling blood 

glucose levels in vivo. Consuming CGA will lessen the amount of glycogen excreted 

by the liver in those with type 2 diabetes. Consequently, CGA has emerged as a viable 

option for the management of diabetes. Additionally, it was discovered that CGA 
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could alter blood glucose levels and increase insulin release that is mediated by 

glucagon-like peptide-1 (GLP-1). According to research, CGA may elevate the gene 

expression of glucose transporter 4 (GLUT4), decrease the synthesis of fatty acids, 

inhibit gluconeogenesis, turn on AMP-activated protein kinase (AMPK), and 

downregulate the gene expression of glucose-6-phosphate-translocase enzyme. By 

activating AMPK, CGA facilitates the migration of GLUT4 to cell membranes, hence 

enhancing glucose absorption.(79,80)  

3.1.2.4. Metformin as a candidate compound to induce GSD type 1 

manifestations 

Several studies have been demonstrated to prove the effect of biguanides to induce 

lactic acidosis, not only that biguanides have similar mechanism of suppressing the 

hepatic glucose synthesis as that of CGA (i.e. by activating AMP-activated protein 

kinase), two independent studies by Quynh et al., and Bando et al., showed that 

Biguanides, a class of oral hypoglycaemic agents are extensively utilized in the 

management of type 2 diabetes. It is well known fact that due to the high risk of 

phenformin-induced lactic acidosis associated with a mortality rate of 50%, the drug 

was banned in the US market in the year 1976. In comparison to phenformin, 

metformin has a 10-20 folds lesser extent of causing lactic acidosis, however, still 

there is possibility of hyperlactatemia. The majority of Metformin associated lactic 

acidosis (MALA) cases were linked to underlying conditions like acute renal 

dysfunction caused by loss of volume, other potentially nephrotoxic agents, and 

subsequent radio-contrast media use, or hepatic insufficiency. While the prevalence 

of MALA is low, once it has been established, the mortality rate can be extremely 

high, particularly in the critical care environment, so discontinuation is recommended 
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in patients who are about to experience renal and multi-organ failure. Metformin-

induced lactic acidosis (MILA) is a less frequent condition in which metformin 

appears to be the only cause of lactic acidosis with no obvious pathology and is 

commonly synonymous with acute intoxication.(81)(82) 

3.1.3. In silico Approach 

3.1.3.1. Molecular Docking 

A computational technique called "molecular docking" uses structure to determine the 

binding posture and affinity between ligands and targets. Molecular docking and 

simulation approaches have become invaluable tools in drug discovery and 

development.(83) They enable investigators to anticipate the interactions and binding 

affinities between ligands, or small molecules or ligands , and target proteins, 

providing insights into the potential therapeutic effects of these compounds. 

Predicting a compound's ability to block an enzyme is a common application of 

molecular docking, especially when it comes to glycogen storage diseases. With the 

help of Molecular Dynamic simulation technique the binding affinity and interactions 

of these compounds with key enzymes involved in glycogen metabolism, researchers 

can gain valuable insights into their potential inhibitory effects. In this study we have 

employed to different modules, one is disease induction by inhibiting Glycogenolysis 

by suppressing G6Pase and G6PT, on the other hand we are preventing the glycogen 

accumulation in the liver cells by inhibiting glycogen synthesis via suppressing 

Glycogen synthase kinase, Glucokinase, and Protein phosphatase 1, so all these can 

be predicted with the help of Molecular docking and dynamic simulation studies. 
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Inhibition of glycogenolysis 

Inhibition of glucose-6-phosphatase, which plays a crucial role in glycogenolysis, 

molecular docking studies can help predict the inhibitory activity of compounds such 

as chlorogenic acid.(84) Molecular docking has been applied in predicting the enzyme 

inhibitory activity of certain compounds to understand their potential impact on 

glycogen storage disease, SLC37A4 alpha folded model is the gene protein which 

encodes for G6PT, which can be inhibited by forming a docking complex with CGA 

ligand. In the context of glycogen metabolism, this predictive approach allows 

researchers to simulate the binding affinity and interactions of specific compounds 

with key enzymes involved in the disease pathway. By elucidating the inhibitory 

effects of these compounds on the relevant enzymes, valuable insights can be gained 

into their therapeutic potential for glycogen storage disease. This application of 

molecular docking provides a means to screen and identify potential drug candidates 

that could modulate the enzyme activity associated with the disease.(85) 

Inhibition of Glycogenesis 

For the specific inhibition of protein phosphatase 1, the control ligand often used is 

okadaic acid. Okadaic acid is a natural toxin produced by certain marine 

dinoflagellates and is a strong inhibitor of phosphatases in proteins, including Protein 

Phosphatase-1 (PP-1) and Protein Phosphatase-2A (PP-2A). By inhibiting PP-1, 

okadaic acid disrupts the dephosphorylation of glycogen synthase, leading to its 

activation and increased glycogen synthesis. This inhibition ultimately results in the 

accumulation of glycogen in cells. Therefore, okadaic acid is frequently employed in 

research settings to study the regulation of glycogen metabolism and related cellular 

processes.(86)(87) 
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Substrate docking or control docking refers to the process of a substrate molecule 

binding to a specific site on a protein or enzyme. In the context of the provided 

abstracts, several papers discuss substrate docking in different systems. Substrate 

docking is significant because it makes it possible to anticipate the binding 

interactions between a substrate molecule and a target protein.(88) It helps in 

understanding the structural and functional properties of enzymes and their substrates, 

which is important in fields such as clinical and biotechnological research 

It aids in comprehending the structural and functional characteristics of enzymes and 

their substrates, which is important in fields such as clinical and biotechnological 

research.(89) 

3.1.3.2. Molecular Dynamics-Simulation 

Drug discovery will soon routinely use computational technologies such as molecular 

dynamics (MD) and related techniques. Their main advantage is that they address 

entropic effects and structural flexibility explicitly. As increasingly sophisticated 

hardware architectures and algorithms are used, this makes it possible to determine 

the thermodynamics and kinetics of drug target identification and binding more 

precisely.(90)  MD simulations have shown significant strengths in simulating the 

biological processes between receptors and ligands, particularly in allosteric binding 

sites. MD simulations have wide range of applications including drug discovery, 

prediction of macromolecule structures, model development and allostery. It has been 

utilised in the early phases of medication design and development, among many other 

applications, to define disease development pathways. The evaluation of the 

membrane structure and its organisation, membrane permeability, lipid–protein, 

lipid–drug and protein–ligand interactions, subsequently, the protein structure and 
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protein dynamics are only a few of the many biomolecular systems for which MD 

simulations are used.(91) 

 

The molecular docking was performed by using an Alpha Fold protein model as 

Jumper, J et al., (2021)  explained that it is possible that highly accurate protein 

structure predictions can be done with Alpha Fold structure model. Alpha Fold is an 

amalgam of physical and bioinformatics methodologies: The authors designed 

components that acquire information from PDB data with a minimum of handcrafted 

feature imposition by utilizing a physical and geometric inductive bias (for example, 

Alpha Fold generates hydrogen bonds well without a hydrogen bond scoring 

function). This leads to a network that can handle the complexity and variety of 

structural data while learning far more effectively from the sparse data in the PDB. 

Specifically, Alpha Fold can generate precise models even in the absence of the 

physical surroundings.(92) 
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4.2.2.1. Protein and ligand preparation 
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4.3. Main Study:  

4.3.1. In silico Approach to study the inhibition of Glycogenesis 

4.3.2. Experimental animal model for GSD type 1 in rats 

4.3.3. Dose preparation 

4.3.3.1. Preparation of Macronutrients  

4.3.3.2. Preparation of Micronutrients 

4.3.4. Collection of blood  

4.3.5. Assessment of manifestations 

4.3.5.1. Blood glucose estimation 

4.3.5.2. Estimation of Glucose-6-phosphatase 

4.3.5.3. Estimation of liver glycogen 

4.3.5.4. Estimation of lactate dehydrogenase 

4.3.5.5. Estimation of uric acid  

4.3.5.6. Estimation of triglycerides 

4.3.5.7. Liver size, weight and histological examination of liver tissue 

4.3. Data analysis 

With the aid of statistics GraphPad Prism version 8, the gathered data was examined 

statistically. The average ± standard error of the mean, or SEM, was used to express the 

findings. After doing a one-way ANOVA analysis on the collected data, the multiple 

comparison post-hoc test by Bonferroni was used. 
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4.1 Chemicals and equipment’s/instruments used in the study 

Table 1: List of chemicals/ equipment’s used in the study. 

Sl.No. Name of chemicals Company/Manufacturer name 

1. Anaesthetic ether 
Thomas Baker Chemicals Pvt Ltd., 

Mumbai, India. 

2. Soy lecithin 
Sisco Research Laboratories Pvt. Ltd - 

SRL, Mumbai, India 

3. Cholesterol 
SD Fine Chemicals Pvt. Ltd. Mumbai, 

India 

4. Dichloromethane 

Erba Transasia Bio-Medicals Ltd., Baddi,  

H.P, India. 

5. 

Chlorogenic acid 

(CAS. No. 327-97-

9) 

Sigma Aldrich Chemical Company 

(USA). 

6. 

Chlorogenic acid 

(Green coffee bean 

extract 36% CGA) 

SV Agrofood, Delhi, India. 

7. 
Trichloroacetic 

Acid (TCA) 

Sigma Aldrich Chemical Company (USA). 

8. 
Ammonium 

Molybdate 

Himedia Chemicals. Mumbai 
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9. 
Glucose-6-

Phosphate 

SRL Chemicals, Mumbai 

10. BIS-TRIS Buffer Sigma Aldrich Chemical Company (USA). 

11. 

1-Amino -2-

Napthol -4-Sulhonic 

acid 

SRL Chemicals, Mumbai 

12. Cassava Starch Kudos Pvt Ltd Generic 

13. Corn flour Brown and Polson  

14. 
UV/VIS 

spectrophotometer 

Shimadzu UV-1900 

15. Semi-Autoanalyzer Erba-Transasia 

16. 

Inverted microscope  

(CKX41). 
Olympus Microsystem, Japan. 

17. 

Image J. freeware  

(Image J. 2010), I.J. 

(1.46r) 

Developed by National Institute of Health 

(NIH) of Bethesda, USA. 

18. 
Hot air oven Servewell Instruments Pvt. Ltd., 

Bangalore, India. 
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19. 

Microtome 

(Rotary), RM2125 

RTS 

Leica Microsystems IR GmbH. 

20. 
Wax bath Labline Scientific Instruments, Mumbai. 

21. 

Thermostat water 

bath 

Labline Scientific Instruments, Mumbai. 

22. 

Tissue embedding 

cassette  

Himedia Laboratories Pvt. Ltd., Mumbai 

 

4.2. Pilot Study: Experimental model 

4.2.1. In silico Approach: GSD type 1a  

4.2.1.1. Molecular Docking with Glucose-6-phosphatase 

In order to obtain a clean protein structure, water and heteroatoms were removed from 

the Glucose-6-phosphatase with the modelled structure. Molecular binding sites are 

considered in receptor cavity method docking calculations for ligand molecules bound 

in interactions. The study of receptor-ligand docking was conducted with AutoDock 

Vina with a box size of 40 x 40 x 40.  

4.2.1.2. Molecular Dynamics-Simulation 

The chosen protein-ligand complex was run through a molecular dynamic’s simulation 

in Gromacs-2019. 4. To obtain the force field coordinates, The PRODRG server 
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provided the required ligand topology (PMID: 15272157). The vacuum minimization 

technique was used to prepare the system with 1500 steps with the algorithm for the 

steepest descent. Subsequently, a cubic periodic box of 0.5 nm was used to solve the 

complex structures using a simple point charge (SPC) water model. Subsequently, the 

salt's optimal concentration 0.15 M was maintained in the complicated systems with 

the addition of the appropriate amounts of Na+ and Cl-counter ions. Based on a 

formerly published the work, the system setup was postulated [15]. During the process 

of Number of particles, Pressure, and Temperature (NPT) equilibration phase, every 

single generated structure underwent a final production run lasting 100 ns in the NPT 

ensemble (PMID: 31514687). The GROMACS simulation package (PMID: 32567989) 

was used to carry out the trajectory investigation. It comprises Protein's RMSD, RMSF, 

RG, SASA, and H-Bond. 

4.2.2. In silico Approach : GSD type1b 

4.2.2.1. Protein and ligand preparation 

The alpha folded model structure of SLC37A4 in its entirety was obtained from the 

webpage for the alpha fold.(94) The model structure, accession number AF-

A0A1L1SUI3-F1-model_v2, the glucose-6-phosphate substrate (PubChem CID: 

5958), and the chlorogenic acid (PubChem CID: 1794427) were all made available by 

the alpha fold website the 3D structures were obtained from PubChem and were 

optimized using Discovery Studio Visualizer software version 2019 utilizing the energy 

minimization methodology and the CHARMM (Chemical at Harvard Molecular 

Mechanics) force field. 
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4.2.2.2. Protein structure information 

Distribution of amino acids and evaluation of quality: To analyse the protein's amino 

acid distribution and the functional sites of the protein structure that were obtained and 

evaluated via SAVES server. PROCHECK was used to obtain information regarding 

the distribution of Phi/Psi angles for amino acids. in the SLC37A4, (95) and its general 

quality was examined by ERRAT.(96) Following the molecular dynamic simulation, 

the ligand-bound complex's 0 and 100 ns frames were acquired and subjected to the 

PROCHECK and ERRAT servers. We analysed the overall quality and distribution of 

the protein's amino acids alone as well as ligand-bound state data for both CGA and 

G6P. 

4.2.2.3. Pocket information:  

The P2Rank server was employed to obtain data regarding potential residues implicated 

in both protein function and ligand molecule binding.(97)  For the docking 

investigation, the location of the pocket residues with greatest probability score was 

taken into account for this study. 

4.2.2.4. Molecular docking  

The POAP pipeline was utilized to evaluate the affinities of CGA and G6P for the 

glucose-6-phosphate translocase using AutoDock vina.(98,99) The grid box containing 

residues from active sites with centre x=0.435, y=1.652, z= 2.037 was set to pocket 1 

during the docking simulation; sizes x=46.89, y=39.377, and y=41.626 were set with 

1Å spacing. The exhaustiveness of the docking system was adjusted to 100 ns. 

Discovery Studio Visualizer 2019v was used to investigate the G6P and CGA 

intermolecular interactions in combination with SLC37A4.(100)  
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4.2.2.5. Molecular dynamics (MD) simulation 

Using Gromacs-2019.4, G6P-SLC37A4 and CGA-SLC37A4 complex MD simulations 

were carried out. Using the Amber ff99SB-ildn force field, the Amber Tools xleap 

module developed the complex topology. With a boundary condition of 10.0 Å in a 

cubic periodic box, the complex structures were solvated with the help of water simple 

point charge (SPCE) water model. Subsequently, the complex systems' salt content was 

then kept constant at 0.15 M by employing an appropriate ratio of Na+ and Cl- counter 

ions. The results of a previously published research served as the foundation for the 

system preparation. Each structure's final production run from the equilibration phase 

was completed utilizing an ensemble of NPT simulations run for 100 ns. Utilizing the 

Gromacs packages, a 100ns trajectory analysis was done. The radius of gyration (Rg), 

hydrogen bond (H-bond), root mean square deviation (RMSD), and root mean square 

fluctuation (RMSF) were taken into consideration for assessment.(99,101) 

4.2.2.6. Binding free energy calculations 

Throughout the simulation, An inhibitor's binding free energy (G binding) with a 

protein was examined using the MM-PBSA method. The g mmpbsa functionality of 

GROMACS was utilized to determine the binding free energy.(102) In order to achieve 

a precise outcome, we calculated ΔG using dt 1000 frames for the final 20 ns trajectory 

and the binding free energy was expressed in kcal/mol. Further, the analysis also 

included contributions of each individual residual energy in the development of stable 

complexes.(103) 

4.2.2.7. Analysis of principal component 

MD trajectories are analyzed by principal component analysis (PCA) to evaluate 

molecular motion. The translational and rotational motion of the molecule can be 
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stopped or eliminated by applying the "least square fit" the reference structures. After 

a linear translation of cartesian coordinate space, the covariance matrix is diagonalized 

to get a set of eigenvectors that describe the motion of the molecule. Each eigenvector's 

eigenvalue reveals how much energy it contributed to the motion. The trajectory is 

projected onto an eigenvector, and therefore one may see how the pieces perform "time-

dependent motions" inside a particular vibrational mode. The temporal average of the 

projection shows how the vibrational components of the atoms contribute to this type 

of coordinated motion. Using the integrated Gromacs tool "g covar," the covariance 

matrix was computed and diagonalized to get the eigenvectors and eigenvalues of the 

trajectory". The eigenvectors were also examined and illustrated using the "g anaeig" 

programme. The Gromacs features g covar and g anaeig utilities were utilized to 

perform PCA using the least squares fit method.(104–107) 

 

4.2.3. Animal ethical clearance  

The KLE College of Pharmacy's Institutional Animal Ethics Committee (IAEC) at 

Vidyanagar, Hubballi, Karnataka, India, authorized the proposed animal study 

(Approval No. 0/KLECOPH/19), after it was evaluated by the CCSEA (Committee for 

Control and Supervision of Experiments on Animals). The ARRIVE principles were 

followed in the execution all the experimental operation. 

 

4.2.4. Selection and housing of experimental animals 

For this study the male Wistar strain albino rats weighing 150–200 grams were selected 

that were acquired from KLE College of Pharmacy's animal home in Hubballi, 

Karnataka. They were kept in polypropylene cages with a 12-hour light and dark cycle, 
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and their temperature was kept at 27 ± 2°C. They received regular rat food (Gold Mohur 

Lipton India Ltd.) and unlimited water.  

4.2.5. Handling of chlorogenic acid (CGA) and Metformin 

4.2.5.1. Preparation of extra pure Chlorogenic acid/CGA 95 % 

The manufacturer's instructions were followed in order to get and keep the chlorogenic 

acid (CAS No. 327-97-9) from Sigma Aldrich/Merck, USA, between 8 and 25 o C and 

the metformin tablets (USV India) were maintained at room temperature, CGA and 

Metformin were dissolved in water for injection and were subjected to oral 

dose.(108,109) The other common lab chemicals were all analytical grade and 

purchased from different suppliers. 

4.2.5.2. Formulation of chlorogenic acid-loaded liposomes 18 

For the preparation of the clear and transparent liposomes loaded with 

chlorogenic acid, A 15 mL solution of dichloromethane was treated with an ultrasonic 

treatment to dissolve 250 mg of soybean lecithin and 50 mg of cholesterol. A rotary 

evaporator (Buchi) was used to evaporate the product in order to remove 

dichloromethane. Subsequently, The product was combined with 20 mL of ethanol and 

50 milligrams of dissolved chlorogenic acid and rotary evaporation was performed 

again at 50° C to eliminate any remaining ethanol, producing complexes that resembled 

like films. Water was added to the dried film to create a 5 mg/mL CAL solution. The 

finished mixture was allowed to stand cold, at 4 °C, awaiting additional examination. 
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4.2.5.3. Dose preparation of green coffee bean extract comprising of 36 % CGA.(110)  

The green coffee beans are known to be one of the major sources of Chlorogenic 

acid, The green coffee bean powder (GCB) consisting of 36% of chlorogenic acid was 

procured, and stored as per the specified requirement, GCB powder was brewed and 

then the animals were subjected in drinking water on daily basis with a concentration 

of 0.1 g/ml for 49 days.(111) 

 

4.2.6. Experimental animal model for assessing the GSD type 1 manifestations 

Chlorogenic acid was selected for this study, based on its safety, availability, 

and effectiveness. To determine the effective dosage of CGA needed to lower the test 

animals' fasting blood glucose levels, a 14-day pilot study was conducted. For this 

experiment, the rats were housed into five different experimental groups, each 

consisting of six rats (n=6). All animals were allowed standard rat feed and water ad 

libitum, except those in the control group. The animals were subjected to daily doses 

of CGA at varying doses (50, 100, 200, and 400 mg/kg) for two weeks in adjuvant to 

their daily feed schedule (Table 2) . 
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Table 2: Dose Selection of Chlorogenic acid 

Group 

(n=6) 

Status Treatment (for 14 days) 

Low dose 

I Control Group 

 The animals were given access to 

regular drinking water and diet ad. 

libitum. 

II  CGA treated  
Treated with chlorogenic acid, 50 mg/kg 

body weight orally
16

 

III 
 CGA treated  

Treated with chlorogenic acid, 100 

mg/kg body weight orally 

  High dose 

IV  CGA treated  
Treated with chlorogenic acid, 200 

mg/kg body weight orally
19

 

V  CGA treated  
Treated with chlorogenic acid, 400 

mg/kg body weight orally 

 

An oral dose of (CGA 200 mg/kg) bodyweight was observed to be effective and showed 

the promising capability to induce fasting hypoglycaemia/ decreased fasting blood 

glucose level in albino Wistar rats. However, it was observed that CGA had a shorter 

biological half-life, due to which its ability to maintain hypoglycaemia was limited to 

1.5 to 2.5 hours. To overcome this situation the chlorogenic acid loaded liposomes 

(CAL) were formulated based on the literature review for this study.14 Subsequently, 

for the main study, based on the literature, the green coffee been extract 11,12 

comprising of 36 % (CGA 200 mg/kg) was regularly given to the animals in the 

treatment groups and blended into the drinking water, to sustain the CGA effect. In 
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order to induce further manifestations of GSD, like lactic acidosis, metformin16 was 

administered along with CGA in a test group of animals. 

The animals were divided into three different testing groups for the main study, each 

with six animals, Group I, or the control group was provided with normal feed and 

drinking water. In Group II the animals were fed with normal feed & drinking water in 

addition to 95 % CGA which was administered daily by oral gavage (200 mg/kg body 

weight for 49 days/ 7 weeks). Group III animals received green coffee bean extract 

(36% CGA) admixed in drinking water (200 mg/kg body weight orally daily) in 

addition to metformin 500 mg/kg and 95% CGA (200 mg/ kg body weight for 49 days) 

along with normal feed, administered daily by oral gavage. During the measurement of 

blood glucose, the maintenance dose of 100 mg CGA (95%) at 45 minutes interval was 

administered to sustain hypoglycaemia 

4.3. Main Study:  

4.3.1. In silico Approach to study the inhibition of Glycogenesis  

The three principal steps of molecular docking adopted were 1) ligand selection and 

preparation, 2) preparation of macromolecule, and 3) docking of ligand-protein.  

Ligand Preparation 

From the PubChem database, Using Discovery Studio 2021, the 3D structure of each 

ligand was extracted and converted from the .sdf to the .pdb format. The uff force field 

under the conjugation gradient was used as the optimal algorithm to minimize the 

energy. Following energy minimization, the .pdbqt format was applied to every ligand. 
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Macromolecule preparation 

The RCSB protein databank comprised the x-ray 3D crystallographic proteins of 

glucokinase (PDB: 1SZ2), GSK3β (PDB:4J1R), and protein phosphatase-1 

(PDB:6DNO). With the help of Discovery Studio 2021, all heteroatom were removed.  

Then, kollman-charged molecules were introduced. Following that, ligands were all 

saved in.pdb format. 

Docking of ligand-protein 

Using AutoDock Vina, individual ligand was docked against the following proteins: 

GSK3β (centre x, y, z = 34.11, 32.72, 18.41 and size x, y, z = 61.01, 54.50, 60.32), 

glucokinase (centre x, y, z = 10.133, -3.79, 12.89 and size x, y, z = 63.16, 53.23, 

56.039), and Protein Phosphatase-1 (centre x, y, z = 15.33, 80.65, 181.65, and size x, 

y, z = 46.56, 46.15, 56.039). Ten distinct stances were acquired after docking. To use 

Discovery Studio 2021 to visualize the ligand-protein interaction, the ligand's posture 

with the lowest binding energy was selected. 

4.3.2. Experimental animal model for GSD type 1 in rats 

Chlorogenic acid (CGA) and Metformin(112)(113) (Met) were selected for this 

investigation based on their efficacy, availability, and safety in inducing GSD I 

manifestations. The study design for this experimental set-up has been split into two 

distinct categories in order to examine into the consequences of macro and 

micronutrients, respectively. For the macronutrient investigation, the animals were split 

up into six groups (n=6). Group I received normal food and water without restriction, 

Group II was given metformin 500 mg/kg and chlorogenic acid 200 mg/kg as a negative 

control or disease control, Group III received CGA+Met + UCCS fed, Group IV 
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received CGA+Met + CS fed, Group V received CGA+Met + UCCS+micronutrients, 

and Group VI received CGA+Met + CS+micronutrients. 

4.3.3. Dose preparation  

4.3.3.1. Preparation of Macronutrients and select Micronutrients 

Macronutrients used 

Using a pestle and mortar, the regular chow pellets were ground into a fine powder in 

a 1:1 ratio with maize flour.(114) and as with the crushed pellet chow, pure wated was 

gradually added while mixing the pellet powder and cassava flour. Since starch 

functions as a binding agent, no additional binding agent was needed.(115) 

Macronutrients meal preparation. 

➢ The process used to prepare a diet rich in starches. 

❖ Normal chow pellets were mixed with the uncooked corn starch. 

❖ Similarly, normal chow pellets were also combined with the cassava starch. 

The mixture was slightly mixed with distilled water, once it had been thoroughly 

blended and the regular chow feed had been churned into a pestle and mortar. After 

pressing the material into pellets, it was left to dry for the entire night.(116) 
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Corn Starch and Cassava Starch 

Micronutrients used 

➢ The micronutrients were procured from reputed resources, which were 

subjected to the oral administration of food grade Beta carotene powder,(14) 

(Profoods NutritionTM),  Riboflavin (Bioven Ingredients), Vitamin C (Urban 

Platter®) and Vitamin E (Merck-Evion) via oral gavage feed.(117)(13) 

 

4.3.4. Collection of blood (118) 

Glucometers and test strips were stored and used at an appropriately controlled 

temperature and humidity throughout the study duration for glucose estimation. Blood 

was collected by tail prick method with the help of sterile lancet and the blood glucose 

was measured by glucometer (Arkray glucocard) and for other blood parameters the 
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animals were anesthetized under mild anaesthesia. Blood was withdrawn from retro-

orbital plexus puncture and centrifuged to get clear serum for biochemical estimation. 

4.3.5. Assessment of manifestations 

4.3.5.1. Blood glucose estimation (119) 

The fasting blood glucose level for the experimental rats throughout the study period 

was estimated with the help of a glucometer. There are mainly two procedures for 

continuous measurement of blood glucose levels in rats: the punctures of the dorsal 

penile vein and the lateral tail vein. These methods yield enough blood volumes for the 

majority of experiments and enable quick sampling (just under 10 minutes). While 

anaesthesia is required for the dorsal penile vein puncture, the lateral tail vein puncture 

or commonly called as tail prick method can be executed on a conscious, restrained 

animals. Repeated blood draws are possible by switching between the two 

methods.(120) However, in this study the lateral puncture method alone was employed 

to measure the blood glucose levels, with the help of sterile lancet and the blood glucose 

was measured by glucometer (Arkray glucocard). The retro-orbital plexus puncture was 

used to extract blood and centrifuged to get clear serum for biochemical estimation. 

The glucometers and test strips were stored and used at an appropriately controlled 

temperature and humidity throughout the study duration.  

4.3.5.2. Glucose-6-phosphatase estimation(121)(122)(123)  

Glucose-6-phosphatase enzyme was estimated by the method described by Nordlie, 

R.C. and Arion, W.J. (1966) and Taussky, H.H. and Shorr, E. (1953) with following 

requirements or conditions like: Temperature of 37°C, pH = 6.5, Absorbance at 660 

nm, Light path = 1 cm, Method: Spectrophotometric Stop Rate 

Determination.(123)(122)(121) 
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Reagents required: 

➢ 100 milligrams pH 6.5, 37°C BIS-TRIS Buffer (Buffer). Using BIS-TRIS, 

prepare 200 millilitres of filtered water. At 37°C, adjust the pH to 6.5. 

 

➢ 200 mM Glucose 6-Phosphate (Sub) and D-Glucose 6-Phosphate Sodium Salt 

should be prepared in 10 ml of filtered water. 

 

➢ 20% of TCA, or trichloroacetic acid Prepare 10 millilitres of Trichloroacetic 

Acid Solution, 6.1 N, in purified water. 

 

➢ Use neat Phosphorus Standard Solution, 20 μg/ml (Std) 

 

➢ 5 M Solution of Sulfuric Acid Make 50 millilitres with sulfuric acid in 

distilled water. 

 

➢ 10% Solution of Ammonium Molybdate Prepare 10 ml of ammonium 

molybdate tetrahydrate in Reagent 7.3.5. 

➢ The color reagent Taussky-Shorr (TSCR) Stir 10 milliliters of Reagent 7.3.6 

into 70 milliliters of filtered water. Then add 5 g of Ferrous Sulphate 

Heptahydrate. Stir this solution until completely dissolved and  bring to a final 

volume of 100ml using purified water. 

 

➢ Solution of glucose-6-phosphatase enzyme (Enz) Make a solution of 1.0–2.0 

units/ml in cold, filtered water right before using. 
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Enzymatic Assay: 

The following should be pipetted (in milliliters) into appropriate containers: 

 

  

Stirring constantly, mix and let sit at 37°C for at least five minutes before adding: 

 

Enzyme (7.3.8.) 0.10 ----- 

  

 Swirl to mix right away, and then incubate at 37°C for exactly five minutes. Next, add: 

 

Close tightly and stir by flipping. Centrifuge all reaction mixtures, sample and blank, 

for 10 minutes at 4,000 rpm after incubating for 5 minutes at 25°C. In the color 

development step, use the supernatant. 
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Color Development: 

To generate a standard curve, pipette the following amounts (milliliters) into 

appropriate containers: 

 

 Swirl together all of the samples, blanks, and standards, then add: 

 

TSCR  2.00 2.00 2.00 2.00 2.00 2.00 2.00 2.00 

 For five to six minutes, allow samples, standards, and blanks to all incubate at 25°C. 

After transferring each solution to the proper cuvette, note the A660nm for each.  All 

color development reaction mixtures must be incubated for the same amount of time 

since the color complex will develop with time. 
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Calculations: 

• Determine the standards' ΔA660nm using the following formula: 

(A660nm Standard - A660nm Standard Blank) = ΔA660nm 

• Plot the standards' ΔA660nm against μmoles of phosphorus to find the linear 

regression's slope (m) and y-intercept (b). Utilize these in the test reaction 

mixture calculations. 

• Determine each test solution's ΔA660nm using the following formula: 

(A660nm Test - A660nm Test Blank) = ΔA660nm 

• Calculate the liberated μmoles of Pi using the following formula.: 

μmoles Pi = 

(ΔA660nm Test - b) 

m 

 

Determine the following units per milligram of enzyme: 

 

Where: 

5.0 = is the enzymatic reaction's final volume (measured in milliliters). 

0.10 = is the amount of the enzyme solution used, measured in milliliters. 
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2.0 = the amount of enzyme assay required to develop color, measured in milliliters  

df = represents the enzyme solution's dilution factor. 

 

4.3.5.3. Estimation of liver glycogen(124) 

The Montgomery method was used to estimate the liver glycogen content. The method 

involves the hydrolysis of glycogen to glucose using a specific enzyme, 

amyloglucosidase, followed by the quantification of glucose concentration. The 

glycogen was measured as soon as the autopsy was completed, according to 

Montgomery (1957).  

Principle:  

The principle is based on the phenolic sulphuric acid method for the determination of 

alkali soluble polysaccharides in tissue. Furfural derivatives are produced when 

hydroxy aldehyde, which is produced during the dehydration process of carbohydrates 

treated with sulfuric acid and phenol. The amount of glycogen present in the reaction 

causes a pink color to appear, with a corresponding intensity.  

Reagents 

1. Potassium hydroxide (KOH) solution = 30%  

2. Phenol solution in distilled water = 80% 

3. Concentrated sulphuric acid (H2SO4)  

4. Glycogen standard 1.0 mg of glycogen was dissolved in 10 ml of distilled water (0.1 

mg/ml).  
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Procedure: 

• 20 mg of tissue was digested in 2 ml of 30% KOH kept in boiling water.  

The digested tissue was brought to room temperature by cooling and 4 ml of 

absolute alcohol was added and left for 10 minutes. 

• After an interval of 10 minutes, the content was centrifuged for 30 minutes and 

the supernatant was discarded.  

• Once again, 2.4 milliliters of absolute alcohol were added, centrifuged for ten 

to fifteen minutes, and the supernatant was disposed away. The tubes were kept 

in the desiccator for overnight. 

• Then next day, 4 ml of distilled water was added to the precipitate and mixed 

thoroughly. Test, standard and blank solutions were prepared by mixing various 

ingredients as follows: - 

 

Sl.No. Ingredients Test Standard Blank 

1 Tissue solution 1 ml --- --- 

2 

Glycogen 

Standard 

(working) 

--- 0.5 ml --- 

3 Distilled water 1 ml 1 ml 1 ml 

4 Phenol Reagent 0.1ml   

5 Cone. H2SO4 0.5 ml 0.5 ml 0.5 ml 
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Calculation  

The following formula was used to determine the amount of glycogen present in the 

tissue. 

Total glycogen content (mg/gm of tissue weight) =  

 

O.D. of test  x   Conc. Of Standard x 4 x 1000 

       O.D. of standard            tissue taken       11 

Observation 

These were kept for half an hour for cooling before taking their optical densities (O.D.) 

at 630 nm in Spectrophotometer apparatus (Make Shimadzu UV-1900) after setting at 

100% transmission against blank. 

 

4.3.5.4. Estimation of lactate dehydrogenase(124) 

Clinical significance: The liver, kidney, heart, muscle, and other bodily tissues have 

high concentrations of the enzyme lactate dehydrogenase (LDH). As a result, harm to 

these causes serum LDH levels to rise. Increased levels are linked to malignancies, 

hepatitis, renal damage, myocardial infarction, anaemias, and injury or illness of the 

muscles and also gives an indirect assessment of lactate synthesized. 
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Working principle:  

Optimised Kinetic method of Deutsche Gessel schaft fur Klinische Chemie (DGKC). 

        LDH 

Pyruvate + NADH + H+      Lactate + NAD+ 

 

LDH: Lactate dehydrogenase 

The LDH activity in the sample is directly correlated with the rate at which absorbance 

changes at 340 nm. 

Reagent composition: 

Table 3: Reagent composition of LDH P kit 

 

Assay procedure: The working reagent (4R1:1R2) was allowed to attain 37 οC before 

the test. 20µl of the test sample was pipette out, mixed well, and aspirated. 

4.3.5.5. Estimation of uric acid(125)(126) 

Working principle: 

Uricase converts uric acid to hydrogen peroxide and allantoin. Hydrogen peroxide 

oxidatively interacts in the presence of peroxidase and a phenolic chromogen to 

produce a crimson compound with a maximum absorbance at 505 nm. The quantity of 

uric acid in the sample test tube is directly correlated with the concentration of the red-

coloured compound (Barham, D. et al., 1972). 
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                        Peroxidase 

 Phenolic chromogen + 2H2O2                         Red Quinoneimine + H2O 

 

 

1. Uricase transforms uric acid into allantoin, which generates H2O2. 

2The combination of peroxide, 4-aminoantipyrine (4-AAP), and DHBS occurs when 

peroxidase is involved to produce a quinoneimine color. The amount of uric acid 

present in the sample is proportionate to the dye's absorbance at 505 nm. 

 

Assay Procedure  

Wavelength: 505/670 nm  

Cuvette: 1 cm 
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Stir and let sit at 37 °C for 5 minutes. At 505/670 nm, compare the absorbance of the 

standard Ast and the sample Asam against the reagent blank. 

Calculation  

                       Δ Asam 

Uric Acid  (mg/dl) =                       x  Cst       

             Δ  Ast 

 

Cst = standard concentration (calibrator)  

 

4.3.5.5. Estimation of triglycerides(127)(128)  

Estimation of triglycerides by using method of McGowan et al., and Fossati et al. 

Principle: 

In this method, the presence of lipases in the kit sequentially hydrolysed serum 

triglycerides to yield glycerol and fatty acids. then glycerol is phosphorylated in the 

presence of ATP into glycerol-3-phosphate by glycerol-kinase. Further, glycerol-3-
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phosphate oxidase (from kit) catalyze the oxidation of glycerol-3-phosphate to produce 

dihydroxyacetone phosphate (DAP) and hydrogen peroxide. Finally, ESPAS (N-Ethy-

N-sulfopropyl-n-methoxyaniline) and 4-aminoantipyrine react with hydrogen peroxide 

in the existence of peroxidase to afford a colored complex whose color intensity is 

proportional to the triglycerides concentration. 

 

Figure 3: Reactions in triglyceride estimation. 
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Assay Procedure: 

Table 4: Assay procedure for triglycerides estimation 

Reagents to 

be added into 

labelled tubes 

Kit Contents Sample 

Standard 

(Cal.) 

Reagent 

blank 

Reagent 1 

Working reagent: 3-

5 DHBS and buffer 

(pH 7.0) Mg2+, 

GPO, Glycerol 

kinase, glycerol-3-

phosphate oxidase, 

lipoprotein lipase, 

peroxidase, 4-

aminoantipyrine, 

and ATP. 

1000 μL 1000 μL 1000 μL 

Reagent 2 

Triglycerides 

standard (200 

mg/dl) 

- 10 μL - 

Test Sample  

10 

μL 

-  

Distilled water  - - 

10 

μL 
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Mixing thoroughly, the contents were then incubated for approximately ten minutes at 

37°C. The sample and standard absorbances were measured against a reagent blank. at 

max 546/670 nm. 

Calculation: 

Calculate average absorbance of test and standard. Subtract absorbance value of 

standard from itself and all other values, this is corrected absorbance value. Graph the 

corrected absorbance as a function of final triglyceride. 

 

 

4.3.5.7. Liver size, weight and histological examination of liver tissue(129) 

The Periodic Acid-Schiff (PAS) was used to perform histological examinations on liver 

tissues. All of the slides were examined for alterations in histopathological features and 

the results were given in the result section.  Periodic acid-Schiff (PAS) was used to 

examine the liver tissues; all of the slides were examined for alterations in 

histopathological features and the results were given in the results section. 

Tissue sample preparation for histology: Liver tissue specimens were tested by 

autopsy. To maintain the cellular architecture, the tissue was fixed in an appropriate 

fixative, such as formalin. 

Tissue Processing: The fixed tissue was subjected to a sequence of escalating alcohol 

concentrations to extract water, resulting in dehydration. To enable the embedding 

medium to penetrate the tissue more easily and become transparent, the tissue was 

cleaned using a clearing agent such as xylene. 

𝑇𝑟𝑖𝑔𝑙𝑦𝑐𝑒𝑟𝑖𝑑𝑒𝑠 (𝑖𝑛
𝑚𝑔

𝑑𝑙
) =

 Corrected absorbance − (y − intercept)

Slope 
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Embedding: The tissue that had been dehydrated was embedded in a solid material, 

such as paraffin wax, which helped to retain the architecture of the tissue and offered 

support for thin sectioning. 

Sectioning: A microtome was used to cut thin slices of the implanted tissue, usually 4-

5 micrometres thick. Usually, these portions were fixed to glass slides. 

Deparaffinization: To eliminate the paraffin wax and rehydrate the tissue sections, the 

slides were passed through a sequence of decreasing concentrations of alcohol while 

immersed in xylene or a xylene replacement. 

PAS Staining: The Periodic acid and Schiff's reagent was typically combined to create 

the Periodic acid-Schiff (PAS) staining solution. 

To form aldehyde groups by oxidising the polysaccharides in the tissue, the tissue slices 

were incubated in a periodic acid solution. 

The slides had been rinsed in distilled water to remove excess periodic acid. 

The tissue sections were incubated in Schiff's solution, which prompted the aldehyde 

groups created in the preceding procedure to react and produce a complex with 

polysaccharides that imparts magenta colour to the tissue sample. 



  

 Results 

 

 

KLE College of Pharmacy, Hubli                     Page 68 

   

5. RESULTS 

5.1. Pilot Study 

5.1.1. In-silico approach to study GSD type 1a 

Molecular Docking 

The binding patterns of Glucose-6-phosphatase were evaluated using AutoDock vina 

by triplicated docking approach. The intermolecular interactions between G6Pase 

protein (PRO) and CGA ligand (LIG) is shown in (Tables 5 and 6) respectively. The 

docking images of PRO with the LIG are represented in (Figure 4A and 4B). The 

stability of the complex is greatly influenced by the carbon-hydrogen interaction, 

Vander Waal's force, and typical hydrogen bonds. 

Table 5: The docking score of CGA with G6Pase 

Compound 

Name Affinity (T1) Affinity (T2) Affinity (T3) 

Avg. Docking 

Score 

LIG -8.9 -9.0 -8.9 -8.9 
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Table 6: Hydrogen Bonding information 

Compound H-Donor H-Acceptor Distance Type 

LIG A:ASN43:HN B:UNK0:O 3.0318 

Conventional 

Hydrogen Bond 

  

  

  

A:ASN266:H

D22 B:UNK0:O 2.38869 

Conventional 

Hydrogen Bond 

B:UNK0:H A:ASP40:OD1 1.31199 

Conventional 

Hydrogen Bond 

B:UNK0 A:MET123 5.24331 Pi-Alkyl 
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Figure 4 A; 4B: 3D image of the docking images of G6Pase (PRO) with the CGA 

(LIG); 2D image of the docking images of G6Pase (PRO) with the CGA (LIG) 
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Molecular Dynamics(MD)  

To comprehend the stability of the protein-ligand complexes, an all-atom MD 

simulation lasting 100 nanoseconds (ns) was performed. – (1) Protein alone [PRO-

APO], and (2) Protein with ligand [PRO-LIG]. Table 7 summarizes the average values 

for RMSD, RMSF, Rg, and SASA, this information describes the structural properties 

of Protein-Ligand interaction. The parameters that indicate the protein's overall 

structural flexibility and stability are the "Average RMSD" (root mean square 

deviation) and "Average RMSF" (root mean square fluctuation). Whereas a higher 

RMSF number indicates more flexibility, a lower RMSD value indicates a more stable 

protein structure. A higher radius denotes a larger protein. The "Radius of gyration" 

value serves as an indicator of the protein's size. The amount of protein surface area 

exposed to the solvent (such as water) is measured by the "Average SASA" (solvent 

accessible surface area) measurement. Greater SASA values signify increased protein 

exposure to the solvent. 
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Table 7: Molecular Dynamics report at 100 ns (1) Protein alone [PRO-APO], (2) 

Ligand-containing protein [PRO-LIG]. A tabulation of the average values for 

RMSD, RMSF, Rg, and SASA is as follows. 

S. No. Protein Average 

RMSD (nm) 

RMSF 

(nm) 

Radius of 

gyration (nm) 

Average 

SASA (nm2) 

1 PRO-

APO 

0.22 +/- 

0.03 

0.4 +/- 

0.07 

2.36 +/- 0.03 205.07 +/- 

5.20 

2 PRO-LIG 0.21 +/- 

0.04 

0.3 +/- 

0.06 

2.35 +/- 0.01 203.07 +/- 

4.30 

 

Root mean square deviation: 

It is a crucial factor in figuring out how the two confirmations differ from one another. 

The greater the RMSD value, more will be the deviation. The simulation duration of 

100 ns is used to determine the RMSD values (Figure 5). The PRO-APO and PRO-LIG 

protein complex proteins had average RMSDs of 0.22 +/- 0.03 nm and 0.21 +/- 0.04 

nm, respectively, from 0 to 100 ns. The relative stability of chemical compounds during 

the experiment is shown by these RMSD values. Furthermore, throughout the 

simulation, the complexes held their stability. 
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Figure 5: The backbone atoms and their Root means square deviation of  

 

Root mean square fluctuation: 

The amino acids present in the protein that produce the most vibrations are identified 

by RMSF analysis, causing the protein to become unstable both when the ligands are 

present and when they are not. To compute the RMSF values, a simulation timescale 

spanning from 0 to 100 ns is used. For PRO-APO and PRO-LIG protein complex 

proteins, the average RMSFs from 0 to 100 ns were 0.4 +/- 0.07 nm and 0.3 +/- 0.06 

nm, respectively. The   results for PRO-APO, PRO-LIG complexes as depicted in 

(Figure 6). The results implied that during the 100 ns simulation, there are no 

appreciable structural changes.  
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Figure 6: The c-alpha atoms and their Root means square fluctuation of  

 

Radius of Gyration (RG): 

A useful tool for representing the radius of gyration is the Root mean square distance 

weighted by mass of an atom from its centre of mass. The Rg plot demonstrates the 

competency, shape folding, as well as the overall structure at different times during the 

trajectory path, illustrated in Figure 7. Through every phase during the simulation 

process, PRO-APO, PRO-LIG complexes showed a comparable Rg value trend. An 

average RG value ranging from 0 to 100 nanoseconds for PRO-APO, PRO-LIG protein 

complex proteins were 2.36 +/- 0.03 nm and  2.35 +/- 0.01 nm respectively. 
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Figure 7: RG of backbone atoms 

Solvent Accessible Surface Area (SASA): 

The hydrophobic core's compactness was evaluated by SASA. The change in SASA of 

the PRO-APO, PRO-LIG protein over time is displayed in Figure 8. The average SASA 

value from 0 to 100 ns for PRO-APO and PRO-LIG protein complex proteins were 

205.07 +/- 5.20nm and 203.07 +/- 4.30 nm respectively. This suggests that the structural 

level protein has not changed during the simulation. 

 

Figure 8: SASA of backbone atoms of with Protein-Substrate and Protein-Ligand 
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Hydrogen Bond (H bond): 

Protein-ligand complex stability is achieved through the process by which hydrogen 

bonds form. In this study, the simulation analysis supports the hydrogen bonds 

established in the molecular docking analysis. The complex's H-Bond outcome with 

PRO-LIG. The complex's H-Bond outcome with PRO-LIG is depicted in Figure 9 

 

Figure 9: Hydrogen-Bond outcome of PRO-LIG 

The Molecular mechanics Poisson–Boltzmann surface area (MM - PBSA): 

We assessed the relative binding strength inside the energy protein to ascertain PRO-

LIG's binding affinity, the data (Table 8) and (Figure 10) compares the PRO-LIG 

binding strength to inhibitors was calculated by applying the MM-PBSA method. 

During a stable simulation track, We evaluated the energy contributions to the 

interaction at the residue level.  
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Table 8: The relative binding strength of PRO-LIG computed via the MM-PBSA 

method 

System Van der Waal 

energy 

Electrostatic 

energy 

Polar solvation 

energy 

Binding energy 

PRO-

LIG 

-155.826   +/-   

18.129 kJ/mol 

-106.616   +/-   

20.776 

kJ/mol 

290.413   +/-   

34.240 kJ/mol 

-30.141   +/-   

14.943 kJ/mol 

 

 

Figure 10: Determination of relative binding affinity of Protein-Ligand by MM-

PBSA method. 
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5.1.2. Pilot Study: In-silico approach to study GSD type 1b 

Protein information: 

PROCHECK was used to examine the geometry of the entire structure as well as the 

geometry of individual residues in order to assess the stereochemical quality of the 

SLC37A4 protein structure (Figure 1A). The most favored and additional permitted 

zones contained around 96.1% and 2.8% of the residues, respectively. In the 

Ramachandran plot, generously allowed regions contained approximately 0.8% (3 

residues), namely Lys205, Lys207, and Glu213. Nevertheless, only 0.3% (one residue) 

i.e., Ser413 was discovered in the disallowed region. The ERRAT plot, which illustrates 

the highest resolution of the structure and validates its stability, revealed that the total 

level of protein structural quality was 97.664% (Figure 1b). The residues in the most 

favored and additional allowed regions of the G6P-SLC37A4 0ns frame complex were 

around 91.3% and 8.2%, respectively. Ser164, one residue, was discovered in the area 

that was disallowed (Figure 11). In contrast, about 91.6% and 7.9% of the residues in 

the most favored and additional permitted regions, respectively, were located in the 

G6P-SLC37A4 100ns frame complex. In the generously allowed region, one residue 

(Thr364) was discovered, and in the disallowed region, one residue (Ser164) was 

discovered (Figure 12). It was discovered that all active site residues implicated in G6P 

binding were located in the most favored region. The overall quality of the G6P- 

SLC37A4 0ns and 100ns frame complex was found to be 96.250% and 95.718%, 

respectively (Figure 13 and Figure 14). In the disallowed region, one residue, Ser164, 

was discovered (Figure 15). In contrast, about 92.6% and 7.4% of the residues in the 

most favoured and additional permitted areas, respectively, were discovered in the 

CGA-SLC37A4 100ns frame complex. In the disallowed region, no traces were 
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discovered (Figure 16). It found that all active site residue implicated in CGA binding 

was located in the most preferred area. The G6P- SLC37A4 0ns and 100ns frame 

complex was reported to have an overall quality of 99.75% and 97.805%, respectively 

(Figure 17 and Figure 18). 

 

Figure 11: Ramachandran plot of 0ns G6P and SLC37A4 bound complex showed 

that 91.3% and 8.2% of The residues were discovered in the additional allowed 

and most favored regions, respectively. Ser164, one residue, was discovered in the 

disallowed region. 
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Figure 12: A Ramachandran plot of the 100 ns G6P and SLC37A4 bound complex 

revealed that 91.6% and 7.9%, respectively, of the residues were located in the 

additional allowed regions and the most favored regions. Ser164 was discovered 

in a disallowed region whereas Thr364 was identified in a generously allowed 

region. 
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Figure 13: Error values for residues of the 0ns frame G6P are displayed in an 

ERRAT plot and SLC37A4 bound complex. The protein structure's overall 

quality was found to be 96.250%, as validated by the ERRAT values. 

 

 

Figure 14: ERRAT plot showing error values for residues of the 100ns frame G6P 

and SLC37A4 bound complex. The protein structure's overall quality was 

determined to be 95.718% based on the ERRAT readings. 
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Figure 15: Ramachandran plot of 0ns CGA and SLC37A4 bound complex showed 

that 91.8% and 7.9% of The residues were discovered in the additional allowed 

and most favoured regions, respectively. Ser164, one residue, was discovered in 

the disallowed region. 
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Figure 16: In the most favored and additional allowed regions, respectively, 92.6% 

and 7.4% of the residues were discovered, according to the Ramachandran plot 

of the 100 ns CGA and SLC37A4 bound complex. The disallowed region no 

residues were discovered. 
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Figure 17: ERRAT plot showing error values for residues of the 0ns frame CGA 

and SLC37A4 bound complex. The protein structure's overall quality was 

determined to be 99.75% based on the ERRAT data. 

 

Figure 18: ERRAT plot showing error values for residues of the 100ns frame CGA 

and SLC37A4 bound complex. The overall quality of the protein structure was 

found to be 97.805%, as validated by the ERRAT values. 

 

There are four binding pockets on the SLC37A4 protein among which the pocket 1 

(Figure 19 A, B, and C) had residues number “21, 25, 28, 29, 56, 57, 60, 64, 114, 118, 

139, 142, 143, 145, 146, 233, 237, 240, 241, 245, 274, 277, 278, 364, 367, 368, 391, 

394, 395, 398” was found to be the main binding pocket, which gave the P2Rank web 

server a likelihood score of 0.879. 
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Figure 19 A, B, C: (A) Ramachandran plot,  (B) ERRAT plot (C) Ligand binding 

pocket 

 

Pocket Information: The P2Rank (Krivák and Hoksza, 2018) server was used to 

identify potential residues that could be important for both protein function and ligand 

binding. For the docking investigation, the pocket residues site with the highest 

likelihood score was taken into account (Table 9) . 
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Table 9: Crucial pocket residues and the probability score of SLC37A4's ligand 

binding pocket 

 

Molecular docking 

Overall two Hydrogen bonds formed through Lys29 (4.62 Å) and Ser57 (3.12 Å) and 

one non-H-bond generated with Asp245 (5.77 Å), G6P had the lowest BE of -6.5 

kcal/mol. On the other hand, CGA formed two hydrogen bonds with Asn374 (3.55Å) 

and Lys29 (6.13Å), and three non-hydrogen bonds with Phe237 (6.04Å), Tyr343 

(6.45Å), and Ile346 (6.83Å), resulting in the lowest BE of -8.2kcal/mol. Amongst these 

residues, Lys29 shared the G6P and CGA common interaction residue, while Phe237 

was found to be an active site residue. G6P and CGA's respective affinities for 

SLC37A4 are depicted in Figures 20 and 21 (A, B, C, D). 
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Figure 20 (A, B, C, D): The G6P intermolecular interaction with (A) SLC37A4 

and (B) Ligand binding site, (C) 2D representation of the complex, (D) ligand-fit 

site and binding pocket 
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Figure 21 (A,B,C,D) : The CGA Intermolecular interaction with (A) SLC37A4  

and (B) Ligand binding site, (C) 2D representation of the complex, (D) ligand-fit 

site and binding pocket 

 

Molecular dynamics (MD) simulation 

The G6P-SLC37A4 and CGA-SLC37A4 complexes underwent MD simulations for a 

100 ns production run, with RMSD, RMSF, rGyr, H-bonds, and SASA being taken into 

consideration for evaluation. 
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RMSD:  

The difference between the two confirmations can be ascertained using this parameter. 

An inverse relationship exists between the deviation and the RMSD value. In the G6P-

SLC37A4 complex, the RMSD for both the backbone and the complex showed a small 

increase from around 1.5Å to approximately 3Å until 10ns. Following 10 ns, a 

consistent RMSD and comparable pattern were noted for the duration of the 100 ns 

simulation. Conversely, throughout the equilibration phase, the CGA-SLC37A4 

complex's backbone and complex RMSD increased gradually from about 1.5 Å and 1.8 

Å to approximately 3.0 Å and 3.5 Å, respectively, until around 40 ns. Additionally, until 

around 48 ns, the backbone and complex RMSDs were marginally reduced to ~2.5Å 

and ~3.0Å, respectively. Furthermore, it was discovered that the RMSD was steady 

between 48 and 100 ns, with a small variation at 85 ns. During the 100 ns production 

run, the complex RMSD and backbone were found to be stable and to have developed 

a comparable pattern. The complex RMSD and backbone for G6P and CGA in an MD 

simulation running for 100 ns are shown in (Figures 22 A and B), respectively. 

 

 

Figure 22 (A and B): RMSD of the complex's backbone atoms (A) G6P and (B) 

CGA-SLC37A4. 
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RMSF:  

When a ligand molecule is present or absent, RMSF analysis helps determine which of 

the protein's amino acids are causing more vibrations, which leads to the instability of 

the protein. The longest flexible loop area in both complexes, from residue Gly195 to 

Leu217, displayed the greatest variability (~6 Å). Additionally, for G6P and CGA, the 

highest fluctuation in the C-terminal loop area from Leu414 to Glu429 was seen to be 

up to 4Å and 12Å, respectively. A loop linker connecting two helices (residue Gly292 

to Asn298) displayed residual variation up to ~6Å and ~2Å. However, throughout the 

100ns simulation in both complexes, the residues implicated in ligand binding (Lys29, 

Phe237, Tyr343, Ile346, and Asn374) exhibited the least amount of variation (<1.5Å). 

The RMSF of Cα for G6P and CGA were portrayed in the Figures 23 A and B, 

respectively. 

 

 

Figure 23 (A and B) :  Depicts the RMSF (root mean square fluctuation) of Cα for 

the (A) G6P-SLC37A4 and (B) CGA-SLC37A4 complexes. 
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Radius of gyration (rGyr/Rg):  

The protein's compactness and ligand-bound state were ascertained using the radius of 

gyration. Over the duration of a 100 ns simulation, the Rg values were utilized to 

evaluate the folding and unfolding of the protein both by itself and in conjunction with 

G6P and CGA. Over the course of the 100 ns production window, both proteins and 

complexes displayed enhanced compactness and established a comparable pattern. The 

complex's and protein's Rg value in the G6P-SLC37A4 complex was originally 22.5 

Å, then it grew to 23 Å until 20 ns, and then it gradually fell to 22.3 Å until 65 ns. 

Further, up to 100ns, the Rg value raised to 22.6 Å. The equilibration period's abrupt 

increase in the Rg value signifies the pocket's opening, allowing the binding pocket's 

ligand to be buried; the pocket's closing, allowing the ligand to form a stable complex, 

is indicated by the Rg value's decrease following the equilibration period. Likewise, In 

the CGA-SLC37A4 complex, the protein and complex had a Rg value of 22.5Å. The 

Rg value increased to about 22.8 Å at about 46 ns and then declined to about 22.6 Å, 

continuing the trend throughout the entire 100 ns cycle. Following the equilibration 

phase, a sharp rise in the Rg value signifies the pocket's opening, allowing the binding 

pocket's ligand to be buried and form a stable reliable complex. Figure 24 A and B show 

the protein and its CGA complex Rg plots for G6P and CGA, respectively. 
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Figure 24 (A and B) : The gyration radius (Rg) of the Cα atoms in SLC37A4 

complexes with A) G6P and B) CGA. 

Interactions between H bonds:  

Eight hydrogen bonds were formed to stabilize the G6P complex with the SLC37A4 

protein of them, 3 remained constant during the course of the experiment. Similarly, 

eight hydrogen bonds were formed, which stabilized the CGA in combination with the 

SLC37A4 protein. Five of these remained stable and resilient for the course of the 

experiment. The G6P and CGA's H-bond interaction in combination with SLC37A4 is 

demonstrated in Figures 25 A and B, respectively. 

 

Figure 25 (A and B):  During the 100ns MD simulation, hydrogen bonds were 

established between A) G6P and B) CGA and SLC37A4. 

SASA:  

The SLC37A4 protein has been displayed to consist of 12 helices arranged in a two-

group structure, with residues Gly195 to Leu217 constituting the longest loop. With a 

surface size of 163 nm2, pocket 1 (the ligand-binding pocket) is situated amid the two 

group helices. Considering how flexible the binding pocket opening and loop region 

are, a rise in SASA was seen in both complexes after 44 ns (from about 190 nm2 to 205 
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nm2). However, after around 55 ns (about 197 nm2), the surface area was discovered 

to be constant. There were two docked complexes, with initial and final surface areas 

of approximately 199 and 197 nm2, respectively. The complex's average surface area 

was approximately 197 nm2, as shown in Figures 26 A and B for CGA and G6P, 

respectively. 

 

Figure 26 (A and B):  SLC37A4's SASA in complex with A) G6P and B) CGA. 

 

Calculating the binding free energy and residual decomposition energy 

By employing MMPBSA, the G6P and CGA require free energy. to attach to the protein 

pocket was ascertained. G6P and CGA were shown to have binding free energies of -

12.72±2.84 and -31.493 ± 1.486 kcal/mol, respectively, in complex with SLC37A4. 

The G6P-SLC37A4 complex's per-residue energy contribution showed that Arg28 and 

Asp245 had positive contribution energies of 6.07 and 11.18 kJ/mol, while the residues 

Lys29, Thr53, Gln56, Tyr60, Gln114, and Ala380 had the lowest energy contributions 

of -4.73, -3.57, -2.49, -6.78, -2.08, and -1.33 kJ/mol. Similarly, the CGA-SLC37A4 

complex's per-residue energy contribution showed that Arg28, Lys240, Asp245, 
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Lys255, and Lys389 calculated the energy of the positive contribution of 3.61, 3.18, 

3.07, 1.54, and 13.08kJ/mol, The residues with the lowest energy scores were Lys29, 

Gln56, Phe237, Glu254, and Asp325; their scores were –2.18, –2.15, –4.82, –1.87, and 

–10.09 kJ/mol. The per-residue contributions of G6P and CGA in combination with 

SLC37A4 are shown in Figures 27 A and B. 

 

Figure 27 (A and B): The contribution energy plot highlights the role that ligand 

binding residues play in the creation of stable complexes. 

 

Principle component analysis 

G6P and CGA, respectively, were represented by the 2D projections for PCs 1 and the 

plots of the collective motion obtained by the first two principal components PCs 1 and 

2. (Figures 24 A and 24 B). Compact groups in conformational spaces ranging from -5 

to 5.7 are expressed by the complex of G6P with SLC37A4 (Figure 24 A). While 

SLC37A4 was widely clustered in the range of -5 to 7.8, and CGA with it showed little 

modification in the conformational space. The top two modes, PC1 and PC2, displayed 

a constant distribution throughout the configurational space, according to the MD 

trajectory of complex G6P with SLC37A4 (Figure 24 A). Furthermore, it was shown 

in the CGA-SLC37A4 complex that the first 50 eigenvectors captured the most 
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dynamics during the simulation, with the first three of them supported all the simulated 

complexes' collective motions in a major way. It was discovered that the CGA 

complex's eigenvalue was greater than that of the G6P complex (Figure 24 B). 

 

Figure 28 (A): Protein-ligand complex principal component analysis: using the 

first two principal components' corresponding eigenvectors as projections of the 

MD trajectories, we can see the G6P (black) and CGA (red) moving together using 

SLC37A4. (B) Using SLC37A4, the first 50 eigenvectors for G6P (black) and CGA 

(red) were displayed against the eigenvalue. 

 

5.1.3. In vivo approach to establish GSD type 1 manifestations 

Assessment of the fasting blood glucose level on day 14 (Pilot study): 

At different intervals, the blood glucose levels were tested. (i.e., at 0.0, 60, 90, 120, and 

180 mins) on day 14, to fix the dose of CGA. The fasting blood glucose levels 

consistently decreased at the dose of 200 mg/kg throughout the time interval (**p<0.01, 

up to 120 mins and **p<0.5 at 180 mins) and even 400 mg/kg dose showed good results 

(***p<0.001, up to 90 mins), however, the hypoglycaemia was not persistent post 90 

minutes interval (Figure 29). 
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Figure 29: Pilot study to assess the fasting blood glucose levels at different time 

intervals, ranging from (0.0 min to 180 minutes). For each group, the findings are 

represented as mean ± standard error of mean (n = 6).  

Assessment of the role of chlorogenic acid loaded liposome (CAL) on fasting blood 

glucose level to sustain hypoglycaemia: 

The administration of CAL formulation did not show any success in sustaining the 

hypoglycaemic property of chlorogenic acid (Figure 30). 

 

 

Figure 30: Impact of liposomes loaded with chlorogenic acid on blood glucose 

levels. The data are shown as the mean ± standard error of mean (n = 6) for each 

group.  
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Assessment of the fasting blood glucose levels at different stages of the study: 

The blood glucose levels were measured on the 1st, 3rd and 7th week of the study. There 

was a considerable drop in blood glucose levels in Group II and III (**p<0.01) at 3 

weeks interval, whereas at the 7th week interval, when compared to the animals in the 

control group, there was a noticeable (***p<0.001) decrease in blood glucose levels. 

(Figure 31). 

 

 

Figure 31: The fasting blood glucose was measured at fixed intervals. For each 

group, the findings are shown as mean ± standard error of mean (n = 6). When 

compared to Group I, Group II and III showed significant drops in blood glucose 

levels in the third week (**p < 0.01) and the seventh week (***p < 0.001).  

Glucose-6-phosphatase estimation: 

The glucose-6-phosphatase activity was measured as the amount of inorganic 

phosphate liberated. by using the standard curve approach. Group II showed no 

significant inhibition (p<ns), whereas, Group III showed a significant (***p<0.001) 
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drop in glucose-6-phosphatase activity when compared to the normal control group 

(Figure 32). 

Table 10: Glucose-6-phosphatase estimation 

Sl. No. Groups Mean ± SEM 

1 Group I (Normal Control) 4.63 ± 0.10 

2 Group II  [Normal drinking water + 200 mg of 

CGA 95%] 

4.53 ± 0.12ns 

3 Group III [Green coffee extract (CGA) 36% 

admixed with drinking water + 200 mg of 

CGA 95%+Metformin 500 mg/kg] 

3.12 ± 0.03***, ΨΨΨ 

 

 

 

Figure 32: The glucose-6-phosphatase estimation, Group III B presented 

significant decrease in the blood glucose levels (***p<0.001) when compared with 

Control group & (ΨΨΨ p<0.001) when compared to Group II. 
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Estimation of hepatic glycogen: 

The estimated glycogen levels were analysed, in the Group II showed no significant 

elevation (p<ns), while, in comparison with the normal control, Group III showed a 

significant elevation in liver glycogen levels when compared to the normal control 

(**p<0.01) as well as when compared with Group II (ΨΨp<0.01) (Figure 33). 

Table 11: Liver Glycogen Estimation 

Sl. No. Groups Mean ± SEM 

1 Group I (Normal Control) 33.09 ± 0.40 

2 Group II  [Normal drinking water + 200 mg 

of CGA 95%] 

33.77 ± 0.32ns 

3 Group III [Green coffee extract (CGA) 36% 

admixed with drinking water + 200 mg of 

CGA 95%+Metformin 500 mg/kg] 

38.59 ± 0.43**, 

ΨΨ 

 

 

Figure 33: Hepatic glycogen content was estimated where, Group III  exhibited a 

significant elevation in the hepatic glycogen (**p<0.01) compared to Group I and 

(ΨΨp<0.01) compared to Group II. 
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Measurement of serum lactate dehydrogenase: 

The Lactate dehydrogenase levels increased considerably in Group II (*p<0.05), 

whereas in Group III there was significant increase in comparison to Group I 

(***p<0.001) and Group II (ΨΨΨp<0.001) (Figure 34). 

Table 12: Serum Lactate dehydrogenase measurement 

Sl. No. Groups Mean ± SEM 

1 Group I (Normal Control) 182.3 ± 0.19 

2 Group II  [Normal drinking water + 200 

mg of CGA 95%] 

257 ± 0.12* 

3 Group III [Green coffee extract (CGA) 

36% admixed with drinking water + 200 

mg of CGA 95%+Metformin 500 mg/kg] 

426 ± 0.09 ***, 

ΨΨΨ 

 

 

Figure 34: The serum lactate dehydrogenase evaluation where, Group II showed 

the significant rise in the lactate dehydrogenase (*p< 0.05), and Group III showed  



  

 Results 

 

 

KLE College of Pharmacy, Hubli                     Page 101 

   

(***p <0.001) high significance compared to the Group I and (ΨΨΨp<0.001), 

compared to Group II respectively. 

Measurement of Serum Uric acid : 

Serum Uric acid levels did not implicate any significant differences between the 

experimental and control groups (nsp>0.05). (Figure 35). 

Table 13: Serum Uric acid measurement 

Sl. No. Groups Mean ± SEM 

1 Group I (Normal Control) 1.1 ± 0.12 

2 Group II  [Normal drinking water + 200 

mg of CGA 95%] 

  1.3 ± 0.16 ns 

3 Group III [Green coffee extract (CGA) 

36% admixed with drinking water + 200 

mg of CGA 95%+Metformin 500 mg/kg] 

1.3 ± 0.08ns 

 

 

Figure 35: The serum uric acid estimation where, Group II and III were non-

significant (ns, p>0.05), compared to the Group I. 
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Estimation of Triglyceride levels: 

Serum triglyceride levels did not implicate any significant differences between the 

experimental and control groups (nsp>0.05). (Figure 36). 

Table 14: Estimation of serum triglycerides 

Sl. No. Groups Mean ± SEM 

1 Group I (Normal Control) 128.61 ± 0.36 

2 Group II  [Normal drinking water + 200 mg 

of CGA 95%] 

135.41 ± 

0.41ns 

3 Group III [Green coffee extract (CGA) 

36% admixed with drinking water + 200 

mg of CGA 95%+Metformin 500 mg/kg] 

134.1 ± 0.29ns 

 

 

 

Figure 36: The serum triglyceride estimation where, Group II and III were non-

significant (ns, p>0.05), in comparison to the Group I. 
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Liver weight: 

The liver weight of the rats was measured after 7 weeks/49 days and it was observed 

that the liver weight of Group II did not increase significantly (nsp>0.05), whereas 

Group III showed considerable increase in liver weight in comparison to Group I 

(*p<0.05) and group II (Ψp<0.05) (Figure 37). 

Table 15: Measurement of liver weight 

Sl. No. Groups Mean ± SEM 

1 Group I (Normal Control) 7.4 ± 0.29 

2 Group II  [Normal drinking water + 200 mg of 

CGA 95%] 

7.5 ± 0.47ns 

3 Group III [Green coffee extract (CGA) 36% 

admixed with drinking water + 200 mg of CGA 

95%+Metformin 500 mg/kg] 

7.9 ± 0.34*,Ψ 

 

 

Figure 37: The liver weight of the Group III is increased (*p< 0.05) when 

compared Group I and Group II (Ψp<0.05), whereas, Group II did not present 

significant changes when compared to Group I. 
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Histological study: 

The liver tissues showed clear signs of abnormalities associated with GSD type I, in 

Group II, swollen hepatocytes and ballooning degeneration were observed and in 

Group III, Figure 34.A, B, and C. 

 

Figure 38.A: Hepatocytes are intact and there is no glycogen accumulation in the 

normal group, as indicated by the Periodic Acid-Schiff stain (PAS). 
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5.2: Main Study 

5.2.1. In silico approach 

Molecular Docking 

Amongst all the shortlisted bioactive micromolecules, β-carotene had the strongest 

binding affinity (binding energy -8.5 kcal/mol) with glucokinase. However, it did not 

exhibit any H-bond interaction (-6.1 kcal/mol) with the control ligand; instead, it 

displayed seven H-bond interactions with Ala107, Ala103, Thr102, His312, Ser153, 

and Trp151. With three H-bond interactions with Val135 and Pro136 and a binding 

energy of -8.4 kcal/mol, the control ligand exhibited the maximum binding affinity with 

GSK3β. When compared to the other test ligands with GSK3β, β-carotene possessed 

the maximum affinity for binding (binding energy: -8 kcal/mol).  In a similar way 

riboflavin had the most binding affinity of any test ligand with protein phosphatase-1 

(binding energy = -7.4 kcal/mol). Total 6 H-bond interactions with Cys278, Arg221, 

His248, Asp92, Arg96, and Lys98, and four H-bond interactions with Tyr69, Arg74, 

and Asp71 versus the control ligand (binding energy -9.9 kcal/mol).  As shown in 

(Table 16), each ligand's binding affinity with its corresponding target. Among all the 

test ligands, riboflavin, β-carotene (which exhibited no H-interactions), and vitamin E 

interacted at a distinct position from the glucokinase control ligand-interacting 

molecule. On the other hand, vitamin C interacted with each amino acid that the control 

ligand bound to, meaning that it worked within the active site. Similar to its control 

ligand, riboflavin shared the Val 135 interaction residue with GSK3β, indicating that it 

likely has GSK3β inhibitory activity at the specified location. In similar fashion, 

vitamin C shared two residues of the amino acids, Arg221 and Arg96, with protein 
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phosphatase-1, suggesting that it may have inhibitory effects at the control ligand 

binding site (Tables 16 and 17) and (Table 18 and Figure 42). 

Table 16: The ligands' respective binding affinities with their various targets 

 

 

Table 17: Selection and drug likeness of micronutrients by in silico approach 

Sl No Micronutrients 

BE (Docking with 

Glycogen 

Synthase Kinase) 

BE (Docking 

with 

Glucokinase) 

BE (Docking 

with Protein 

phosphatase-1) 

1 Beta Carotene -9.8 -8.9 -6.3 

2 Vitamin C -7.8 -6.7 -5.7 

3 Riboflavin -8.4 -8.1 -6.8 

4 Thiamine -6.1 -3.4 -- 

5 Vitamin E -7.3 -8.9 -6.3 

6 Vitamin K -6.1 -4.5 -- 
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5.2.1. Strong binding affinity is shown between the chosen micronutrients and 

GSK3b. 

  

 

A 

B 
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Figure 39.(A). Docking of β-carotene with GSK3b ; .(B). Docking of Riboflavin 

with GSK3b; (C).  Docking of Vitamin C with GSK3b; (D).  Docking of Vitamin 

E with GSK3b 

 

 

 

C 

D

B 
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5.2.2. Micronutrients with a high affinity for binding with glucokinase 

 

 

A

B 

B

B 
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Figure 40.(A). Docking of β Carotene with Glucokinase ; (B).  Docking of 

Riboflavin with Glucokinase ; (C).  Docking of Vitamin C with Glucokinase; (D).  

Docking of Vitamin E with Glucokinase    

 

 

 

C

B 

D

B 
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5.2.3. Micronutrients possessing a high affinity for binding to protein phosphatase-

1 

 

 

A

B 

B

B 
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Figure 41(A). Docking of β carotene with Protein phosphatase-1;(B). Docking of 

Riboflavin with Protein phosphatase-1; (C).  Docking of Vitamin C with Protein 

phosphatase-1; (D).  Docking of Vitamin E with Protein phosphatase-1 

  

C 

D 
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5.2.3. Control ligand docking with glycogen synthase kinase 3b, Glucokinase, and 

Protein phosphatase-1 

Table 18: Interaction of the proteins with respective control ligands 

 

 

 

Figure 42: Docked complex of proteins with their control ligand 
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5.2.2. In vivo study 

5.2.2.1. Fasting Blood Glucose levels  

The blood glucose levels of the normal group did not significantly change. On the other 

hand, the negative control group's blood glucose levels in figure 43 B significantly 

decreased (**p<0.01 at 30 and 60 minutes and (***p<0.001 at 90 and 120 minutes). 

The treatment group (CGA+Met+UCCS) in figure 43 C showed notable improvements 

in blood glucose levels (***p<0.001) at 30, 60, and 90 minutes, and an increase 

(*p<0.05) at 120 minutes. On the other hand, in figure 43 D, the blood glucose levels 

of the treatment group (CGA+Met+CS) were significantly higher than the 0.0 min 

measurement at 30, 60, and 120 minutes (***p<0.001) and at 90 minutes (**p<0.01). 

Significant persistent normoglycemia was observed in both corn and cassava starches, 

with cassava exhibiting the more significant normoglycemia. These results demonstrate 

different responses to the therapies over time with respect to blood glucose levels. 
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Figure 43 (A, B, C, D): Figure A showed no significant differences, but Figure B 

showed a considerable drop in blood glucose levels. ***p<0.001 at 90 & 120 

minutes and **p<0.01 at 30 & 60 minutes) in comparison to the reading of 0.0 

minutes. Figure C demonstrated a significant increase (***p<0.001) at 30, 60, and 

90 minutes, whereas at 120 minutes, it was only *p<0.05. In contrast, Fig. D 

demonstrated a significant increase in blood glucose levels (***p<0.001) at 30, 60, 

and 120 minutes, as well as (**p<0.01 at 90 minutes), in comparison to a reading 

taken at 0.0 minutes. 
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5.2.2.2. Influence of macro and micronutrients in modulating liver glycogen  

Table 19: Estimation of liver glycogen 

 

 

 

 

 

 

 

  

Figure 44: When compared to the Normal control, the liver glycogen content in 

the Negative control group revealed a significant increase (***p<0.001). In 

contrast, the glycogen levels in the (CGA+Met)+UCCS+micronutrients group 

Sl. No. Groups Mean ± SEM 

1 Control Group 33.8 ± 0.45 

2 Negative Control 44.4 ± 0.50*** 

3 (CGA+Met)+UCCS 41.9 ± 0.48 

4 (CGA+Met)+CS 40.8 ± 0.26 

5 (CGA+Met)+UCCS+Micronutrients 38.8  ± 0.36 ΨΨ 

6 (CGA+Met)+CS+Micronutrients 35.6 ± 0.42 ΨΨΨ,γγ,δ 
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and (CGA+Met) + cassava starch + micronutrients group showed a significant 

reduction (ΨΨ p<0.01) and p<0.001) when compared to the Negative control; in 

contrast, the (CGA+Met)+cassava starch+micronutrients group demonstrated 

(γγ p<0.01) in comparison to (CGA+Met)+UCCS, and (δ p<0.05) in comparison 

with (CGA+Met)+CS group. 

 

5.2.2.3. Influence of macro and micronutrients in modulating liver weight  

 Table 20: Measurement of liver weight 

 

 

 

 

 

 

 

Sl. No. Groups Mean ± SEM 

1 Control Group 7.58 ± 0.03 

2 Negative Control 8.305± 0.05*** 

3 (CGA+Met)+UCCS 7.91 ± 0.11 

4 (CGA+Met)+CS 7.85 ± 0.10 Ψ 

5 (CGA+Met)+UCCS+Micronutrients 

7.73 ± 0.11 

ΨΨΨ,γγγ,δδδ 

6 (CGA+Met)+CS+Micronutrients 

7.62 ± 0.05 

ΨΨΨ,γγγ,δδδ 
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Figure 45. The negative control group's liver weight significantly increased 

(***p<0.001) in comparison to the control group; in contrast, the liver weight of 

the (CGA+Met)+cassava starch group decreased (Ψp<0.05), and both 

micronutrient treated groups significantly decreased (ΨΨΨ p<0.001) in 

comparison to the negative control group. Similarly, the liver weight of the 

(CGA+Met)+UCCS+micronutrients and the (CGA+Met)+cassava 

starch+micronutrients significantly decreased (γγγ p<0.001) when compared to 

the (CGA+Met)+UCCS and (δδδ p<0.001) when compared to the 

(CGA+Met)+cassava group. 
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5.2.2.4. Histopathological analysis 

Based on Periodic Acid-Schiff stain (PAS) staining, the typical histological 

characteristics of rat livers for each group are shown in Figure 7. In comparison to the 

normal group, the CGA treated group displayed substantial Glycogen, Glycogen nuclei, 

enlarged hepatocytes, ballooning degeneration, and sinusoidal congestion. However, 

the groups that received (CGA + Met) + UCCS and (CGA + Met) + Cassava Starch 

treatments had pronounced glycogen, enlarged hepatocytes, and ballooning 

degeneration. On the other hand, the groups that received UCCS + micronutrients and 

Cassava starch + micronutrients revealed almost undamaged hepatocytes with a normal 

architecture and minimal glycogen accumulation. 

 

A 

Figure 46 (A): Periodic Acid-Schiff stain (PAS) of the Normal Group shows typical 

architecture without any glycogen accumulation and with undamaged hepatocytes 
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Statistical analysis 

The statistical software named GraphPad Prism v.8.0 was utilized to evaluate all the 

data, which were then presented as mean SEM. The data were examined using analysis 

of variance (ANOVA), followed by post-hoc Bonferroni's multiple comparison test. 

where p values of < 0.05) were considered to be significant as statistical standards. 
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6. DISCUSSION 

The absence of endogenous glucose synthesis resulting in acute hypoglycaemia after a 

short duration of fasting is a characteristic feature of GSD type 1.22,23 This 

pathophysiology is induced due to the deficiency of enzyme complex glucose-6-

phosphatase (G6Pase), involving the G6Pase catalytic subunit which is encoded by the 

(G6PC1) gene and the glucose-6 phosphate transporter or translocase subunit (G6PT), 

which is encoded by (SLC37A4) gene.24 The complex macromolecules like glycogen 

are fundamental in keeping blood sugar levels stable within the physiologic range. The 

regulation of synthesis or degradation of glycogen is highly systematized and complex.  

Anomaly in the degradation of glycogen is referred to as glycogen storage disorders 

(GSDs) are rare diseases yet they make up a major category of inborn errors of 

metabolism or autosomal recessive illnesses and there is no specific treatment available 

for the disorders. GSD type 1 renders the patients vulnerable to other long-term 

complications, such as hyperuricemia, lactic acidemia & hepatomegaly and glycogen 

build up in liver, along with other chronic & serious complications like hepatocellular 

adenomas & renal impairment. Animal models which can be easily manipulated and 

maintained are essential in providing mechanistic insights that can direct eventual 

therapeutic strategies. To elucidate the biochemical basis of GSD type 1a and to assess 

the advent of gene therapy approach to rectify or improve G6pc deficiency have been 

studied on two animal models of GSD type 1a. By using  G6pc knockout mouse, 

created by Dr. Janice Chou presented with low birth weight, but developed severe 

hypoglycaemia instantaneously & gradually exhibited a pronounced increase in the 

serum cholesterol and triglyceride levels.25 Nonetheless, they did not generally 



  

 Discussion 

 

 

KLE College of Pharmacy, Hubli                     Page 122 

   

manifest lactic acidosis. Similarly, a canine (Maltese breed) model of GSD type 1a 

having a natural mutation in the G6pc gene was discovered and used to delineate the 

pathology of the disease.26 The similar canine model was manipulated by crossbreeding 

a G6pc mutation carrier Maltese breed with a beagle breed.27 These canine models 

presented with peculiar and specific symptoms similar to that of human disease, 

including lactic acidemia, however, these models proved ineffective for investigation 

of the long term or chronic complications observed in GSD type 1a. GSD type 1a mice 

models that only target deletion of G6pc  in liver, and/or  kidneys, or gut have been 

recently developed with a purpose of monitor the development of long term diseases 

or manifestations that emerge in GSD type 1a patients and to assess the potential 

treatment strategies.8  

This  

Development of GSD type 1 animal model 

The primary goal of this work was to find out if the chemically induced GSD model 

can be developed, which could be more reliable and economical, and to investigate the 

most common GSD type 1 manifestations.  

6.1. In-silico approach  

6.1.1. Molecular docking and molecular dynamics to study GSD type 1a 

The present study aimed to evaluate the binding patterns of Glucose-6-phosphatase 

(G6Pase) using AutoDock Vina through a triplicated docking approach. The 

intermolecular interactions between the G6Pase protein (PRO) and CGA ligand (LIG) 

were analyzed and it was observed that the stability of the complex is primarily influenced 

by carbon-hydrogen interactions, Vander Waal's forces, and typical hydrogen bonds. 
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To further understand the stability of ligand and protein complexes. Molecular 

Dynamics (MD) simulation involving all atoms lasting 100 nano seconds (ns) was 

accomplished. Two systems were considered: (i) Protein alone (PRO-APO) and (ii) 

Protein with ligand (PRO-LIG). The structural properties of the protein-ligand 

interaction were analyzed based on the average values of RMSD, RMSF, Rg, and 

SASA. 

 

The RMSD and RMSF values provide perspectives on the overall stability and 

flexibility of the protein's structure. A more stable and reliable structure is indicated 

by a lower RMSD value, on the other hand a higher RMSF value indicates greater 

flexibility. In our study, the average RMSD value for the PRO-LIG complex was lower 

compared to the PRO-APO system, indicating that the presence of the ligand 

contributed to the protein structure's stability. This suggests that the binding of the 

ligand to the protein induces conformational changes that promote a more stable 

structure. 

 

The radius of gyration, or Rg value, is a measurement of the protein's size. A larger 

Rg value indicates a larger protein. In our study, the Rg value for the PRO-LIG 

complex was found to be slightly larger compared to the PRO-APO system. This 

suggests that the binding of the ligand may induce a slight expansion in the size of the 

protein. However, this change in size is relatively minor and may not significantly 

affect the overall stability of the complex. 

 

The SASA value, representing the solvent accessible surface area, gives details about 

the protein's surface area that has been exposed to the solvent. A higher SASA value 
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suggests that A greater proportion of the protein comes into contact with the solvent. 

In our study, the average SASA value for the PRO-LIG complex was higher than that 

of the PRO-APO system. This suggests that the binding of the ligand leads to a greater 

exposure of the protein surface to the solvent. This increased solvent accessibility may 

facilitate interactions with other molecules or solvent molecules, potentially 

influencing the overall stability of the complex. 

 

Overall, the results of the MD simulation indicate that the presence of the ligand in 

the PRO-LIG complex contributes to the protein structure’s stability. The binding of 

the ligand induces conformational changes, resulting in a more stable protein 

conformation. Additionally, the binding of the ligand leads to a slight expansion in the 

size of the protein and increased solvent accessibility. These results offer insightful 

information on molecular interactions between G6Pase and the CGA ligand, and 

contribute to our understanding of the protein-ligand complex's kinetics and stability. 

 

It is important to note that the present study has certain limitations. The MD simulation 

was performed for a relatively short duration of 100 ns, and longer simulations may 

provide further information on the stability and dynamics between a protein and a 

ligand complex. Additionally, the analysis focused on specific structural properties, 

and further investigations may be required to explore other aspects of the protein-

ligand interaction, such as specific binding sites and energetics. 
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6.1.2. Molecular docking and molecular dynamics to study GSD type 1b 

To explore the intermolecular interactions and binding mode of chlorogenic acid 

(CGA) with the SLC37A4 target by assimilating the molecular docking and dynamics 

simulation. Interestingly, few in-vitro and experimental studies also support the 

inhibition of glucose-6-phosphate complex by CGA which corroborates our findings. 

CGA and its derivatives have been studied in diabetic conditions and even in normal 

conditions there are claims that CGA suppresses the hepatic blood glucose production 

by which the homeostatic regulation of blood glucose can be achieved (Hemmerle et 

al., 1997), (Arion et al., 1997). However, affinity with SLC37A4, precise binding site 

pockets, and inhibition of the activity of glucose-6-phosphatase complex are not been 

understood clearly. In this regard, rigid molecular docking was performed using 

AutoDock vina through the POAP pipeline to infer the possible interaction of 

chlorogenic acid with the SLC37A4 target. Recently, Veiga-da-Cunha et al. (2019) 

discovered that granulocytes from patients with defective SLC37A4 (G6PT) 

accumulate 1,5-anhydro-glucitol-6-phosphate (1,5-AG-6-P)  can drastically limit or 

oppose the action of hexokinase. Accordingly, in a model of G6PT-deficient mouse 

neutrophils, the physiological amounts of 1,5-AG caused widespread deposition of 1,5-

AG-6-P, a reduction in glucose consumption, and cell death. Phosphorylation of the 

1,5-anhydro-glucitol results in the primary production of 1,5AG6P (1,5-AG). Arion et 

al. (1998) provide strong evidence that chlorogenic acid is a selective and reversible 

inhibitor of SLC37A4. It was demonstrated that G6P transporting in 

polymorphonuclear neutrophils (PMN) in intact cells and microsomes generated from 

differentiated promyelocytic HL-60 cells was inhibited by a derivative of chlorogenic 

acid (S3483) and a G6PT inhibitor (Leuzzi et al., 2003). Remarkably, the GSD1b PMN 
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phenotype, a clinical disease where there is a defective or mutant SLC37A4 protein, 

includes a decrease in multiple functions including as phagocytosis, chemotaxis, and 

calcium exchange. Similarly, alterations in a number of metabolic characteristics, 

including glucose phosphorylation, calcium mobilization, and hexose uptake and 

transport, have been suggested as likely reasons for functional abnormalities in 

SLC37A4 (Leuzzi et al., 2003). (Oguz et al., 2015). Therefore, the mechanism by 

which chlorogenic acid derivatives interact with SLC37A4 will be primarily 

responsible for GSD1b and persistent neutropenia. and their suppression, which will 

occur through altered calcium permeability, poor glucose homeostasis, apoptosis, and 

neutrophil chemotaxis. Chlorogenic acid presumably created three non-hydrogen 

bonds with Phe237, Tyr343, and Ile346 and a hydrogen bond contact with Asn374 and 

Lys29 based on the results of the docking study. Having been identified as residues 

from the active site, Lys29 and Phe237 contribute to the inhibition of SLC37A4. With 

Lys29 and Ser57 (3.12Å), the substrate molecule glucose-6-phosphate (G6P) created a 

hydrogen bond contact and with Asp245, it formed one non-hydrogen bond. This 

demonstrates that CGA is a strong SLC37A4 competitive inhibitor. It was discovered 

that the common hydrogen bond-interacting residue for both G6P and CGA is Lys29. 

According to Yenamalli (2018), the use of MD simulations has become crucial in 

mitigating the constraints of computational modeling by determining the stability and 

reliability of protein-ligand interactions within a target physiological system. The 

findings of Du et al. (2016), molecular docking and dynamics provide profound 

insights on how ligands behave or change structurally and their impact on protein 

stability during binding. As a result, the findings show concordance between 

experimental reports and computational predictions. To deduce the structural changes 
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following ligand binding, a 100 ns MD production run was simulated in this study. The 

results demonstrate that ligand interaction stabilized the protein's RMSD, which was 

also suggested by the Rg values for G6P and CGA. Since it illustrates the compactness 

of the complex formation, during a 100 ns production  run, it was discovered that the 

ligand became buried in the binding pocket. When compared to other residues involved 

in the formation of the protein-ligand complex, the longest loop area in both complexes, 

formed by the Gly195 to Leu217 residues, showed greater fluctuation and was 

extremely dynamic during MD simulation. In order to create a stable complex with 

SLC37A4, G6P and CGA each made eight H-bonds, of which 3 and 5 remained 

constant over the simulation. These computational cues offer substantial validation to 

support earlier assertions that chlorogenic acid is a strong competitive inhibitor of 

SLC37A4 and offer profound insight into the structural modifications of SLC37A4 

upon ligand binding. 
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6.1.2.1. Protein information: 

In order to assess the stereochemical quality of an SLC37A4 protein structure, 

PROCHECK examined the geometry of the entire structure as well as the geometry of 

individual residues. The most favoured and additional permitted zones contained 

around 96.1% and 2.8% of the residues, respectively. Lys205, Lys207, and Glu213—

three residues—which account for around 0.8% of the total—were discovered in 

liberally permitted areas of the Ramachandran plot. However, only one residue (0.3%) 

i.e., Ser413 was found to be in the disallowed region. Plotting the ERRAT plot revealed 

that the protein structure's overall quality was 97.664%, indicating the structure's high 

resolution and stability. Roughly 91.3% and 8.2% of the residues in the 

additionally permitted areas and the most favored area, respectively, were found in the 

G6P-SLC37A4 0ns frame complex. Ser164, one residue, was discovered in the 

disallowed region. In contrast, about 91.6% and 7.9% of the residues in the most 

favored and additional permitted regions, respectively, were located in the G6P-

SLC37A4 100ns frame complex. Two residues were found: one in the disallowed 

region (Ser164) and one in the generously allowed region (Thr364). It was discovered 

that every active site residue implicated in G6P binding was located in the most 

favoured region. The G6P- SLC37A4 0ns and 100ns frame complex was determined 

to have an overall quality of 95.718% and 96.250%, respectively. Approximately 

91.8% and 7.9% of the residues in the most preferred and additional favoured regions, 

respectively, were found in the CGA-SLC37A4 0ns frame complex. In the disallowed 

region, one residue, Ser164, was discovered. On the other hand, in the CGA-SLC37A4 

100ns frame complex, the most favoured and additional favoured region comprised 

around 92.6% and 7.4% of the residues, respectively. The disallowed region contained 



  

 Discussion 

 

 

KLE College of Pharmacy, Hubli                     Page 129 

   

no residue. It was discovered that all active site residue implicated in CGA binding 

were located in the most favoured region. The G6P- SLC37A4 0ns and 100ns frame 

complex was reported to have an overall quality of 99.75% and 97.805%, respectively. 

The SLC37A4 protein is composed of four binding pockets, the primary binding pocket 

of which was determined to have a probability score of 0.879 in the P2Rank web server. 

Pocket 1 contains the residues "21, 25, 28, 29, 56, 57, 60, 64, 114, 118, 139, 142, 143, 

145, 146, 233, 237, 240, 241, 245, 274, 277, 278, 367, 368, 391, 394, 395, 398." 

 

6.1.2.2. Molecular docking 

By creating two H-bonds with Lys29 (4.62 Å) and Ser57 (3.12 Å), one non-hydrogen 

bond with Asp245 (5.77 Å), G6P achieved the lowest BE of -6.5 kcal/mol. On the other 

hand, CGA formed two H-bonds with Asn374 (3.55Å) and Lys29 (6.13Å), and three 

non-hydrogen bonds with Phe237 (6.04Å), Tyr343 (6.45Å), and Ile346 (6.83Å), 

resulting in the lowest BE of -8.2kcal/mol. These residues included Lys29 and Phe237, 

which were found to be active site residues. Lys29 also shared the common interaction 

residue with CGA, indicating that CGA and G6P have an affinity for SLC37A4, 

respectively.   

6.1.2.3.  Molecular dynamics simulation studies 

To evaluate the G6P-SLC37A4 and CGA-SLC37A4 complex, MD simulations were 

run for 100 ns during which time RMSD, RMSF, rGyr, H-bonds, and SASA were taken 

into account. 
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6.1.2.4.  RMSD:  

The difference between the two confirmations can be ascertained using this parameter. 

The deviance and the RMSD value are inversely correlated. The RMSD of the G6P-

SLC37A4 complex increased somewhat for both the backbone and complex, from 

about 1.5 Å to about 3 Å until 10 ns. Following 10 ns, a consistent RMSD and 

comparable pattern were noted for the duration of the 100 ns simulation. On the other 

hand, The backbone and complex RMSD of the CGA-SLC37A4 combination increased 

gradually over the equilibration period, from about 1.5 Å and 1.8 Å to approximately 

3.0 Å and 3.5 Å, respectively, until around ~40 ns. Additionally, until around 48 ns, the 

backbone and complex RMSDs were marginally reduced to ~2.5Å and ~3.0Å, 

respectively. Furthermore, it was discovered that the RMSD was steady between 48 

and 100 ns, with a small variation at ~85 ns. The complex RMSD and backbone RMSD 

for G6P and CGA during the 100 ns MD simulation, respectively, established a similar 

trend and were confirmed to be stable throughout the production run. 

 

6.1.2.5. RMSF:  

Understanding which amino acids in a protein are more likely to produce vibrations 

that cause the protein to become unstable—both with and without a ligand molecule—

is made easier with the help of RMSF analysis. The longest flexible loop area in both 

complexes, from residue Gly195 to Leu217, displayed the greatest variability (~6 Å). 

Additionally, for G6P and CGA, the highest fluctuation in the C-terminal loop area 

from Leu414 to Glu429 was seen to be up to 4Å and 12Å, respectively. A loop linker 

connecting two helices (residue Gly292 to Asn298) displayed residual variation up to 

~6Å and ~2Å. However, throughout the 100ns simulation in both complexes, the 
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residues implicated in ligand binding (Lys29, Phe237, Tyr343, Ile346, and Asn374) 

exhibited the least amount of variation (<1.5Å). 

 

6.1.2.6. Radius of gyration estimation (rGyr/Rg):  

The protein's compactness was ascertained using the radius of gyration and its ligand-

bound state. The Rg values were used to analyse the assembling and disassembling of 

the protein both alone and in combination with G6P and CGA over a 100-ns simulation. 

During the 100 ns production time, both proteins and complexes displayed higher 

compactness and established a comparable pattern. The Rg value of the protein and 

complex in the G6P-SLC37A4 complex was originally 22.5 Å, then it grew to 23 Å 

until 20 ns, and then it gradually fell to 22.3 Å until 65 ns. Moreover, up to 100ns, the 

Rg value rose to 22.6 Å. The ligand can become buried in the binding pocket by the 

sudden increase in the Rg value during the equilibration period, and the ligand can form 

a stable complex by the pocket closing after the equilibration period. Likewise, the 

protein and complex's Rg value in the CGA-SLC37A4 complex was 22.5Å. The Rg 

value rose to about 22.8 Å at about 46 ns and then fell to about 22.6 Å, continuing the 

trend for the full 100 ns. Following the equilibration period, a sharp rise in the Rg value 

signifies the pocket's opening, allowing the binding pocket to bury the ligand and create 

a stable complex.  

6.1.2.7. H-bond interactions:  

Eight hydrogen bonds are formed to stabilize the complex between G6P and the 

SLC37A4 protein. Among them, During the entire simulation cycle, there were 3 H-

bonds. The formation of 8 hydrogen bonds stabilized the CGA complex with the 

SLC37A4 protein. Throughout the simulation, five of them remained solid bonds. 
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6.1.2.8. SASA:  

The longest loop in the SLC37A4 protein is produced by residues Gly195 to Leu217. 

The protein is observed to consist of 12 helices arranged as a two-group, with a surface 

size of 163 nm2, the pocket 1 (ligand-binding pocket) is situated between two clustered 

helices. The flexible loop region and binding pocket opening are the reasons behind the 

enhanced SASA reported in both complexes after ~44 ns (~190 nm2to~205 nm2). 

However, after around ~55 ns (about ~197 nm2), the surface area was discovered to be 

constant. There were two docked complexes, with initial and final surface areas of 

approximately ~199 and ~197 nm2, respectively. The complex occupied an average 

surface area of approximately ~197 nm2. 

 

6.1.2.9. Calculating the Binding free energy and residual decomposition energy 

By using MMPBSA, the free energy required for the protein pocket attachment of G6P 

and CGA was ascertained. In combination with SLC37A4, the binding free energies of 

G6P and CGA were determined to be -12.72±2.84 and -31.493 ± 1.486 kcal/mol, 

respectively. The G6P-SLC37A4 complex's per-residue energy contribution showed 

that Arg28 and Asp245 had positive contribution energies of 6.07 and 11.18 kJ/mol, 

while the residues Lys29, Thr53, Gln56, Tyr60, Gln114, and Ala380 had the lowest 

energy contributions of -4.73, -3.57, -2.49, -6.78, -2.08, and -1.33 kJ/mol. Similarly, 

the CGA-SLC37A4 complex's per-residue energy contribution showed that Arg28, 

Lys240, Asp245, Lys255, and Lys389 scored the positive contribution energy of 3.61, 

3.18, 3.07, 1.54, and 13.08kJ/mol, while the residues Lys29, Gln56, Phe237, Glu254, 

and Asp325 scored the least energy of –2.18, -2.15, -4.82, -1.87, and -10.09kJ/mol. 
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6.1.2.10. Principle component analysis 

The 2D projections for PC1 and PC2, along with the collective motion captured by the 

first two principal components (PCs), were plotted for G6P and CGA. The 

conformational spaces ranging from -5 to 5.7 exhibit compact clusters expressed by the 

complex of G6P and SLC37A4. The top two modes, PC1 and PC2, in the MD trajectory 

of complex G6P with SLC37A4 displayed a steady distribution throughout the 

configurational space, while the CGA with SLC37A4 showed no change in the 

conformational space and was broadly clustered in the range of -5 to 7.8. Additionally, 

it was noted that in the CGA-SLC37A4 complex, the first 50 eigenvectors captured the 

most dynamics during the simulation, with the first three of them significantly 

contributing to the collective motions exerted by all the simulated complexes. In 

comparison to the G6P complex, the CGA complex was shown to have a larger 

eigenvalue. 
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6.2. In vivo approach 

Numerous in vitro studies have advocated that CGA and its derivatives can inhibit or 

attenuate the activity of glucose-6-phosphate enzyme complex (G6Pase and G6PT) 

resulting in altered metabolism.11,28,29 which we substantiated with in silico studies. 

Based on these evidences, we carried out a pilot study, where it was evident that a 

dosage of 200 mg of CGA per kg of body weight was optimum to induce 

hypoglycaemia in rats. However, since CGA has a shorter biological half-life, its ability 

to maintain hypoglycaemic was limited to 1.5 to 2.5 hours.30–32 Literature suggested 

the formulation of chlorogenic acid loaded liposomes (CAL) can prolong the effects of 

CGA.33 Nevertheless, there was no significant difference in the outcome using the 

liposome formulation. In order to enhance the impact of CGA, drinking water 

containing 36% (200 mg/kg of CGA) was mixed with green coffee extract and given 

to the animals in the treatment groups on a continuous basis. Additionally, The animals 

received 200 mg/kg of 95% CGA orally every day via oral gavage. Glycogen levels 

were found to be altered in CGA treated rats which is probably due to the suppressed 

activity of glucose-6-phosphatase,33 further contributing as a factor for hepatomegaly 

and significant increase in the liver weight. In addition to CGA, metformin was 

employed, as an attempt to replicate the lactic acidosis generally observed in GSD type 

1 cases.  

6.3. Management of GSD type 1 manifestations 

In order to manage the manifestations of the GSD type 1, we conjectured to address 

hypoglycemia, hepatic glycogen accumulation, leading to hepatomegaly, G6Pase 

estimation, lactate dehydrogenase levels, serum uric acid levels with the help of 

selected Macro and Micronutrients. Thus, in order to maintain normoglycemia, the 
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macronutrients that were selected were UCCS and cassava starch; on the other hand 

the micronutrients that were selected were beta-carotene, riboflavin, vitamin C, and 

vitamin E. An in silico method was used to select the micronutrients based on drug 

likeness, while the macronutrients were chosen based on literature review. Among 

them, beta-carotene had the highest affinity for binding glucokinase and created seven 

hydrogen connections with particular amino acids, whereas the control ligand had a 

lower affinity for binding and did not produce any hydrogen bonds. Additionally, β-

carotene showed a strong affinity for GSK3β. With regard to protein phosphatase-1 

binding affinity, riboflavin had the greatest value. It also created four hydrogen bonds 

with particular amino acids. With protein phosphatase-1, the control ligand exhibited a 

greater binding and generated six hydrogen bonds. Comparing riboflavin, β-carotene, 

and vitamin E to their corresponding control ligands for glucokinase, they interacted at 

distinct regions. Every single one of the amino acids that the control ligand was 

targeting were interacting with vitamin C, suggesting that vitamin C may have 

inhibitory effect in the active site. Since riboflavin and GSK3β share an interaction 

residue, there may be an inhibitory action at this site. Vitamin C also shared two amino 

acid residues with the control ligand, suggesting that it may have some inhibitory effect 

on the location where the control ligand interacts with protein phosphatase-1. However, 

the in vivo findings demonstrated the significance of both macro- and micronutrients. 

In particular, the combination of micronutrients and cassava starch resulted in a notable 

improvement in parameters such as liver weight, liver glycogen content, fasting blood 

glucose levels, and liver histology. In an effort to address the buildup of glycogen in 

hepatocytes, which results in hepatomegaly and liver dysfunction, we also attempted 

to interrupt the glycogenesis process. Using specific micronutrients, our method 
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entailed deactivating important enzymes such as glycogen synthase, glucokinase, and 

protein phosphatase1. The in silico method corroborated the idea of suppressing 

glycogenesis and the glucose-6-phosphate enzyme complex in addition to the in vivo 

investigations. 
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7. SUMMARY 

The goal of the current investigation was to attain the clarity on the 

intermolecular interactions in order to evaluate chlorogenic acid's inhibitory activity 

against inducing the symptoms of Glycogen Storage Disease type I (GSD type I) in rats 

through the inhibition of glucose-6-phosphate enzyme complex, in in vivo study along 

with chlorogenic acid (CGA) metformin was employed to elevate lactic acid levels, the 

in silico assessment was done by molecular docking and molecular dynamics 

simulation study, using the glucose-6-phosphate translocase encoding gene SLC37A4 

and G-6PT for Glucose-6-phosphatase. With the use of the Discovery Studio software's 

energy minimization procedure and the CHARMM force field, The CGA 3D structure 

and the SLC37A4 alpha folded model were optimized. Molecular dynamics (MD) 

simulation was performed after glucose-6-phosphate (G6P) and CGA molecular 

docking and measurement of the binding free energy of the G6P-SLC37A4 and CGA-

SLC37A4 complexes for 100 ns using GROMACS, principal component analysis 

(PCA) was performed. In comparison to the G6P-SLC37A4 complex, which had a 

docking score of -6.5 kcal/mol, A stronger binding relationship between CGA and 

SLC37A4 was shown by the CGA-SLC37A4 complex, which showed a greater 

docking value of -8.2 kcal/mol. Moreover, for the course of the 100 ns production run, 

The MD simulation revealed the least RMS fluctuation, a stable backbone, least Root 

Mean Square Deviation (RMSD), and stable interactions between the residues in the 

active site. In order to attain stability, the CGA complex with SLC37A4 established 

eight hydrogen bonds and showed increased compactness. The G6P-SLC37A4 and 

CGA-SLC37A4 complexes were discovered to have binding free energies of -12.73 

and -31.493 kcal/mol, respectively. For both G6P (-4.73kJ/mol) and SLC37A4 (-
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2.18kJ/mol), Lys29 established a stable interaction. This work provides structural 

understanding of CGA's competitive inhibition of SLC37A4. CGA exhibits promise as 

a possible inducer of GSD1b symptoms through its inhibition of gluconeogenesis and 

glycogenolysis. 

Further, CGA also demonstrated good docking scores and binding patterns with 

G6Pase, followed by an in vivo pilot study to determine the effective dose. The results 

showed that CGA induced hypoglycemia, and when combined with metformin, resulted 

in manifestations similar to GSD type I. The study suggests that CGA and metformin 

could be an alternative animal model for GSD type I.  Owing to the presence of complex 

carbohydrates, which are thought to release glucose gradually, both UCCS and Cassava 

Starch demonstrated a progressive preservation of normoglycemia. Both cassava starch 

alone and in combination with the micronutrients produced more beneficial outcomes 

than UCCS alone or in combination with the micronutrients. These two factors each 

demonstrated a beneficial effect in the management of GSD type 1 manifestations. 

Micronutrients played a critical role in preventing hepatocytes from accumulating extra 

glycogen, which is the primary cause of the classical symptoms of GSD, particularly 

hepatomegaly. Additionally, there is a lot of potential and possibilities to study the 

induction of GSD type 1 and other GSD types pre-clinical model, as this advocates the 

addition of other suitable chemicals or drugs which can be used to induce other 

manifestations of GSD, post which the treatment or management strategies can be 

planned accordingly with emphasis on role of dietary management using macro and 

micronutrients extensively in GSD I subjects in clinical scenario. 
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8. CONCLUSION 

The inclusion of macro and micronutrients demonstrated their unique and 

complementary effects in different ways. Because both UCCS and Cassava Starch 

include complex carbohydrates that are thought to undergo a sustained conversion into 

glucose, they both showed a progressive retention of normoglycemia. However, 

Cassava Starch performed better both alone and in combination with micronutrients 

than did UCCS. To mitigate the accumulation of surplus glycogen within hepatocytes, 

which is considered to be one of the predominant factor contributing to the 

characteristic manifestations of Glycogen Storage Disease (GSD), leading into notable 

hepatomegaly, micronutrients played a critical role. Additionally, there is a substantial 

amount of possibility to investigate the protective effects of macro- and micronutrients 

in GSD I patients in greater detail, focusing on other symptoms such 

hypertriglyceridemia, hyperuricemia, and lactic acidosis. 

The combination of molecular docking and MD simulation techniques advocated the 

valuable information regarding the binding patterns and stability of the G6Pase protein 

with the CGA ligand. The results suggest that the ligand induces conformational 

changes, leading to a more stable protein structure. Further studies are warranted to 

explore additional aspects of the protein-ligand interaction and to validate the findings 

of this study. 

Limitation of the Study: The current study served as a platform to establish a relevant 

chemically induced GSD type 1 manifestations, where pivotal manifestations were 

induced. However, few GSD type 1 manifestations such as hyperuricemia, and 

hypertriglyceridemia were not that significantly observed. 
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Future perspective: In addition to this study, further the emphasis can be diverted to 

accomplice other manifestations of GSD type 1 by incorporating other relevant 

chemicals which can be effective in targeting the glycogenolysis and gluconeogenesis, 

and in addition to this, clinical studies to inhibit the process of glycogenesis in GSD 

type 1 subjects can facilitate in effective management of liver related burden and 

improve the prognosis. 
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