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1. Introduction
1.1 Diabetes mellitus
Diabetes mellitus (DM), also referred to as diabetes, is a hallmark of the chronic 

and varied condition hyperglycemia, a physiologically aberrant state typified by 

persistently high blood glucose levels. Hyperglycemia is caused by abnormalities 

in either insulin secretion, insulin action, or both. Diabetes has a complicated 

etiology, a progressive course, and a variety of manifestations [1, 2]. It presents as 

metabolic dysfunctions of the proteins, fats, and carbohydrates. The impact of 

hyperglycemia on several body organs extends to the metabolic dysfunctions of 

proteins, fats, and carbohydrates.

DM also affects blood vessel’s structure and function. The detrimental effects of 

hyperglycemia and the related metabolic abnormalities on the normal construction 

and function of the micro- and macro-vasculature develop gradually. Microvascular 

and macrovascular ailments result from structural and functional abnormalities of 

organ systems. These complications impact the body's organs, including the 

kidneys, heart, nerves, and eyes, and are characterized by organ damage, 

dysfunction, and, eventually, organ failure. Complications might include 

retinopathy, which may eventually lead to blindness; nephropathy and possible 

renal failure; coronary heart disease and hypertension; and neuropathy, which can 

be peripheral or autonomic. Autonomic neuropathy is characterized by 

cardiovascular, gastrointestinal, and genitourinary (including sexual) dysfunctions, 

while long-term peripheral neuropathy is frequently linked to foot infections, 

including ulcers that necessitate amputations, and Charcot joint (osteoarthropathy) 

[3-5]. One of the main causes of diabetes-related morbidity and death is 

atherosclerotic cardiovascular disease, which is a combination of coronary heart 

disease, peripheral arterial disease, and cerebrovascular illness [1, 4, 5].

Diabetes is one of the most significant and difficult health problems facing the 

world's population today, which is becoming increasingly common worldwide. In 

most parts of the world, the rise in prevalence of diabetes has coincided with fast 
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economic growth, which has resulted in urbanization and the adoption of 

contemporary lifestyles[6].

The physiological variables that exist at the time of assessment and diagnosis 

have an impact on the complex etiology and different presentations of diabetes 

mellitus. The current categorization is helpful in clinical evaluation of the disease 

and in determining the necessary treatment because it is based on both the 

etiology and the pathophysiology of the disease. This categorization separates 

diabetes into three categories: type 1 diabetes mellitus (T1DM), type 2 diabetes 

mellitus (T2DM) and gestational diabetes mellitus [1, 7].

1.1.1 Diabetes Mellitus type 1 (T1DM)
T1DM, referred to as juvenile-onset diabetes or insulin-dependent diabetes 

mellitus (IDDM), accounts for 5–10% of all diabetes cases. T cell-mediated death 

of pancreatic β-cells is a hallmark of this autoimmune disease, leading to insulin 

insufficiency and eventually, hyperglycemia[8, 9]. Although the exact 

pathophysiology of this autoimmunity is yet unknown, it has been discovered that 

both hereditary and environmental factors have crucial roles. The development of 

this pancreatic β-cell-specific autoimmunity can occur gradually in adults (late 

onset) or quickly in most cases, as in infants and children (juvenile onset) [10].

Variability in the rate of immune-mediated loss of pancreatic β cells frequently 

determines how the disease will ultimately progress. Some children and 

adolescents may experience abrupt β-cell loss and subsequent failure, which can 

result in diabetic ketoacidosis (DKA). DKA is frequently referred to as the disease's 

initial presentation. Others have very gradual disease progression with moderate 

elevations in fasting blood glucose levels, which only become severe 

hyperglycemic with or without ketoacidosis when there are physiological stressors 

such as severe infections. In some patient cases, in specific adults, β-cells may 

still be able to secrete just enough insulin to keep them from developing 

ketoacidosis for years. However, these patients develop severe hyperglycemia 

and ketoacidosis as a result of gradual insulin insufficiency, which makes them 

insulin dependent. Affected patients in the early, middle, or even late stages of their 
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lives become severely or completely insulin deficient. This group of patients require 

insulin treatment for survival, despite the unpredictable course of this kind of 

diabetes. Regardless of the onset of diabetes, this severe or complete insulin 

insufficiency shows up as low or undetectable plasma C-peptide levels [1, 8, 9].

Numerous immunological markers, particularly autoantibodies, are indicative of 

type 1 diabetes. These autoantibodies normally target the immune-mediated β-cell 

destruction. The autoantibodies include insulin autoantibodies (IAAs), islet-specific 

zinc transporter isoform 8 (ZnT8), tyrosine phosphatases IA-2 and IA-2α, glutamic 

acid decarboxylase autoantibodies (GADAs), such as GAD65, and islet cell 

autoantibodies (ICAs) to β-cell cytoplasmic proteins, such as autoantibodies to 

islet cell antigen 512 (ICA512). Although at least one of these autoantibodies can 

be used to clinically diagnose this condition, 85–90% of individuals with newly 

diagnosed type 1 diabetes typically have multiple immunological markers[1, 11]. 

The most significant of these autoantibodies is GAD65, which is present in roughly 

80% of all T1DM patients at diagnosis. ICAs are present in 69–90% of patients, 

and IA-2α is present in 54–75% of patients at clinical presentation. The prevalence 

of IAAs, which are significant immunological markers found in newborns and early 

children at risk for diabetes, declines with increasing diabetes start age. One 

significant sign of developing type 1 diabetes in patients who have never received 

insulin treatment is the existence of IAAs [1, 11]. Approximately 70% of diabetic 

newborns and young children have IAAs at the time of diagnosis. In patients on 

insulin therapy, the IAAs also have significant inhibitory effects on insulin activity. 

This immunological response has been seen in at least 40% of patients receiving 

insulin treatment, albeit in various degrees of intensity; as a result, it exhibits 

distinct clinical symptoms even though it is not frequently clinically noteworthy[12]. 

These autoantibodies vary in their affinities and binding capabilities for insulin and 

are primarily composed of polyclonal immunoglobulin G (IgG) antibodies. Both low 

insulin affinity with high insulin binding capacity and high insulin affinity with low 

insulin binding capacity can occur together with the detection of IAAs. Clinical 

symptoms are caused by IAAs' high insulin-binding capability and poor insulin 

affinity. The characteristic hyperglycemia in the immediate postprandial period, 
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which results in markedly elevated insulin requirements and later unpredictable 

hypoglycemic episodes (postprandial hypoglycemia), is caused by these 

antibodies' binding to insulin at high titers, which inhibits or delays its action [13].

The rate at which beta cells are destroyed varies somewhat; it frequently happens 

quickly for some people and slowly for others[14]. The loss of the duct gland's ß-

islet cells results in a severe lack or insufficiency of hormone output. Hormone 

injections are necessary for treatment [15].

When fasting hyperglycemia is first identified, the diagnosis of type 1 diabetes is 

supported by evidence of autoimmune β-cell destruction. This is typically 

demonstrated by the presence of islet-specific autoantibodies, including insulin 

autoantibodies (IAA), glutamic acid decarboxylase antibodies (GAD65A), 

insulinoma-associated antigen-2 antibodies (IA-2A), and zinc transporter 8 

antibodies (ZnT8A). Collectively, these autoantibodies are detected in 

approximately 85–90% of individuals at the time of initial diagnosis [16].

1.1.2 Diabetes Mellitus type 2 (T2DM)
T2DM, referred to as adult-onset diabetes or non-insulin-dependent diabetes 

mellitus (NIDDM), accounts for 90–95% of all cases of diabetes. This kind of 

diabetes is distinguished by two primary abnormalities linked to insulin: Insulin 

resistance and malfunction of β-cells [17-19].

A reduced sensitivity, or responsiveness, of cells in peripheral organs, specifically 

the muscle, liver, and adipose tissue, to insulin is the result of disruption of multiple 

cellular pathways, which causes insulin resistance. When insulin sensitivity is 

reduced in the early stages of the disease, β-cell hyperfunction is triggered, which 

results in an increase in insulin secretion to maintain normoglycemia. Thus, 

hyperinsulinemia, or elevated amounts of circulating insulin, avoids 

hyperglycemia. But over time, the β-cells' increasing release of insulin is unable to 

adequately offset the decline in insulin sensitivity. Additionally, β-cell function starts 

to deteriorate, and eventually, β-cell malfunction results in insulin insufficiency. 

Hyperglycemia results from the inability to sustain normoglycemia. In most 

situations, insulin secretion is adequate to avoid DKA, even when insulin levels are 
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low [19]. However, DKA can occur in extremely stressful situations, e.g., at the time 

of infections or other pathological situations. Atypical antipsychotics (second-

generation antipsychotic medications), corticosteroids, and sodium-glucose co-

transporter-2 (SGLT2) inhibitors are among the medications that can induce DKA 

[20, 21]. When there are no significant physiological stressors present, patients 

with type 2 diabetes may not need insulin therapy both at the onset of the disease 

or even later on [17-19].

Since type 2 diabetes is a very slow-moving, asymptomatic disease, even mild 

hyperglycemia takes years to develop. As a result, it is often not diagnosed until 

the advanced stages of the disease, which show the classic symptoms of severe 

hyperglycemia, including blurred vision, weight loss, growth impairment, polyuria, 

and polydipsia. Several known and unknown variables contribute to the 

pathogenesis/etiology of this form of diabetes. It can be characterized as a 

combination of strong environmental factors and genetic (polygenic) 

predispositions. T2DM has been more often linked to aging, obesity, a family 

history of the disease, a lack of physical activity, and the adoption of contemporary 

lifestyles that include pathophysiological disorders such dyslipidemia and 

hypertension. Unlike type 1 diabetes, this condition has not been linked to immune 

response genes, such as autoimmunity, and as a result, there is no immune-

mediated death of pancreatic β-cells [22, 23].

Since obesity induces insulin resistance by affecting tissue sensitivity to insulin, it 

plays a significant role in the homeostatic dysregulation of systemic glucose. As a 

result, the majority of T2DM patients, are overweight or obese [24]. Indeed, the 

elevated body fat content is a major risk factor for type 2 diabetes, and the 

distribution of body fat, as well as its overall quantity, are major indicators of the 

onset of insulin resistance and ultimately, hyperglycemia. This form of diabetes has 

often been linked to increased visceral obesity or belly fat, rather than the 

increased gluteal/subcutaneous fat seen in peripheral obesity[25]. Patients with 

type 2 diabetes frequently exhibit several cardiovascular risk factors, including 

hypertension and lipoprotein metabolic abnormalities, which are typified by 
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elevated triglycerides and low levels of high-density lipoproteins (HDLs), linked to 

increased body fat content or obesity. T2DM is often linked to the development of 

a number of microvascular and macrovascular ailments resulting from dietary and 

sedentary life style for the long run and the resulting varied metabolic abnormalities 

that lead to hyperglycemia, especially in the middle and later age decades [24, 25].

1.1.3 Gestational diabetes mellitus (GDM)
GDM is the form of diabetes or glucose intolerance identified at the beginning of 

pregnancy or over the course of the pregnancy, typically in the second or third 

trimester. This earlier definition also covered any undiagnosed type 2 diabetes that 

might start before or at the onset of pregnancy. The International Association of 

the Diabetes and Pregnancy Study Groups' most recent guidelines, however, do 

not include diabetes diagnosed at the beginning of pregnancy or later in high-risk 

women, such as those who are obese, where any level of glucose intolerance is 

referred to as previously undiagnosed overt diabetes rather than GDM. GDM often 

goes away shortly after childbirth or pregnancy termination and is distinct from any 

underlying diabetes in women who are pregnant [26].

Early in pregnancy, both fasting and postprandial blood glucose levels are typically 

lower than normal. However, during the third trimester of pregnancy, blood glucose 

levels rise, and when they approach diabetic levels, the disease is referred to as 

gestational diabetes mellitus (GDM). GDM is responsible for almost 90% of all 

cases of diabetes and related complications that arise during pregnancy. GDM 

affects between 1% and 14% of pregnancies, and the demographics being studied 

have a significant impact on its prevalence. The Middle Eastern nations, Pacific 

Islanders, Asian Indians, Aboriginal Australians, and women from China, Japan, 

Korea, and Mexico are the groups most likely to have GDM. The frequency is lower 

among Black women and is the lowest among non-Hispanic white women [27, 28]. 

The chance of developing GDM increases with age, obesity, prior pregnancies with 

large babies, and any prior history of poor glucose tolerance or GDM[29, 30]. 

Additionally, a higher lifetime risk of developing type 2 diabetes has been linked to 

GDM. Therefore, it is strongly advised that these females undergo routine and 
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lifetime screening for any form of glucose impairment to guarantee an early 

diagnosis of type 2 diabetes [31-33].

1.2 Glucose Metabolism
Glucose is the main source of energy and fuel for human cells and is the universal 

language for energy consumption. It is obtained from the consumed diet, treated 

within the gastrointestinal tract and by the liver tissue, and transferred from 

circulation to target cells. The regulation of glucose uptake and exocytosis through 

the plasma membranes is crucial for maintenance its bodily homeostasis [34]. Fat, 

proteins, and carbohydrates eventually decompose to form glucose, which acts as 

fuel for metabolic processes in the body. Glycogenesis, glycolysis, 

gluconeogenesis, and glycogen degradation are just a few of the multiple 

processes that constitute glucose metabolism. 

Glycolysis is one major enzyme-induced metabolism mechanism that promotes 

glucose metabolism and conversion to pyruvate in body cells [35]. Occurring in ten 

consecutive cytosolic chemical reactions, this catabolic process leads to the net 

production of two ATP molecules per one glucose molecule. The total efficiency of 

ATP composition is only about 43%, with the remaining 57% get lost in heat form. 

Each resulting pyruvate is converted in the mitochondria into acetyl-Co-enzyme A, 

with the release of the NADH electron carrier, via pyruvate dehydrogenase 

enzyme. Acetyl CoA then enters the Krebs cycle, releasing two molecules of 

carbon dioxide, 2 molecules of GTP, and eight electrons that are received by four 

electrons carriers, namely three NADH molecules and one FADH2 molecule. 

Consequent oxidative phosphorylation releases on average nine ATP molecules 

per cycle [36].

To maintain constant levels of sugar and glucose in the blood during fasting, 

cytosol, mitochondria, and the endoplasmic reticulum of hepatocytes undergo a 

series of metabolic activities that create glucose from non-carbohydrate 

precursors. These processes are regulated by insulin, glucagon, and cortisol [37]. 

On average, the level of blood sugar during fasting drops within the period of 3-4 

hours of fasting, reaching 80-90 mg/dL. In cases of starvation, the glucose 
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formation process from glycogen, fat and eventually protein reserves provide the 

body cells with their glucose needs. Postprandially, blood sugar rises on average 

to 120-140 mg/dL and returns to normal levels in a two-hour period due to the 

body's feedback mechanisms. High blood glucose leads to insulin secretion 

including a massive glucose uptake by cells. Conversely, glucagon is released due 

to hypoglycemia, thereby raising blood glucose levels. Therefore, poor insulin 

secretion and inadequacy clinically lead to diabetes mellitus[37].

1.2.1 α-Amylase and α-Glucosidase: Primary Gatekeepers Before Glucose 
Transport
Before glucose reaches the intestinal transporters, carbohydrate-digesting 

enzymes such as α-amylase and α-glucosidase initiate the first step in maintaining 

glucose balance by beginning the breakdown of dietary polysaccharides. α-

Amylase, secreted by the salivary glands and pancreas, hydrolyzes complex 

starches into shorter oligosaccharides and disaccharides [38]. Subsequently, α-

glucosidase, an enzyme located on the small intestine's membrane, further breaks 

down these carbohydrates into free glucose molecules, which are then absorbed 

by the small intestine [39]. Therefore, the coordinated activity of these digestive 

enzymes before absorption plays a vital role in regulating the amount and rate of 

glucose entering the bloodstream, contributing to postprandial glucose 

homeostats.

These enzymes are key targets for anti-diabetic medications. By inhibiting α-

amylase and α-glucosidase, pharmacological agents slow carbohydrate digestion, 

reducing the rapid appearance of glucose in the bloodstream and preventing sharp 

post-meal blood sugar spikes[38, 39]. To enhance the effectiveness of intestinal 

enzyme inhibitors in managing type 2 diabetes mellitus (T2DM), recent research 

has focused on developing dual-enzyme inhibitors that simultaneously target both 

α-amylase and α-glucosidase [40].

1.2.2 Glucose Transport and Defect in Transport Activity
Since glucose is a hydrophilic large molecule that cannot pass freely across the 

plasma membrane, its transport must be facilitated by a carrier system. 



9

Hexokinase phosphorylates glucose inside the cell at a pace that is significantly 

faster than its uptake from the extracellular part in the majority of cell types. As a 

result, compared to the external concentration of glucose, which is typically 5 mM, 

the internal concentration is significant enough to keep the cell from death. Due to 

this notable concentration difference between the cell's inside and exterior, can  

facilitate the diffusion of glucose into the cell [41]. In recent years, advances in 

genetics have shed new light on the types and physiology of various glucose 

transporters, of which there are two main types: Sodium–glucose linked 

transporters (SGLTs) and facilitated diffusion glucose transporters (GLUTs), both 

of which can be divided into many family members [42].

Transporters vary in terms of their specificity, distribution and regulatory 

mechanisms. Glucose transporters have received specific attention as therapeutic 

targets for different diseases. Sodium–glucose linked transporter-1 (SGLT1) was 

the first glucose-1 transporter to be widely detected and studied. It consists of 

fourteen transmembrane helices (TM0-TM13), of which both the COOH and NH2 

termini face the extracellular space. Members of the SGLT family have molecular 

weights ranging between 60 and 80 kDa and consisting of 580-718 amino acids. 

GLUT proteins consist of twelve transmembrane helices spanning the membrane, 

with intracellularly located amino and carboxyl termini The amino acid sequence 

of GLUT proteins has been found to show a 28-65% match with GLUT 1. GLUT 

major transporters are classified into GLUT1-5. Among the several transporters, 

GLUT2 is mainly expressed in beta cells in the pancreas, liver, and kidneys. 

GLUT2 acts as a glucose sensor in beta cells for marine organisms, but human 

beta cells essentially express GLUT1 [42].

In hepatocytes, GLUT1 is associated with the two-way transmission of glucose 

controlled by hormones, such as thyroid hormone. The GLUT2 on the 

hepatocellular membrane regulates the entry and exit of glucose to and from the 

cell, respectively, thereby controlling the metabolism of glucose in the liver. In 

contrast, GLUT2 in intestinal brush edge cells and kidney pipe cells is associated 

with glucose absorption and reabsorption, respectively [42]. GLUT3 is the main 
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GLUT isoform in the brain. It has a significant, high affinity for glucose, a property 

consistent with its function of transferring glucose to cells that have higher 

requirements of glucose. GLUT4 is the predominant glucose transporter in skeletal 

muscle and plays a critical role in regulating glucose uptake and metabolism. 

Numerous studies have established a strong positive correlation between GLUT4 

protein levels and the efficiency of muscle glucose uptake. Research using mouse 

skeletal muscle models has shown that overexpression of GLUT4 significantly 

enhances glucose uptake under various conditions, increasing basal uptake by 

20–300%, insulin-stimulated uptake by 60–200%, and contraction-induced uptake 

by 35% [43]. Conversely, the targeted loss of GLUT4 in skeletal muscle results in 

a 70–80% reduction in basal glucose uptake and a complete inhibition of glucose 

uptake induced by insulin or muscle contraction. These findings highlight the 

indispensable role of GLUT4 in facilitating glucose uptake in skeletal muscle during 

short-term stimuli [43]. Additionally, GLUT4 is the most abundant glucose 

transporter in skeletal muscle and is regarded as a rate-limiting factor for glucose 

uptake and metabolism, particularly in the resting state of the muscle. This 

underscores its pivotal role in maintaining glucose homeostasis and its potential 

as a therapeutic target for metabolic disorders [44].

Glucose is reabsorbed from glomerular filtrate by SGLT2, the primary glucose 

transporter in kidney tubules. High levels of glucose are excreted in urine by people 

who have a genetic abnormality in the SGLT2 gene, which impairs glucose 

reabsorption [45].In  cardiac sarcolemma SGLT1 expression, mediated through 

leptin, was found to increase in T2DM and ischemia and to decrease in T1DM. 

These SGLT1 levels were found to be correlated with insulin levels. Increased 

levels of SGLT1 lead to increased uptake of glucose in cardiomyocytes of T2DM 

patients [46]. 

GLUT1, together with SGLT1 reabsorb the glucose found in bile in the intrahepatic 

bile ducts. Bile volume is decreased by the osmotic gradient created by this 

reabsorbed glucose, which facilitates the removal of water from the bile. Patients 

with diabetes have greater liver glucose concentrations as a result of their elevated 
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blood sugar levels. The reduced bile secretion seen in diabetic people is probably 

explained by the fact that an increase in glucose transport results in a decrease in 

bile flow and vice versa [47]. Mutations in the GLUT2 gene can cause severe 

Fanconi-Bickel Syndrome, which is characterized by dwarfism, proximal renal 

tubular failure, increased cholesterol, fasting hypoglycemia, postprandial 

hyperglycemia, and hepatorenal glycogen buildup that causes hepatomegaly [48].

T2DM patients with insulin resistance have a reduced capacity to use extracellular 

glucose by their skeletal muscle cells. The skeletal muscles of these patients have 

normal GLUT4 levels, suggesting that their translocation to the membrane is 

compromised, maybe as a result of an aberrant buildup of GLUT4 in the membrane 

compartments or a malfunction in the insulin signaling pathway [49].

1.2.3 Hormonal Regulation for Glucose Metabolism
The two main opposing hormones, insulin and glucagon, which are in charge of 

lowering and raising glucose levels, respectively, are secreted by the pancreas, 

which plays a major role in controlling glucose metabolism. Acinar or exocrine 

cells, which make up the majority of the pancreas, discharge digestive hormones 

into the duodenum through the pancreatic and accessory pancreatic ducts. The 

pancreas performs an endocrine function through the islets of Langerhans, which 

are located within the exocrine tissue and constitute 1-2% of the organ's mass [50].

1.3. Insulin Signaling Pathway
Whole-body glucose homeostasis following escalated serum glucose levels is 

maintained via insulin-induced glucose uptake in skeletal muscles and adipose 

tissue. Glucose transporter GLUT4 rapidly moves to the plasma membrane 

through the process of exocytosis. The deficiency in GLUT4 trafficking may induce 

the progression to insulin resistance and type 2 diabetes. Phosphoproteomics, the 

large-scale study of protein phosphorylation/dephosphorylation, is directly 

associated with insulin signaling, especially since several crucial protein’s 

phosphorylation and dephosphorylation processes govern the translocation of 

GLUT4 to the plasma membrane. Therein, IRS-1, Akt, TBC1D4/AS160, and 
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regulatory phosphatases such as PTEN are major contributors to this signaling 

cascade (figure1.3) [51-53].

Insulin binds to insulin receptor to induce the phosphorylation of insulin receptor 

substrate-1 (IRS-1) at the tyrosine residue, leading to its subsequent activation.  

This leads to the induction of the canonical PI3K–Akt pathway. Phosphorylated 

IRS-1 activates PI3K, which in turn generates phosphatidylinositol (3,4,5)-

trisphosphate (PIP₃). As a result, membrane localization and the activation of Akt 

follow. Mass-spectrometry-based studies have demonstrated that the fluctuation 

of IRS-1 phosphorylation levels, due to inhibitory serine phosphorylation, is well-

correlated to insulin resistant states in human skeletal muscles [54]. A study by 

Stuart et al on human subjects shows that hyper-phosphorylation of serine 

residues at IRS-1 (most importantly Ser337 and Ser636) occurs in metabolic 

syndrome muscles, which reduces the propagation of the insulin signal, thereby 

lowering insulin-stimulated GLUT4 translocation[55]. Thus, the signal of IRS-1 

phosphorylation is a multifaceted regulatory network, and not solely a binary 

“on/off” action. 

PTEN is a lipid phosphatase that works downstream of IRS-1 and antagonizes the 

PI3K signaling, mainly by dephosphorylating PIP₃ to PIP₂ [56]. Studies have 

demonstrated PTEN as a potent negative regulator of Akt and GLUT4 trafficking. 

Overexpression of PTEN in adipocytes reduces Akt phosphorylation and 

consequently inhibits insulin-induced GLUT4 translocation. Conversely, knockouts 

of PTEN have increased PIP₃ levels, leading to promoted Akt phosphorylation, and 

the resulting augmented uptake of glucose by GLUT4 [57, 58]. Related 

phosphatases, such as inositol polyphosphate phosphatase (SKIP), produce 

similar effects: elevated PIP₃ dephosphorylation inhibits GLUT4 vesicle trafficking, 

indicating that the equilibrium between phosphatase-driven dephosphorylation and 

kinase-driven phosphorylation of PIP isoforms is a crucial cornerstone for insulin 

action [59]. Akt (protein kinase B) is the control center that links insulin signal 

transduction to GLUT4 vesicle translocation. Early mechanistic studies 

demonstrated that constitutively active Akt can initiate the process of GLUT4 
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exocytosis, without the need of insulin action. Conversely inhibition of Akt prevents 

the fusion of GLUT4 vesicles with the plasma membrane[60, 61]. More recent 

reviews highlight that Akt isoform specificity and substrate selectivity govern 

GLUT4 translocation [53].

TBC1D4, also known as AS160, is a fundamental Akt substrate in the Akt-AS160-

GLUT4 axis. Akt, via the insulin signaling cascade, phosphorylates TBC1D4 and 

subsequently inhibits the activity of its Rab GTPase-activating protein (GAP). As a 

result, Rab10 and Rab8A remain in their active GTP-bound states. This activation 

is pivotal for GLUT4 vesicle release from intracellular compartments and their 

consequent fusion with the plasma membrane. AS160 mutants that are not subject 

to Akt phosphorylation inhibit GLUT4 translocation[62]. In vivo, knock-in mutation 

in mice of key Akt phosphorylation sites on TBC1D4 (e.g., AS160-Thr649) to 

alanine leads to diminished muscle glucose uptake and attenuated GLUT4 

translocation[63]. Studies on human skeletal muscle demonstrate that insulin 

promotes TBC1D4 phosphorylation and its interaction with the 14-3-3 proteins; In 

obesity and type 2 diabetes, this cascade is disrupted, causing defective GLUT4 

trafficking [64].

Our understanding of insulin resistance is reshaped based on the development of 

the concept of phospho-proteomics, where insulin effect is contingent upon the 

balance between phosphorylation and dephosphorylation of signaling proteins. 

Insulin-resistant muscle and adipose tissues exhibit selective dysregulation of 

phosphatase-mediated dephosphorylation, rather than a steady decline of kinase 

activity. This results in a subsequent effect on proteins involved in the upstream 

signaling and downstream trafficking. Consequently, the loss of pertinent 

dephosphorylation attenuates several nodes in the IRS-1 → PI3K → Akt → 

TBC1D4 axis [51].

Taken together, current findings suggest a clear model: moving GLUT4 to the cell 

surface relies on a delicate balance of phosphorylation events. The process begins 

with IRS-1, gets amplified as PI3K generates PIP₃, is driven forward by inducing 
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Akt, TBC1D4 and Rab-controlled vesicle movement. This process ultimately led to 

GLUT4 vesicle fusion with the PM.

Figure 1.3 Simplified overview of insulin signaling in the skeletal muscle [65] 

1.4. Drugs Targeting Key Nodes of Glucose Homeostasis in T2DM
Type 2 diabetes mellitus (T2DM) is characterized by disruptions in both the 

regulation of glucose before absorption and insulin signaling after absorption. 

Consequently, existing treatments and natural antidiabetic agents focus on two 

primary levels:

(1) Digestive enzymes α-amylase and α-glucosidase, which control the rate of 

dietary carbohydrate breakdown. (2) Intracellular insulin-signaling nodes, including 

IRS-1, PI3K, Akt, AS160/TBC1D4, PTEN, and GLUT4 translocation, which 

regulate glucose uptake in muscle and adipose tissue.

1.4.1. Drugs Targeting α-Glucosidase and α-Amylase
Pharmacological blockade of intestinal α-glucosidase and α-amylase enzymes 

diminishes the breakdown of starch. This intervention subsequently mitigates 
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postprandial glycemic spikes. Traditional pharmacotherapies, including acarbose, 

miglitol, and voglibose, exert their effects through this enzymatic inhibition[66].

Recent rigorous biochemical investigations establish that chlorogenic acid, a 

prominent dietary polyphenol, acts as an inhibitor of both α-amylase and α-

glucosidase enzymes. This inhibition occurs via mixed or competitive mechanisms, 

resulting in reduced enzyme activity and subsequently reduced  glucose liberation 

[67]. Structural validation of chlorogenic acid’s inhibitory function has been 

achieved through docking simulations and spectroscopic analyses. These 

approaches substantiate chlorogenic acid capacity to interfere with enzyme 

function at the molecular level [68].

Hydroxycinnamic acids, specifically caffeic acid and ferulic acid, function as 

significant inhibitors of digestive enzymes. Caffeic acid and its derivatives 

demonstrate powerful antidiabetic activity in vivo, coupled with consistent enzyme 

inhibition across various experimental models[69]. Structure–activity analyses 

verify that the hydroxylation configurations of caffeic and ferulic acids influence 

their binding affinity to α-glucosidase[70].Ferulic acid exhibits significant inhibitory 

activity against α-amylase and α-glucosidase enzymes. This indicates its potential 

in diabetes treatment inhibition [71].

Numerous aromatic carboxylic acids have been identified as natural α-glucosidase 

inhibitors in medicinal plants. These include vanillic acid, isovanillic acid, benzoic 

acid, and 3,4-dihydroxybenzoic acid. Additional compounds such as 3,4,5-

trihydroxybenzoic acid (gallic acid), 2-hydroxy-4-methoxybenzoic acid, and 

syringic acid have also been documented for their inhibitory activity [72].

1.4.2. Drugs Targeting the IRS-1 → PI3K → Akt → AS160 → GLUT4 Axis
Insulin-facilitated glucose uptake depends on the activation of IRS-1 and 

subsequent PI3K signaling pathways. This cascade leads to Akt phosphorylation 

and the inactivation of AS160/TBC1D4, enabling GLUT4 translocation to the cell 

surface. Impairments in any of these processes can result in insulin resistance. 

Such impairments ultimately hinder efficient glucose clearance from the 

bloodstream, thereby exacerbating hyperglycemic conditions characteristic of 
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metabolic disorders [72]. Therefore, elucidating the molecular mechanisms 

underlying these signaling disruptions is essential for developing targeted 

therapeutic strategies aimed at restoring insulin sensitivity and ameliorating 

metabolic dysregulation [73].

The importance of particular nodes—namely IRS-1/2, PI3K, Akt, AS160/TBC1D4, 

PTEN, and GLUT4 was highlighted as essential targets for pharmacological 

intervention [51].

PTEN functions as the primary negative regulator of the PI3K/Akt signaling 

pathway. It decreases the availability of PIP₃, thereby attenuating insulin-mediated 

signal transduction. Overexpression or heightened activity of PTEN is associated 

with the development of peripheral insulin resistance [51, 74]. This dysregulation 

of PTEN expression can contribute to metabolic disturbances by impairing glucose 

uptake and lipid metabolism, ultimately exacerbating the pathophysiological 

processes underlying type 2 diabetes mellitus [75]. Consequently, dysregulation of 

PTEN expression can disrupt cellular homeostasis and contribute to the 

pathogenesis of metabolic disorders characterized by impaired glucose uptake 

and utilization [76].

1.5 Medicinal plants with Anti-diabetic activities
The growing interest in herbal medicine over the past decade can be attributed to 

concerns over the long-term side effects of synthetic drugs, particularly those used 

for managing diabetes. Various classes of synthetic medications, such as 

biguanides, sulfonylureas, thiazolidinediones, α-glucosidase inhibitors, GLP-1 

agonists, dopamine-2 agonists, DPP-4 inhibitors, and SGLT-2 inhibitors, are 

commonly prescribed. However, prolonged use of these drugs can lead to adverse 

effects, including cancer, liver damage, and allergic reactions. As a result, many 

individuals are increasingly turning to natural remedies, which are perceived to be 

less toxic than synthetic alternatives. The adage "Let food be the medicine, and 

medicine be the food" reflects the growing recognition that natural treatments offer 

numerous benefits, particularly due to their safety and minimal side effects [77]. 
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Natural plant extracts are gaining significant attention in the development of new 

therapeutic agents. Recent research highlights their effectiveness in treating or 

preventing a wide range of diseases, including cardiovascular conditions, 

atherosclerosis, diabetes, and cancer. Furthermore, herbal remedies have long 

been used globally for managing chronic illnesses [78]. Medicinal plants have 

emerged as a key area of interest, particularly for their potential in diabetes 

management. Over 410 medicinal plants have demonstrated experimentally 

proven anti-diabetic properties, offering therapeutic benefits with limited side 

effects often associated with conventional treatments[79]. 

These plant extracts contain bioactive compounds such as tannins, alkaloids, 

flavonoids, and phenolics, which are essential for enhancing pancreatic function 

by regulating glucose absorption in the intestines and promoting insulin secretion. 

As such, medicinal plants present a promising and cost-effective alternative for 

diabetes treatment, making them an important focus in the search for alternative 

therapies for the condition. In developing countries, approximately 70–95% of the 

population relies on herbal medicinal plants for basic healthcare. The World Health 

Organization (WHO) estimates that around 65–80% of the global population 

depends primarily on herbal plants to treat various illnesses. This reliance is often 

due to limited access to modern medical facilities or the perception that herbal 

plants are a safer and more accessible source of healthcare [80]. Palestine, known 

for its rich biological diversity, boasts a wide range of traditional herbs used in local 

medicine. The region is home to over 2,600 plant species, with more than 700 

identified as medicinal plants or used as botanical pesticides. A study by Ali-

Shtayeh et al. (2000) found that at least 63 plant species are still in active use for 

treating a variety of ailments, including skin conditions, urinary tract issues, gastric 

problems, prostate diseases, diabetes and cancer. Further ethnopharmacological 

studies have highlighted the use of herbal medicine in Palestine for addressing 

gastrointestinal disorders, urological conditions, scalp diseases, and cancer 

treatment [81].
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1.5.1 Abelmoschus Esculentus
Abelmoschus esculentus (A.E), commonly known as okra shown in figure (1.4.1), 

is a member of the Malvaceae family, native to Africa but extensively cultivated and 

consumed in Asia, Southern Europe, and the Americas. Traditionally, okra has 

been used in folk medicine to enhance metabolic health, including in the 

management of T2DM [82, 83]. The okra fruit contains proteins, fiber, 

polysaccharides, vitamins, and unsaturated fatty acids, as well as phenolic 

compounds such as polyphenols, terpenoids, alkaloids, and flavonoids [84]. These 

phytochemicals contribute to various health benefits, including antioxidant, anti-

inflammatory, cardioprotective, gastroprotective, hepatoprotective, and particularly 

hypoglycemic effects, making okra both nutritionally and functionally valuable [85].

Figure 1.5.1  Abelmoschus Esculentus[86]

1.5.2. Cichorium intybus
Cichorium intybus (c. intybus) is a perennial herbaceous plant with a somewhat 

woody stem, belonging to the family Asteraceae. Typically, it produces vibrant blue 

flowers, though white or pink variants are infrequent. Common chicory is also 

referred to as blue daisy as shown in figure 1.4.2. It originates from regions in 

western Asia, North Africa, and Europe. Root chicory has historically been 

cultivated across Europe as an alternative to coffee. Its roots are subjected to 

baking, roasting, and grinding processes for use as an additive. This practice is 

particularly prevalent in the Mediterranean region, where the plant is 

indigenous[87]. Recent scientific investigations have elucidated the multifaceted 
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pharmacological effects of chicory, highlighting its potential as a complementary 

agent in managing various metabolic and inflammatory disorders[88]. Cichorium 

intybus demonstrates potential for the regeneration of pancreatic beta cells. It 

contains bioactive compounds such as antioxidants, phenolics, and flavonoids, 

which contribute to its antidiabetic properties by addressing hyperglycemia, 

oxidative stress, inflammation, and hyperlipidemia. The multifaceted effects of 

chicoric acid on glucose homeostasis are linked to its influence on multiple 

interconnected biological processes and pathways [89]. 

Figure 1.5.2  Cichorium intybus[90] 

1.5.3 Natural Plant-Based Medicine in Healthcare
Herbal medicine, a key component of complementary and alternative medicine 

(CAM), has been used for centuries to treat various illnesses and maintain health. 

CAM encompasses a diverse array of healthcare systems, practices, and products 

not typically considered part of conventional medicine (AlQathama, 2016). 

According to the US National Center for Complementary and Alternative Medicine, 

herbal medicine involves the use of plant-derived products applied or consumed 

for therapeutic purposes. This ancient practice dates back over 5,000 years, yet 

scientific validation for its efficacy remains limited in many areas. Herbal medicines 

are widely utilized across healthcare systems, particularly in developing regions. 

The World Health Organization (WHO) estimates that approximately 80% of the 
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population in developing countries, particularly in Africa and Asia, rely on herbal 

medicine for primary healthcare needs (WHO, 2019). 

Furthermore, the popularity of herbal remedies has risen significantly in developed 

countries over the past two decades. For instance, 75% of the population in France 

and 42% in the United States report using herbal medicines, with similarly high 

usage observed in Middle Eastern nations such as Egypt (86%) and Saudi Arabia 

(88%) [91]. This widespread adoption of herbal medicine has sparked considerable 

academic, industrial, and economic interest. Notably, chronic conditions such as 

diabetes mellitus, which are associated with high morbidity and mortality rates, 

have become a focus for integrating herbal remedies into therapeutic strategies. 

The global demand for herbal medicines underscores their potential role in modern 

healthcare while highlighting the need for further research to substantiate their 

safety and effectiveness [92].

1.5.4 The Role of Medicinal Plants in Diabetes Management
Diabetes is a global health concern, with the World Health Organization (WHO) 

estimating that 347 million people worldwide were affected by the condition in 

2013, a figure projected to double by 2030. More recently, WHO reported that 1.6 

million deaths were directly attributable to diabetes, disproportionately affecting 

middle-income populations in Asia, Africa, and South America [91]. Alarmingly, 

diabetes claims one life every six seconds, with annual death tolls reaching 5 

million surpassing fatalities from HIV (1.5 million), tuberculosis (1.5 million), and 

malaria (0.6 million) combined. If not properly managed, diabetes can result in 

severe complications, including damage to vital organs such as the kidneys, heart, 

eyes, blood vessels, and nerves. The use of herbal remedies by diabetic patients 

is often motivated by dissatisfaction with conventional treatments and concerns 

about their potential side effects. Many patients perceive herbal medicines as safer 

and more effective alternatives due to their natural origins [93]

Medicinal plants have been recognized for their significant role in managing 

diabetes mellitus, a serious metabolic disorder. These plants are reported to 

possess potent antidiabetic properties without harmful side effects. They contain 
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bioactive compounds such as flavonoids, alkaloids, phenolics, and tannins, which 

enhance pancreatic function by promoting insulin secretion or reducing intestinal 

glucose absorption. Scientific literature has identified approximately 410 medicinal 

plants with experimentally validated antidiabetic properties, though the 

mechanisms of action have been comprehensively studied for only 109 of these 

plants. Plant extracts have demonstrated the ability to modulate critical metabolic 

pathways, including glycolysis, gluconeogenesis, the Krebs cycle, glycogen 

synthesis and degradation, insulin synthesis and release, cholesterol metabolism, 

and carbohydrate absorption [94].

1.5.5 Phytochemicals
Phytochemicals are naturally occurring bioactive compounds found in plants that 

offer significant health benefits to humans. These compounds are categorized into 

primary metabolites, which include proteins, sugars, nucleic acids (pyrimidines and 

purines), amino acids, and chlorophylls, and secondary metabolites, such as 

flavonoids, alkaloids, saponins, phenolics, terpenes, curcumins, phytosterols, 

glucosides, lignans, and anthraquinones.

Figure 1.5.5  Phytochemicals in Plants Types [35]

Phytochemicals are found in a variety of plant-based sources, including fruits, 

vegetables, beverages, and cereals. They are primarily located in plant parts such 

as stems, roots, flowers, leaves, and seeds, often concentrated in the outer layers 

of these tissues. The concentration of phytochemicals varies depending on factors 
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such as the plant species, growing conditions, and methods of processing or 

cooking. Given their diverse therapeutic properties, medicinal plants containing 

phytochemicals are invaluable in both complementing and potentially substituting 

modern medical treatments [95].

1.5.6 Phenolic Compounds in Medicinal Plants
Medicinal plants play a vital role in healthcare worldwide, serving as both 

standalone remedies and supplements to conventional treatments [96]. For 

centuries, plants have been utilized for food, flavoring, and medicinal purposes 

[97]. Various plant parts, possess diverse bioactive properties such as antioxidant 

and anti-inflammatory activities [98]

 Among the most prevalent bioactive components are phenolic compounds, which 

include phenolic monoterpenes (e.g., carvacrol, thymol), diterpenes (e.g., 

carnosol, carnosic acid), and a range of phenolic acids like hydroxybenzoic acids 

(e.g., p-hydroxybenzoic, gallic, vanillic), phenylpropanoic acids (e.g., caffeic, 

rosmarinic, ferulic, chlorogenic), and flavonoids (e.g., naringenin, quercetin, 

catechin) [99]. Plant phenolics have gained attention for their potential as effective 

antibiofilm and antifungal agents [100]. 

Research has also shown a strong association between the levels of phenolic and 

flavonoid compounds and the anti-inflammatory and antioxidant properties of 

medicinal plants. Furthermore, studies indicate that the phenolic content of plants 

is closely linked to their antioxidant activity [101], and  are also considered 

precursors in the synthesis of pharmaceutical drugs used to treat a wide range of 

diseases, serving as crucial defense mechanisms to protect against harmful 

insects, pathogens, and adverse environmental conditions [95].

1.5.7 Anti-diabetic mechanism of natural phenolic compounds
Anti-diabetic mechanisms of natural phenolic compounds have gained significant 

attention due to their potential therapeutic effects. Phenolic compounds constitute 

a broad and heterogeneous class of secondary metabolites derived from plants, 

characterized by the presence of one or more hydroxylated aromatic rings. These 

compounds are extensively distributed within the plant kingdom and are prevalent 
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in human diets. This group includes hydroxycinnamic acids such as caffeic acid, 

ferulic acid, and chlorogenic acid, as well as hydroxybenzoic acids like syringic 

acid and various benzoic acid derivatives. All of these share a phenolic structural 

framework and significantly contribute to the antioxidant properties of foods and 

beverages. Phenolic acids are found abundantly in a variety of dietary sources, 

including fruits, vegetables, grains, coffee, tea, wine, and other plant-based foods 

consumed globally [102]. For example, chlorogenic acid and caffeic acid are 

among the principal polyphenols found in coffee, which epidemiological studies 

have linked to reduced risk of T2DM, potentially through effects on glucose 

metabolism, oxidative stress, and insulin sensitivity [103]. Ferulic acid is 

predominantly found in cereals and whole grains [104], and syringic acid and 

benzoic acid derivatives are present in berries, nuts, and fermented products [105]. 

Owing to their structural similarities and widespread dietary occurrence, these 

phenolic compounds have attracted considerable interest for their antioxidant, anti-

inflammatory, and metabolic regulatory properties. 

While some studies suggest that phenolics could help manage diabetes, further 

investigation, particularly with human trials, is necessary to substantiate these 

claims. More research is needed to understand the effects of pure phenolic 

compounds or phenolic-enriched diets in the context of diabetes management 

[106].

1.5.8 Ferulic Acid 
Ferulic acid (FA), also known as (E)-3-(4-hydroxy-3-methoxy-phenyl) prop-2-enoic 

acid, is a phenolic compound commonly found in medicinal herbs and everyday 

foods. It has been demonstrated to possess several pharmacological effects, 

including antihyperglycemic, antihyperlipidemic, and antioxidant properties, which 

contribute to the management of diabetes and its complications. FA exhibits free 

radical scavenging activities, offering potential benefits in controlling cancer, 

cardiovascular diseases, as well as in hepatic protection, antimicrobial action, and 

anti-inflammatory treatments. In particular, its role in preventing and managing 

diabetes and related complications is well-documented. The antidiabetic effects of 
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FA are linked to its ability to lower blood glucose levels, enhance antioxidant 

enzyme activity, and prevent lipid peroxidation in pancreatic tissues in diabetic rats. 

[107, 108].ferulic acid reverses palmitate-induced insulin resistance by restoring 

IRS-1 tyrosine phosphorylation, reactivating PI3K and Akt, and increasing GLUT4 

translocation [109].

1.5.9 Caffeic Acid
Caffeic acid (CA), also known as 3,4-dihydroxycinnamic acid, is a nonflavonoid 

phenolic acid naturally present in various herbs, foods, and beverages. As a potent 

antioxidant, CA helps reduce the formation of reactive oxygen species (ROS). It 

exerts anti-diabetic effects through multiple mechanisms, including the activation 

of antioxidant enzymes, inhibition of the nuclear transcription factor-κB (NF-κB) 

signaling pathway, and stimulation of the nuclear erythroid 2-related factor 2 (NrF2) 

transcription factor [110]. Caffeic acid has been recognized for its dual role in 

regulating blood glucose levels, promoting insulin secretion from β cells while also 

helping to reduce insulin resistance, making it an effective agent in the 

management of diabetes mellitus  [111]. It also inhibits α-glucosidase and α-

amylase[69, 70], making it a dual-action antidiabetic agent.

1.5.10 Chlorogenic Acid 
Chlorogenic acid, also known as 5-caffeoylquinic acid (5-CQA), is a phenolic 

compound commonly found in plant-based human diets. It belongs to the 

hydroxycinnamic acid family and is formed through the combination of caffeic acid 

and quinic acid. Recent research has highlighted its wide range of 

Pharmacological properties, including hypoglycemic, hypolipidemic, anti-

inflammatory, and antioxidant effects[112]. Specifically, Chlorogenic acid has 

demonstrated the ability to alleviate and prevent diabetes mellitus (DM) and is 

beneficial in managing complications associated with DM, such as diabetic 

nephropathy (DN), diabetic retinopathy (DR), and diabetic peripheral neuropathy 

(DPN). Chlorogenic acid has also been shown to improve insulin resistance, a 

primary cause of DM. [113] Studies indicate that chlorogenic acid enhances IRS-

1-PI3K-Akt activation and promotes GLUT4 translocation in L6 myotubes. Chronic 
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administration of Chlorogenic acid to Lepr (db/db) mice improved insulin sensitivity, 

glucose tolerance, and lipid profiles, while reducing hepatic steatosis and 

increasing glucose uptake in skeletal muscles. Additionally, Chlorogenic acid 

activates AMPK, contributing to beneficial metabolic effects such as reduced fatty 

acid synthesis and hepatic glucose production [114]. Also, as demonstrated [67, 

68], chlorogenic acid inhibits both digestive enzymes and enhances glucose 

metabolism, thereby reducing postprandial glucose spikes.

1.5.11 Syringic Acid 
Syringic acid (SA) is an endogenous phenolic compound derived from gallic acid. 

It is present in various plants, including olives, walnuts, and grapes. SA is 

recognized for its potent antioxidant, anti-inflammatory, and antimicrobial activities. 

These properties suggest its potential utility in managing metabolic disorders such 

as diabetes and cardiovascular diseases[115]. Additionally, SA exhibits 

chemotherapeutic potential by inhibiting cell proliferation and supporting bone 

health [116]. It also functions as a microbial metabolite and may serve as a 

biomarker for specific food sources. Also, improves glycemic control, corrects 

carbohydrate-metabolism enzymes, and shows potent antidiabetic effects in vivo 

[116].

1.5.12 Benzoic Acid Derivatives
Benzoic acid and its derivatives have garnered significant attention for their 

potential antioxidant and antidiabetic properties. These compounds exhibit 

remarkable antioxidant activity, effectively neutralizing free radicals and reducing 

oxidative stress. Evidence suggests that benzoic acid and its derivatives may 

provide therapeutic benefits in diabetes management by functioning as both 

antioxidants and enzyme inhibitors. Classified as a simple phenolic compound in 

plants, benzoic acid is characterized by its carboxyl group (-COOH) attached to a 

benzene ring, meeting the criteria for phenolic acids. Hydroxylated benzoic acids 

like 3,4-dihydroxybenzoic acid, gallic acid.  Benzoic acid and its derivatives play 

vital roles in various physiological processes and act as precursors for more 

complex phenolic compounds. They are widely recognized for their antioxidant, 
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antimicrobial, and anti-inflammatory properties, contributing to the plant's defense 

systems. These attributes further underscore their potential health benefits, 

including their role in managing diabetes [117].

1.5.13 Vanillic acid
Vanillic acid (VA), a phenolic compound derived from vanillin, is commonly found 

in various fruits and vegetables. It is well-known for its potent antioxidant and 

antimicrobial properties, particularly its effectiveness against bacteria, molds, and 

yeasts. As an intermediate compound in vanillin biosynthesis, vanillic acid also 

exhibits pharmacological effects such as antimutagenic, antitumor, and 

anticlastogenic activities, positioning it as a promising nutraceutical agent. Its 

ability to address key aspects of diabetes pathogenesis—including oxidative 

stress, inflammation, and glucose metabolism—further underscores its therapeutic 

potential. Present in numerous antidiabetic plants, vanillic acid significantly 

contributes to their medicinal properties and stands out as a candidate for further 

research in diabetes treatment. Notably, studies suggest that vanillic acid may 

improve insulin signaling by enhancing the expression of GLUT4, a vital glucose 

transporter in muscle and fat tissues, thereby promoting efficient glucose uptake 

[118, 119].

1.5.14 D-Pinitol: A Natural Insulin-Sensitizer
D-Pinitol has shown direct activation of PI3K and Akt, enhancement of GLUT4 

translocation, and improved glycemic outcomes in vivo [120].

1.5.15 Fatty Acids: Palmitic, Stearic, and Myristic Acid 
Palmitic acid, stearic acid, and myristic acid are long-chain saturated fatty acids 

commonly found in both animal and plant foods. Palmitic acid (C16:0) is one of the 

most abundant saturated fatty acids in the human diet, occurring in high amounts 

in palm oil, dairy products, meat, and cocoa butter, and it also comprises a 

substantial proportion of total fatty acids in the body and human milk fat. Stearic 

acid (C18:0) and myristic acid (C14:0) similarly occur in foods such as milk fat, 

butter, cocoa butter, and coconut oil, albeit typically at lower relative levels than 

palmitic acid [121].
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These saturated fatty acids are not antidiabetic agents; rather, palmitic acid is a 

key inducer of insulin resistance via IRS-1 dysregulation and inflammatory 

signaling. The metabolic effects of palmitate and its role in insulin resistance is well 

documented [122].

1.6 The aim of the study 
The aim of this study was to evaluate the antidiabetic activity of fourteen selected 

natural compounds. The study investigates the potential effect of these 

compounds as hypoglycemic agents in vitro and in vivo and examines their 

mechanism of action. The compounds were selected based on their potential 

activity in preliminary tests on anti-diabetic medicinal plant crude extracts and 

based on published data elsewhere. The natural compounds are: Caffeic acid, 

ferulic acid, isovanillic acid, vanillic acid, chlorogenic acid, D-pintol, palmitic acid, 

stearic acid, myristic acid, benzoic acid, 3,4-dihydroxy benzoic acid, 3,4,5 

trihydroxybenzoic acid, 2-hydroxy4-methoxy benzoic acid and syringic acid.

Specific aims:

1. Testing the toxicity of the natural compounds using MTT assay, for 

identifying the safe concentration, for further testing.

2. To elucidate the mechanism underlying the response of skeletal muscle to 

natural anti-diabetic candidate compounds, and to examine the acute 

effects of these compounds on glucose uptake and on the potential 

mechanism for integration of insulin signaling. L6-GLUT4myc, the glucose 

transporter-4 (GLUT4) with a myc epitope at the exofacial loop, is used to 

monitor GLUT4 translocation to the PM in L6 skeletal muscle cells.

3. To identify the protein target(s) in the insulin signaling pathway for the active 

natural compound(s).

4. To evaluate the antihyperglycemic activity of the natural compounds in vivo 

in a diabetic mice model.

5. To evaluate the inhibitory potential of the natural compounds on the 

digestive enzymes α-amylase and α-glucosidase.
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2. Materials and Methods

2.1 Instruments and Materials

Table 2.1.1 Instruments used

Table 2.1.2 Materials used

β
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™

Intestinal α
β

Pancreatic α
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™
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2.2 Buffers 
Table 2.2.1 Buffers for gel electrophoresis

5 % (v/v) β

Table 2.2.2 Sodium Dodecyl Sulphate–Polyacrylamide Gel
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2.3 Plant Extract Preparation

−20°C in air

2.4 L6 Cell Culture and Treatment

2.5 MTT Assay
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஺570 ௡௠ ௢௙ ௧௥௘௔௧௘ௗ ௦௔௠௣௟௘஺570 ௡௠ ௢௙ ௡௢௡௧௥௘௔௧௘ௗ ௦௔௠௣௟௘ × 100
2.6 GLUT4 Translocation to the PM

◦C, 

conjugated with horseradish peroxidase (1:1000) for 1 h at 4 ◦C, then washed ten 

–

2.7 Immunostaining of Surface GLUT4 
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antibody (1:200) for 1h at 4◦C

2.8 IRS1, AKT, PETEN, and AS160 protein levels and phosphorylation 
in L6-GLUT4-myc cells detection

2.8.1 L6-myc GLUT4 cells lysis

2.8.2 Estimation of Protein concentration in lysates
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2.8.3 SDS-PAGE 

2.8.4 Western Blotting
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2.9 RNA Extraction

2.9.1 L6-GLUT4myc cells treatment

 

2.9.2 Lyse samples and separate phases

× g at 4◦C

2.9.3 Isolation and precipitation of RNA
250 μl of precooled isopropanol was added

incubated for 15 minutes at 4°C to ensure the RNA precipitates sufficiently, 
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2.9.4 RNA Washing and Solubilizing
After resuspending the pellets in 500 μl of 75% ethanol for every 500 μl of Trizol 

2.10 cDNA Synthesis

™

ice as follow: 2 μl of 10× RT Buffer, 0.8 μl of 25× dNTP Mix (100Mm), 2 μl

RT Random Primer, 1 μl Multi RT were added and completed to 10 μl with RNase 

✕

2.11 q Real time Polymerase reaction (q RT-PCR)

10μl of Syber Green Master Mix, 1μl of each primer (Biotech), 3μl of 
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Housekeeping Gene: Rat 18S rRNA F: 5’ GTAACCCGTTGAACCCCATT

3’R: 5’ CCATCCAATCGGTAGTAGCG 3’

Rat AS160 F: 5’ 3’

R: 5’ 3’

Rat PTEN F: 5’ 3’

R; 5’ 3’

ΔΔCT) method

2.12 Animals
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2.13 Induction of diabetes

Figure 2.13 
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2.14 Blood glucose monitoring

2.15 α-Amylase Inhibitory Method
Pancreatic α  

sing acarbose as a positive control. Pancreatic α

sodium phosphate buffer, pH 6.9. 

of different dilutions (0.5mM, 1mM, 8mM, 10mM) was preincubated with 250 μL of 

μL of the substrate solution (1%starch in 0.1 M sodium phosphate buffer, pH 6.9). 

spectrophotometer. The α

– ∗
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where I (%) is the α

2.16 Intestinal α-Glucosidase Inhibitory Method
The assay of intestinal α

ith a slight modification. The reaction mixture consisting of 

concentrations was premixed with 100 μL of 0.1 M sodium phosphate buffer, pH 

6.9. 15 μL of α glucosidase (0.1 unit/μL) was add

10 min. The reaction mixture was set to 750 μL with distilled water. The reaction 

was initiated by adding 250 μL of 20 mM p nitrophenyl α

the addition of100 μL 

at 405 nm using a spectrometer. Intestinal α

– ∗
where I (%) is the α

2.17 Data analysis
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3. Results

3.1 MTT cell Viability Test for Abelmoschus esculentus and 
Cichorium intybus extracts

 

 L6-GLUT4-myc cells were treated with
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Figure 3.1.1 Effect of methanol C. intybus extracts on cell viability examined by MTT 
assay. L6-GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were 

exposed to increasing concentrations (0−1 mg/ml) for 24 h. (A) C. intybus aerial part, (B) 

C. intybus root part. Values given represent means ± SEM (% of untreated control cells) 

of three independent experiments carried out in triplicates.

 for 

24 hours. Following the incubation, the optical density of the dissolved formazan 

crystals was measured at 570 nm using a microplate reader  The concentration of 

these plants extracts that led to less than 10% of cell death were consider safe, 

non- toxic concentration [102].

C. intybus both aerial and root part extracts were non-toxic up to 0.125 mg/ml while 

A. esculents fruit extract was non- toxic up to 0.250 mg/ml (figures 3.1.1 and 3.1.2).

Figure 3.1.2 Effect of methanol extract on cell viability examined 
by MTT assay. L6-GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and 

were exposed to increasing concentrations (0−1 mg/ml) for 24 h. Values given represent 

means ± SEM (% of untreated control cells) of three independent experiments carried out 

in triplicates.
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3.2 MTT Cell Viability Test for Natural pure compounds
To assess the cytotoxicity of potential natural anti-diabetic compounds on L6-

GLUT4-cells, the MTT assay was utilized. This colorimetric assay measures cell 

metabolic activity by converting 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) into insoluble formazan crystals via 

mitochondrial enzymes in viable cells. L6-GLUT4-myc cells were treated with the 

following active compounds: Caffeic acid, ferulic acid, isovanillic acid, vanillic acid, 

chlorogenic acid, D-pintol, palmitic acid, stearic acid, myristic acid, benzoic acid, 

3,4-dihydroxy benzoic acid, 3,4,5 trihydroxybenzoic acid, 2-hydroxy4-methoxy 

benzoic acid and syringic acid.

The L6 muscle cells were treated with pure compound at 0.0625 mM, 0.125 mM, 

0.250 mM, 0.5 mM, and 1 mM for either 1 or 24 hours. Following the incubation, 

the optical density of the dissolved formazan crystals was measured at 570 nm 

using a microplate reader. Natural compounds concentrations that led to less than 

10% of cell death were considered safe, non-toxic concentrations (Table 3.2.1 and 

Figures 3.2.1-3.2.14).

Caffeic acid, ferulic acid and palmitic acid were non-toxic up to 0.125 mM at 1 h 

exposure (figures 3.2.1, 3.2.2 and 3.2.8). While isovanillic acid, stearic acid, 

benzoic acid, 3,4-dihydroxy benzoic acid and 2-hydroxy4-methoxy benzoic acid 

were non-toxic up to 0.250 mM at 1 h exposure (figures 3.2.3, 3.2.9, 3.2.11, 3.2.12 

and 3.2.14). However, Chlorogenic acid, D-pinitol, myristic acid and syringic acid 

were non-toxic up to 0.5 mM at 1 h exposure (figures 3.2.5, 3.2.7, 3.2.10 and 
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3.2.6). Vanillic acid and 3,4,5 trihydroxy benzoic acid were non-toxic up to 0.0625 

mM at 1h exposure (figures 3.2.4 and 3.2.13).

Caffeic acid, chlorogenic acid, stearic acid, benzoic acid, 3,4dihydroxy benzoic 

acid and 2-hydroxy4-methoxy benzoic acid were safe up to 0.250 mM at 24 h 

exposure (figure 3.2.1, 3.2.5, 3.2.9, 3.2.11, 3.2.12 and 3.2.14). Whilst ferulic acid, 

isovanillic acid, palmitic acid, myristic acid and 3,4,5 trihydroxy benzoic acid were 

safe up to 0.125 mM at 24 h exposure (figure 3.2.2, 3.2.3, 3.2.8, 3.2.10 and 3.2.13). 

Vanillic acid and D-pintol were safe up to 0.5 mM at 24 h exposure (figure 3.2.4 

and 3.2.7).    

Table 3.2.1 Safe (non-toxic) maximal concentrations of the tested pure 
phytochemicals in L6-GLUT4myc cells after 1- and 24-h exposure.

Compounds name              Maximal safe concentration 
at 1 h exposure at 24 h exposure

Caffeic acid 0.125 mM 0.250 mM
Ferulic acid 0.125 mM 0.125 mM
Isovanillic acid 0.250 mM 0.125 mM
Vanillic acid 0.0625 mM 0.5 mM
Chlorogenic acid 0.5 mM 0.250 mM
D-pintol 0.5 mM 0.5 mM
Palmitic acid 0.125 mM 0.125 mM
Stearic acid 0.250 mM 0.250 mM
Myristic acid 0.5 mM 0.125 mM
Benzoic acid 0.250 mM 0.250 mM
3,4 dihydroxy benzoic acid 0.250 mM 0.250 mM
3,4,5 trihydroxy benzoic acid 0.0625 mM 0.125 mM
2-hydroxy 4-methoxy benzoic acid 0.250 mM 0.250 mM
Syringic acid 0.5 mM 0.125 mM
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Figure3.2.1 Effect of caffeic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to increasing 

concentrations (0−1 mM) for either 24 h or 1h. Values given represent means ± SEM (% of 

untreated control cells) of three independent experiments carried out in triplicates.

Figure 3.2.2 Effect of ferulic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.
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Figure 3.2.3 Effect of Iso vanillic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.

Figure 3.2.4 Effect of Vanillic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.
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Figure 3.2.5 Effect of Chlorogenic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.

Figure 3.2.6 Effect of Syringic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.
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Figure 3.2.7 Effect of D-Pinitol on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.

Figure 3.2.8 Effect of Palmitic acid on cell viability examined by MTT assay. L6-
GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 
increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 
± SEM (% of untreated control cells) of three independent experiments carried out in 
triplicates.
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Figure 3.2.9 Effect of Stearic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.

Figure 3.2.10 Effect of Myristic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.
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Figure 3.2.11 Effect of Benzoic acid on cell viability examined by MTT assay. L6-

GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were exposed to 

increasing concentrations (0−1 mM) for either 24 h or 1h. Values given represent means 

± SEM (% of untreated control cells) of three independent experiments carried out in 

triplicates.

Figure 3.2.12 Effect of 3,4-Dihydroxybenzoic acid on cell viability examined by 
MTT assay. L6-GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and 

were exposed to increasing concentrations (0−1 mM) for either 24 h or 1h. Values given 

represent means ± SEM (% of untreated control cells) of three independent experiments 

carried out in triplicates.
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Figure 3.2.13 Effect of 3,4,5-Trihydroxybenzoic acid on cell viability examined by 
MTT assay. L6-GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were 

exposed to increasing concentrations (0−1 mM) for either 24 h or 1h. Values given 

represent means ± SEM (% of untreated control cells) of three independent experiments 

carried out in triplicates.

Figure 3.2.14 Effect of 2-Hydroxy4-methoxy acid on cell viability examined by MTT 
assay. L6-GLUT4myc cells (20,000 cell/well) were seeded in 96-well plate and were 

exposed to increasing concentrations (0−1 mM) for either 24 h or 1h. Values given 

represent means ± SEM (% of untreated control cells) of three independent experiments 

carried out in triplicates.
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3.3 Effects of natural compounds on GLUT4 Translocation to the PM
In type 2 diabetes, GLUT4 translocation to the PM is impaired. Insulin and some 

other ingredients can increase the translocation of GLUT4 to the PM [1]. Therefore, 

the 

on the translocation of GLUT4 to the plasma membrane 

was measured as described in the methods in the presence and absence of 

insulin. Cells were exposed to selected safe nontoxic concentrations of 

methanol extracts. 

C. intybus aerial extract increased GLUT4 translocation at 0.125 mM by 96.9±59% 

and 78±32% respectively in present and absence of insulin. Also, the translocation 

increased at 0.5 mM exposure by 98.6±33% and 91±12% in present and absence 

of insulin respectively after 24 h exposure (figure 3.3.1A). Moreover, GLUT4 

translocation increased in cells treated with the C. intybus root part extract at 0.125 

mM by 104.4±9% and 222±9 % in presence and absence of insulin respectively.

  The translocation increased in L6-GLUT4-myc cells when the cells treated with 

0.5 mM by 112.5±34% and 245±18 % in present and absence of insulin 

respectively after 24 h exposure (figure 3.3.1B).
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Figure 3.3.1 GLUT4 translocation to the plasma membrane. 

L6-GLUT4myc cells (150,000 cell/well) were seeded in a 24-well plate and were exposed 

to treatment. (A) C. intybus aerial part extract. (B) C. intybus root part 

extract without (−) or with (+) insulin as described in the methods. Surface myc-tagged 

GLUT4 density was quantified using the antibody coupled colorimetric assay. Values given 

represent means ± SEM (relative to untreated control cells) of three independent 

experiments carried out in triplicates. p < 0.05 Statistical significance: (a) compared with 

(-ins) control group, (b) compared with (+ins) control group.

The translocation of GLUT4 was markedly enhanced in L6-GLUT4-myc cells 

following treatment with A. esculentus extract at a concentration of 0.250 mM. The 

increase was 85.6±30% in the presence of insulin and 216±40% in its absence. 

Similarly, GLUT4 translocation was augmented in L6-GLUT4- cells exposed to 0.5 

mM of the extract. The observed increases were 96.2±88% with insulin and 

240±81% without insulin after 24 h of treatment. These results are depicted in 

Figure 3.3.2.

Based on the results obtained from extracts of A. esculentus and C. intybus, and 

GC/MS tests, fourteen natural compounds with anti-diabetic properties were 

selected for further investigation. The selected compounds are: Caffeic acid, ferulic 

acid, isovanillic acid, vanillic acid, chlorogenic acid, D-pinitol, palmitic acid, stearic 

acid, myristic acid, benzoic acid, 3,4-dihydroxybenzoic acid, 3,4,5-

trihydroxybenzoic acid, 2-hydroxy-4-methoxybenzoic acid, and syringic acid. 
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Figure 3.3.2 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to A. esculents 

extract treatment. without (−) or with (+) insulin as described in the methods. 

Surface myc-tagged GLUT4 density was quantified using the antibody coupled 

colorimetric assay. Values given represent means ± SEM (relative to untreated control 

cells) of three independent experiments carried out in triplicates. p < 0.05 Statistical 

significance: (a) compared with (-ins) control group, (b) compared with (+ins) control 

group.

The impact of these compounds on GLUT4 translocation to the plasma membrane 

was assessed under both insulin-stimulated and unstimulated conditions. 

Treatments were conducted over 24 h, as well as for 0.5 and 1 h durations, 

following the procedures outlined in the methods section.

Caffeic acid (CA) enhanced GLUT4 translocation by 31 ± 17% at a concentration 

of 0.125 mM in the absence of insulin, and by 24.5 ± 27% in the presence of insulin 

after 24 h of treatment (Figure 3.3.3A). In cells exposed to 0.250 mM CA for 0.5 h, 

GLUT4 translocation increased by 27.8 ± 7% when insulin was present. No 

significant effect on GLUT4 translocation was observed following 1 hour of CA 

treatment (Figure 3.3.3B).
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Figure 3.3.3 GLUT4 translocation to the plasma membrane. 

L6-GLUT4myc cells (150,000 cell/well) were seeded in a 24-well plate and were exposed 

to CA for 24 h treatment (A) and 0.5, 1h treatment (B); without (−) or with (+) insulin as 

described in the methods. Surface myc-tagged GLUT4 density was quantified using the 

antibody coupled colorimetric assay. Values given represent means ± SEM (relative to 

untreated control cells) of three independent experiments carried out in triplicates. p < 0.05 

Statistical significance: (a) compared with (-ins) control group, (b) compared with (+ins) 

control group.

In cells treated with 0.125 mM Ferulic acid (FA) for 24 h, GLUT4 translocation was 

observed to be 18 ± 10% in the presence of insulin and 19 ± 12% without insulin 

(Figure3.3.4A). Short-term exposure to 0.125 mM FA for 0.5 h resulted in a greater 

increase in GLUT4 translocation, reaching 27 ± 7% in the presence of insulin 

(Figure3.3.4B).
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Figure 3.3.4 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to FA for 24 h 

treatment (A), and 0.5, 1 h treatment (B); without (−) or with (+) insulin as described in the 

methods. Surface myc-tagged GLUT4 density was quantified using the antibody coupled 

colorimetric assay. Values given represent means ± SEM (relative to untreated control 

cells) of three independent experiments carried out in triplicates. p < 0.05 Statistical 

significance: (a) compared with (-ins) control group, (b) compared with (+ins) control 

group.

Isovanillic acid (ISV) treatment did not influence GLUT4 translocation to the 

plasma membrane, irrespective of exposure duration (figure 3.3.5). In contrast, 

exposure to vanillic acid (VA) at concentrations of 0.250 mM and 0.5 mM for 24 h 

resulted in increases of 23.8% ± 20% and 12% ± 25%, respectively, in the 

presence of insulin. Similarly, in the absence of insulin, VA treatment at these 
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concentrations led to increases of 36% ± 9% and 30% ± 9%, respectively, after 24 

h. A shorter exposure of 1 hour to 0.0625 mM VA in the presence of insulin 

produced a 27.9% ± 24% increase in GLUT4 translocation (figure 3.3.6).

Figure 3.3.5 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to ISV for 24 h 

treatment (A), and 0.5,1 h treatment (B); without (−) or with (+) insulin as described in the 

methods. Surface myc-tagged GLUT4 density was quantified using the antibody coupled 

colorimetric assay. Values given represent means ± SEM (relative to untreated control 

cells) of three independent experiments carried out in triplicates.
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Figure 3.3.6 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to VA for 24 h 

treatment (A), and 0.5, 1 h treatment (B); without (−) or with (+) insulin as described in the 

methods. Surface myc-tagged GLUT4 density was quantified using the antibody coupled 

colorimetric assay. Values given represent means ± SEM (relative to untreated control 

cells) of three independent experiments carried out in triplicates. p < 0.05 Statistical 

significance: (a) compared with (-ins) control group, (b) compared with (+ins) control 

group.

Exposure to chlorogenic acid resulted in an increase in GLUT4 translocation by 

32.9±20% and 44.3±30% at concentrations of 0.125 mM and 0.250 mM, 

respectively, following 24 h of treatment in the presence of insulin. In the absence 

of insulin, the translocation increased by 28±11% and 38±11% at the same 
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concentrations after 24 h of exposure. Additionally, treatment with chlorogenic acid 

at 0.5 mM for durations of 0.5 and 1 h enhanced GLUT4 translocation in the 

presence of insulin by 36±27% and 32.8±20%, respectively (Figure 3.3.7).

Figure 3.3.7 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to chlorogenic acid 

for 24 h treatment (A), and 0.5,1 h treatment (B); without (−) or with (+) insulin as described 

in the methods. Surface myc-tagged GLUT4 density was quantified using the antibody 

coupled colorimetric assay. Values given represent means ± SEM (relative to untreated 

control cells) of three independent experiments carried out in triplicates. p < 0.05 Statistical 

significance: (a) compared with (-ins) control group, (b) compared with (+ins) control 

group.
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Syringic acid (SYA) markedly enhanced GLUT4 translocation, with increases of 

39±20% and 52.7±20% following 24 h of treatment at concentrations of 0.0625 mM 

and 0.125 mM, respectively, in the presence of insulin. Similar elevations in GLUT4 

translocation were observed when cells were exposed to the same concentrations 

of SYA for 24 h in the absence of insulin, with increases of 54±11% and 46±11%.

Additionally, treatment with syringic acid at a concentration of 0.5 mM for durations 

of 0.5 and 1 hour resulted in more pronounced increases, reaching levels of 

68±15% and 76.6±16%, respectively (Figure 3.3.8).

Figure 3.3.8 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to syringic acid for 

24 h treatment (A), and 0.5,1 h treatment (B); without (−) or with (+) insulin as described 
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in the methods. Surface myc-tagged GLUT4 density was quantified using the antibody 

coupled colorimetric assay. Values given represent means ± SEM (relative to untreated 

control cells) of three independent experiments carried out in triplicates. p < 0.05 Statistical 

significance: (a) compared with (-ins) control group, (b) compared with (+ins) control 

group.

Figure 3.3.9 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to D-pintol for 24 h 

treatment (A), and 0.5,1 h treatment (B); without (−) or with (+) insulin as described in the 

methods. Surface myc-tagged GLUT4 density was quantified using the antibody coupled 

colorimetric assay. Values given represent means ± SEM (relative to untreated control 

cells) of three independent experiments carried out in triplicates. p < 0.05 Statistical 

significance: (a) compared with (-ins) control group.
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Treatment with D-pintol or palmitic acid (PA) at 24 hours did not influence GLUT4 

translocation. However, exposure to 0.5 mM D-pintol resulted in increased GLUT4 

translocation at 0.5 and 1 hour in the absence of insulin, with elevations of 74±2% 

and 85±20%, respectively (Figure 3.3.9). PA augmented GLUT4 translocation by 

25±10% and 31±11% when administered at 0.125 mM for 0.5 and 1 hour, 

respectively, in the presence of insulin (Figure 3.3.10).

Figure 3.3.10 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to palmitic acid for 

24 h treatment (A), and 0.5,1 h treatment (B); without (−) or with (+) insulin as described 

in the methods. Surface myc-tagged GLUT4 density was quantified using the antibody 

coupled colorimetric assay. Values given represent means ± SEM (relative to untreated 

control cells) of three independent experiments carried out in triplicates. p < 0.05 Statistical 

significance: (b) compared with (+ins) control group. 
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Figure 3.3.11 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to stearic acid for 24 

h treatment (A), and 0.5,1 h treatment (B); without (−) or with (+) insulin as described in 

the methods. Surface myc-tagged GLUT4 density was quantified using the antibody 

coupled colorimetric assay. Values given represent means ± SEM (relative to untreated 

control cells) of three independent experiments carried out in triplicates. 

The administration of Myristic acid and Stearic acid did not significantly influence 

the GLUT4 content in the PM Figures 3.3.11 and 3.3.12.
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Figure 3.3.12 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to Myristic acid for 

24 h treatment (A), and 0.5,1 h treatment (B); without (−) or with (+) insulin as described 

in the methods. Surface myc-tagged GLUT4 density was quantified using the antibody 

coupled colorimetric assay. Values given represent means ± SEM (relative to untreated 

control cells) of three independent experiments carried out in triplicates.

Benzoic acid at a concentration of 0.125 mM augmented GLUT4 translocation by 

17.5±6% in the presence of insulin. In the absence of insulin, exposure to 0.125 

mM and 0.250 mM benzoic acid for 24 h resulted in increases of 26±9% and 

33±5%, respectively. A 0.250 mM dose of benzoic acid for 0.5 h in the presence of 

insulin produced a 15±20% enhancement in GLUT4 translocation (Figure 3.3.13). 

Similarly, treatment with 3,4-dihydroxybenzoic acid at 0.125 mM and 0.250 mM in 

the presence of insulin elevated GLUT4 translocation by 21±10% and 34.2±16%, 

respectively. In the absence of insulin, 24 h exposure to these concentrations of 
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3,4-dihydroxybenzoic acid resulted in increases of 44±20% and 21±9%. 

Additionally, a 1-hour exposure to 0.250 mM 3,4-dihydroxybenzoic acid without 

insulin led to a 23±11% increase in GLUT4 translocation (Figure 3.3.14).

Figure 3.3.13 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to benzoic acid for 

24 h treatment (A), and 0.5,1 h treatment (B); without (−) or with (+) insulin as described 

in the methods. Surface myc-tagged GLUT4 density was quantified using the antibody 

coupled colorimetric assay. Values given represent means ± SEM (relative to untreated 

control cells) of three independent experiments carried out in triplicates. p < 0.05 Statistical 

significance: (a) compared with (-ins) control group, (b) compared with (+ins) control 

group.
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Figure 3.3.14 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to 

3,4dihydroxybenzoic acid for 24 h treatment (A), and 0.5,1 h treatment (B); without (−) or 

with (+) insulin as described in the methods. Surface myc-tagged GLUT4 density was 

quantified using the antibody coupled colorimetric assay. Values given represent means ± 

SEM (relative to untreated control cells) of three independent experiments carried out in 

triplicates. p < 0.05 Statistical significance: (a) compared with (-ins) control group, (b) 

compared with (+ins) control group.

Exposure of cells to 3,4,5-trihydroxybenzoic acid at concentrations of 0.0625 mM 

and 0.125 mM resulted in an increase in GLUT4 translocation by 53 ± 6% and 33 

± 1%, respectively, after 24 h in the absence of insulin. In the presence of insulin, 

the same concentrations led to increases of 50.6 ± 9% and 36 ± 11% under 

identical conditions. Brief exposure durations of the compound (0.5 and 1 hour at 
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0.0625 mM) enhanced GLUT4 translocation by 18 ± 9% and 20 ± 11% in the 

absence of insulin. At 0.0625 mM for 0.5 h, translocation increased by 25 ± 16% 

in the presence of insulin (Figure 3.3.15).

 Treatment with 2-hydroxy-4-methoxybenzoic acid for 24 h increased GLUT4 

translocation by 34 ± 17% and 28 ± 14% at concentrations of 0.125 mM and 0.250 

mM, respectively, in the absence of insulin. In the presence of insulin, the 

translocation was enhanced by 27.3 ± 15% and 11 ± 14% at the same 

concentrations. Short-term exposure (0.5 and 1 hour at 0.250 mM) resulted in 

increases of 22 ± 17% in the absence of insulin and 25.3 ± 11% and 12 ± 9% in 

the presence of insulin at 0.5 and 1 hour, respectively (Figure 3.3.16).

Figure 3.3.15 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to 3,4,5 

trihydroxybenzoic acid for 24 h treatment (A), and 0.5,1 h treatment (B); without (−) or with 

(+) insulin as described in the methods. Surface myc-tagged GLUT4 density was 
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quantified using the antibody coupled colorimetric assay. Values given represent means ± 

SEM (relative to untreated control cells) of three independent experiments carried out in 

triplicates. p < 0.05 Statistical significance: (a) compared with (-ins) control group, (b) 

compared with (+ins) control group.

Figure 3.3.16 GLUT4 translocation to the plasma membrane. L6-GLUT4myc cells 

(150,000 cell/well) were seeded in a 24-well plate and were exposed to 2-hydroxy4, 

methoxy benzoic acid for 24 h treatment (A), and 0.5,1 h treatment (B); without (−) or with 

(+) insulin as described in the methods. Surface myc-tagged GLUT4 density was 

quantified using the antibody coupled colorimetric assay. Values given represent means ± 

SEM (relative to untreated control cells) of three independent experiments carried out in 

triplicates. p < 0.05 Statistical significance: (a) compared with (-ins) control group, (b) 

compared with (+ins) control group.
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Table 3.3 Effect of the tested natural compounds on GLUT4 translocation 
after 0.5- and 24-hour exposure. 

                     
         
                Compound

% of GLUT4 translocations 
Concentration of the compound in brackets  (mM)

without 

insulin, 

0.5 h

with 

insulin,

0.5 h

without 

insulin, 

24 h

with 

insulin,        

24 h

Caffeic acid 
89±0%                  
(0.250)*

243±7% 
(0.250)

 
131±16% 
(0.125)

243±17% 
(0.125)

Ferulic acid 
115±6%                  
(0.125)

246±7%                 
(0.125)

119±10%             
(0.125)

244±12%            
(0.125)

Isovanillic acid
120±5%                 
(0.250)

234±5%                
(0.250)

118±12%             
(0.0625)

233±5%                
(0.0625)

Vanillic acid
113±8%                
(0.0625)

226±24%             
(0.0625)

136±6%                 
(0.250)

244±25%             
(0.250)

Chlorogenic 
acid 110±1%                 

(0.5)
261±27%            
(0.5)

138±11%                     
(0.250)

267±30%                  
(0.250)

Syringic acid
108±3%                  
(0.5)

281±30%            
(0.5)

146±24%               
(0.125)

278±20%            
(0.125)

D-pintol
174±2%                 
(0.5)

265±30%            
(0.5)

107±5%                  
(0.125)

201±6%                
(0.125)
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Myristic acid
93±10%                     
(0.5)

230±36%                     
(0.5)

88±6%                   
(0.125)

146±10%             
(0.125)

Stearic acid
93±14%                  
(0.250)

230±30%             
(0.250)

94±10%                
(0.125)

178±16%             
(0.125)

Palmitic acid
128±20%             
(0.125)

300±10%            
(0.125)

99±5%                   
(0.0625)

209±19%              
(0.0625)

Benzoic acid
107±10%              
(0.250)

221±20%               
(0.250)

116±9%                 
(0.125)

209±6%               
(0.125)

3,4-dihydroxy-
benzoic acid 109±7%                  

(0.250)
252±25%            
(0.250)

144±10%             
(0.125)

229±20%             
(0.125)

3,4,5-trihydroxy-
benzoic acid 118±9%                 

(0.0625)
257±16%             
(0.0625)

153±4%                 
(0.0625)

250±9%                 
(0.0625)

2-hydroxy,4-
methoxy-
 benzoic acid

112±10%              
(0.250)

272±11%                 
(0.250)

134±17%             
(0.125)

256±15%               
(0.125)

3.4 Surface GLUT4 detection by Immunostaining
To test the effect of the natural compounds on GLUT4 translocation at the level of 

single cells, immunostaining assay was applied and cells were recorded by 

microscopy as detailed in the methods. L6-GLUT4myc cells were seeded on cover 

slips and treated with an active compound for a specific time and then the non-

permeabilized cells were reacted with anti-myc polyclonal antibody which was 

subsequently detected with Cy3-conjugated goat anti-mouse IgG. DAPI was used 

to stain the nucleus.
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Figure 3.4.1 Immunostaining of GLUT4 in non-permeabilized L6-myc cells re-
attached onto coverslips. L6-myc cells were stained with anti-myc polyclonal antibody 

(C3956), and subsequently with Cy3 goat anti-mouse IgG to detect surface GLUT4. L6-

GLUT4-myc cells were treated without or with insulin(100nM) for 20 min at 37℃. Shown 

are representative LEICA DMi8 microscopy images(100X). A: L6-myc cells without insulin, 

B: L6-myc cells stimulated with insulin, C: L6-myc cells treated with 0.125 mM 3,4-

dihydroxy benzoic acid (3,4DHB) for 24 h  without insulin, D: : L6-myc cells treated with 

0.125 mM 3,4-dihydroxy benzoic acid for 24 h with insulin, E:L6-myc cells treated with 0.3 

mM palmitic acid (PA) for 1 h without insulin, F: L6-myc cells treated with 0.3mM palmitic 

acid for 1 h with insulin, G: L6-myc cells treated with 0.125 mM caffeic acid (CA)  for 24 h 

without insulin, H: L6-myc cells treated with 0.125 mM caffeic acid treated for 24 h with 

insulin, I: L6-myc cells treated with 0.125 mM ferulic acid (FA) for 24 h without insulin and 

J: L6-myc cells treated with 0.125 mM ferulic acid for 24 h with insulin.

In the basal state, a low level of surface GLUT4 was detected (Fig.3.4.1a), and the 

intensity of the staining increased upon insulin stimulation (Fig.3.4.1b). Moreover, 

using this detection system it was demonstrated that insulin increases the amount 

of GLUT4myc at the cell surface when L6-myc cells were pre-treated with 0.3 mM 

palmitic acid for 1 h (Fig.3.4.1f) and 0.125mM of 3,4-dihydroxy benzoic acid for 24 

h exposure (Fig.3.4.1d). Also, the level of GLUT4 enhanced when the insulin 

stimulated cells treated with 0.125mM of caffeic acid and ferulic acid for 24 h 

exposure (Fig.3.4.1h&j). In contrast, a low amount of GLUT4 at the PM was 

detected at non-insulin stimulated cells treated with 0.3mM palmitic acid for 1 h 

exposure comparing with basal cells (Fig.3.4.1e) while the levels of PM GLUT4 

enhanced at non-insulin stimulated cells treated with 0.125mM of 3,4-dihydroxy 

benzoic acid, caffeic acid and ferulic acid at 24 h exposure comparing with basal 

cells (Fig.3.4.1c, g, i).    
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3.5. Effects of natural compounds on IRS1, AKT, PETEN, and AS160 
protein levels and phosphorylation in L6-GLUT4-myc cells 
Western blot analysis of Insulin Receptor Substrate 1 (IRS1) and Protein Kinase 

B (AKT), phosphatidylinositol-3,4,5-trisphosphate 3-phosphatase (PTEN), and Akt 

substrate of 160 kDa (AS160) protein revealed notable variations in their 

expression and phosphorylation states following treatment with a selected set of 

natural compounds.

 According to the above results for the fourteen selected natural anti-diabetic 

compounds and their effect on enhancing GLUT4 translocation in L6-GLUT4-myc 

cells, six compounds were chosen: caffeic acid, ferulic acid, benzoic acid, 3,4 

dihydroxy benzoic acid, 3,4,5 trihydroxy benzoic acid and 2-hydroxy4-methoxy 

benzoic acid. These compounds were evaluated for their impact on the levels and 

phosphorylation states of IRS1, AKT, PTEN, and AS160 proteins in L6-GLUT4-

myc cells.

The Western blot analysis demonstrated a notable increase in IRS1 protein 

expression in L6-myc cells treated with 0.125 mM 2-hydroxy-4-methoxybenzoic 

acid for both 24 h and 0.5 h, relative to untreated control cells maintained without 

insulin. This suggests a potential modulatory role of the compound on insulin 

signaling pathways (Figure 3.5.1).

Conversely, exposure to 0.125 mM benzoic acid over 0.5 h did not induce a 

significant alteration in IRS1 expression relative to control cells, irrespective of 

insulin treatment. However, after 24 h of incubation with 0.125 mM benzoic acid, 

a substantial reduction in IRS1 expression was detected (Figure 3.5.1).

AKT expression was examined at 0.5 h and 24 h post-treatment with 0.125 mM 

benzoic acid, both with and without insulin. At 0.5 h, there was no significant 

change in AKT expression relative to control cells. Conversely, at 24 h, treatment 

with 0.125 mM benzoic acid and 0.125 mM 2-hydroxy-4-methoxybenzoic acid led 

to a marked decrease in AKT expression (Figure 3.5.1). 
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Figure 3.5.1 Effect of BZ and HM on IRS1 and AKT protein expression. This western 

blot analysis illustrates the impact of benzoic acid (BZ) and 2-hydroxy4-methoxy benzoic 

acid (HM) treatment on the protein levels of AKT and IRS1 in L6-GLUT4-myc cells treated 

with 0.125mM of benzoic acid or 2-hydroxy4-methoxy benzoic acid for either 24 h or 0.5 

h in presence and absence of insulin. Equal amounts of cell lysate (80 µg protein) were 

loaded onto a 10% SDS-PAGE gel and transferred to a PVDF membrane. The membrane 

was probed with specific antibodies against AKT and IRS1, followed by appropriate 

secondary antibodies. β-actin was used as a loading control.

L6-myc cells were exposed to benzoic acid and 2-hydroxy-4-methoxybenzoic acid 

for durations of 0.5 h and 24 h, both in the presence and absence of insulin. 

Benzoic acid appears to influence the insulin signaling pathway either directly or 

indirectly. This compound promotes the phosphorylation of AKT, as evidenced by 

increased levels of phosphorylated AKT relative to control cells. In the absence of 

insulin, phosphorylated AKT was not detectable in any of the treatment groups. 

This observation emphasizes the requirement of insulin for AKT activation and 

underscores the pathway's specificity under the experimental conditions (Figure 

3.5.2).

Notably, the levels of phosphorylated IRS1 remained unchanged in the treated 

cells relative to control samples. Although 0.125 mM benzoic acid and 0.125 mM 

2-hydroxy-4-methoxybenzoic acid promote AKT phosphorylation, they do not 

seem to influence the phosphorylation status of IRS1, an upstream signaling 

component. This observation suggests that these compounds may exert their 
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effects downstream of IRS1 or via alternative pathways that bypass IRS1 

regulation (Figure 3.5.2).

Figure 3.5.2 Effect of BZ and HM on pIRS1 and AKT protein expression. This western 

blot analysis illustrates the impact of benzoic acid (BZ) and 2-hydroxy4-methoxy benzoic 

acid (HM) treatment on the protein levels of phosphorylated AKT (pAKT) and 

phosphorylated IRS1(pIRS1) in L6-GLUT4-myc cells treated with 0.125mM of benzoic 

acid or 2-hydroxy4-methoxy benzoic acid for either 24 h or 0.5 h in presence and absence 

of insulin. Equal amounts of cell lysate (80 µg protein) were loaded onto a 10% SDS-

PAGE gel and transferred to a PVDF membrane. The membrane was probed with specific 

antibodies against pAKT and pIRS1, followed by appropriate secondary antibodies. β-

actin was used as a loading control.

The study examined the impact of benzoic acid and 2-hydroxy-4-methoxybenzoic 

acid on the expression of AS160 and PTEN in L6-myc cells under both insulin-free 

and insulin-present conditions. No significant alterations in the expression levels 

of AS160 and PTEN were detected following treatment with either 0.125 mM of 

benzoic acid or 0.125 mM of 2-hydroxy-4-methoxybenzoic acid (Figure 3.5.3).
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Figure 3.5.3 Effect of BZ and HM on AS160 and PTEN protein expression. This 

western blot analysis illustrates the impact of benzoic acid (BZ) and 2-hydroxy4-methoxy 

benzoic acid (HM) treatment on the protein levels of AS160 and PTEN in L6-GLUT4-myc 

cells treated with 0.125mM of benzoic acid or 2-hydroxy4-methoxy benzoic acid for either 

24 h or 0.5 h in presence and absence of insulin. Equal amounts of cell lysate (80 µg 

protein) were loaded onto a 10% SDS-PAGE gel and transferred to a PVDF membrane. 

The membrane was probed with specific antibodies against As160 and PTEN, followed 

by appropriate secondary antibodies. β-actin was used as a loading control.

The treatment of L6 myocytes with 0.125 mM 3,4,5-trihydroxybenzoic acid and 

0.125 mM 3,4-dihydroxybenzoic acid for 24 h elicited a notable upregulation of 

AKT expression in both insulin-treated and untreated cells. Conversely, the 

expression levels of IRS1 were unaffected in either basal or insulin-stimulated 

conditions following exposure to these compounds at the specified concentrations 

(Figure 3.5.4).
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Figure 3.5.4 Effect of TB and DB on IRS1 and AKT protein expression. This western 

blot analysis illustrates the impact of 3,4,5 trihydroxy benzoic acid (TB) and 3,4 dihydroxy 

benzoic acid (DB) treatment on the protein levels of AKT and IRS1 in L6-GLUT4-myc cells 

treated with 0.125mM of 3,4,5 trihydroxy benzoic acid or 3,4 dihydroxy benzoic acid for 

either 24 h or 0.5 h in presence and absence of insulin. Equal amounts of cell lysate (80 

µg protein) were loaded onto a 10% SDS-PAGE gel and transferred to a PVDF membrane. 

The membrane was probed with specific antibodies against AKT and IRS1, followed by 

appropriate secondary antibodies. β-actin was used as a loading control.

 

The effect of 3,4,5-trihydroxybenzoic acid and 3,4-dihydroxybenzoic acid on the 

phosphorylation levels of AKT (pAKT) and insulin receptor substrate 1 (pIRS1) in 

L6-myc cells was examined. Cells were exposed to each compound for both 0.5 h 

and 24 h, with treatments conducted in the presence and absence of insulin. In 

insulin-stimulated conditions, treatment with 0.125 mM 3,4-dihydroxybenzoic acid 

for 24 h significantly elevated pAKT levels relative to controls. This indicates a 

potential enhancement of insulin signaling via AKT activation by 3,4-

dihydroxybenzoic acid. However, pIRS1 expression did not exhibit changes 

following treatment with either 3,4,5-trihydroxybenzoic acid or 3,4-

dihydroxybenzoic acid, suggesting these compounds do not modulate IRS1 

phosphorylation under the tested conditions. In the absence of insulin, neither 
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pAKT nor pIRS1 signals were detectable in L6 myocytes treated with either 

compound, as shown in figure 3.5.5.

Figure 3.5.5 Effect of TB and DB on pIRS1 and pAKT protein expression. This 

western blot analysis illustrates the impact of 3,4,5 trihydroxy benzoic acid (TB) and 3,4 

dihydroxy benzoic acid (DB) treatment on the protein levels of phosphorylated  AKT 

(pAKT) and phosphorylated IRS1(pIRS1) in L6-GLUT4-myc cells treated with 0.125mM of 

3,4,5 trihydroxy benzoic acid or 3,4 dihydroxy benzoic acid for either 24 h or 0.5 h in 

presence and absence of insulin. Equal amounts of cell lysate (80 µg protein) were loaded 

onto a 10% SDS-PAGE gel and transferred to a PVDF membrane. The membrane was 

probed with specific antibodies against pAKT and pIRS1, followed by appropriate 

secondary antibodies. β-actin was used as a loading control.

The effects of ferulic acid on the expression levels of IRS1 and AKT proteins were 

analyzed at 0.5 h and 24 h following treatment. A notable increase in AKT protein 

levels was detected in L6-myc cells exposed to 0.125 mM ferulic acid, independent 

of insulin administration, suggesting a possible enhancement of AKT activation. 

This activation is significant due to AKT's involvement in critical cellular functions 

such as metabolism and growth. Caffeic acid treatment for 0.5 h resulted in 

elevated IRS1 levels both in the presence and absence of insulin, indicating a 

potential upregulation of IRS1 expression within insulin signaling pathways. Ferulic 

acid prompted an increase in IRS1 levels after 0.5 h of treatment in the absence 
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of insulin. However, it did not alter IRS1 expression when insulin was present. 

These results suggest that ferulic acid's effect on IRS1 expression is limited, 

particularly in the context of insulin presence, when compared to caffeic acid. 

(Refer to figure 3.5.6 for detailed data.

Figure 3.5.6 Effect of CA and FA on IRS1 and AKT protein expression. This western 

blot analysis illustrates the impact of caffeic acid (CA) and ferulic acid (FA) treatment on 

the protein levels of AKT and IRS1 in L6-GLUT4-myc cells treated with 0.125mM of caffeic 

acid or ferulic acid for either 24 h or 0.5 h in presence and absence of insulin. Equal 

amounts of cell lysate (80 µg protein) were loaded onto a 10% SDS-PAGE gel and 

transferred to a PVDF membrane. The membrane was probed with specific antibodies 

against AKT and IRS1, followed by appropriate secondary antibodies. β-actin was used 

as a loading control.

The effects of caffeic acid treatment at 0.5 h and 24 h were examined on the 

expression levels of pAKT and pIRS1 in L6-myc cells, under both insulin-

stimulated and unstimulated conditions. A notable increase in pIRS1 levels was 

detected after a 0.5 h exposure to 0.125 mM caffeic acid when insulin was present 

(Figure 3.5.7).
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Figure 3.5.7 Effect of CA and FA on pIRS1 and pAKT protein expression. This western 

blot analysis illustrates the impact of caffeic acid (CA) and ferulic acid (FA) treatment on 

the protein levels of phosphorylated AKT (pAKT) and phosphorylated IRS1(pIRS1) in L6-

GLUT4-myc cells treated with 0.125mM of caffeic acid or ferulic acid for either 24 h or 0.5 

h in presence and absence of insulin. Equal amounts of cell lysate (80 µg protein) were 

loaded onto a 10% SDS-PAGE gel and transferred to a PVDF membrane. The membrane 

was probed with specific antibodies against pAKT and pIRS1, followed by appropriate 

secondary antibodies. β-actin was used as a loading control.

The impact of ferulic acid on the expression of AS160 and PTEN proteins in L6-

myc cells was examined. After 24 h of exposure to 0.125 mM ferulic acid, a 

significant increase in AS160 protein levels was observed under both insulin-

present and insulin-absent conditions compared to control samples. This suggests 

that ferulic acid may enhance the expression or stability of AS160, potentially 

strengthening AS160-mediated signaling within the insulin pathway. In contrast, at 

the 0.5 h time point, no significant changes in AS160 levels were detected, 

indicating that the effects of ferulic acid are dependent on prolonged exposure. 

Additionally, PTEN protein levels also showed a marked increase after 24 h of 

treatment with 0.125 mM ferulic acid, regardless of insulin presence, as illustrated 

in figure 3.5.8.
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Figure 3.5.8 Effect of FA on As160 and PTEN protein expression. This western blot 

analysis illustrates the impact of ferulic acid (FA) treatment on the protein levels of AS160 

and PTEN in L6-GLUT4-myc cells treated with 0.125mM of ferulic acid for either 24 h or 

0.5 h in presence and absence of insulin. Equal amounts of cell lysate (80 µg protein) 

were loaded onto a 10% SDS-PAGE gel and transferred to a PVDF membrane. The 

membrane was probed with specific antibodies against As160 and PTEN, followed by 

appropriate secondary antibodies. β-actin was used as a loading control.

The effect of ferulic acid and caffeic acid on pAS160 and pPTEN was also 

examined. Treatment with 0.125 mM ferulic acid for 0.5 h in the presence of insulin 

resulted in a notable elevation of pAS160 levels relative to control cells. This 

finding implies that ferulic acid may potentiate insulin signaling or associated 

pathways in the short term (0.5h). Similarly, exposure to 0.125 mM caffeic acid for 

24 h in the presence of insulin also significantly increased pAS160 levels 

compared to controls. This suggests that caffeic acid exerts a sustained influence 

on insulin signaling pathways. In both cases, no significant alterations in pPTEN 

levels were observed compared to control cells, irrespective of the treatment 

duration. This indicates that the modulation of PAS160 by FA and CA does not 

involve changes in PTEN phosphorylation status (Figure 3.5.9).
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Figure 3.5.9 Effect of FA and CA on pAS160 and pPTEN protein expression. This 

western blot analysis illustrates the impact of ferulic acid (FA) and caffeic acid (CA) 

treatment on the protein levels of phosphorylated AS160 (pAS160) and phosphorylated 

PTEN (pPTEN) in L6-GLUT4-myc cells treated with 0.125mM of ferulic acid or caffeic acid 

for either 24 h or 0.5 h in presence and absence of insulin. Equal amounts of cell lysate 

(80 µg protein) were loaded onto a 10% SDS-PAGE gel and transferred to a PVDF 

membrane. The membrane was probed with specific antibodies against pAKT and pIRS1, 

followed by appropriate secondary antibodies. β-actin was used as a loading control.

3.6 Effects of natural compounds on GLUT4, IRS1, PETEN, and AS160 
Expression in Glucose Metabolism Pathways
In this study, the effects of selected natural compounds on the mRNA expression 

levels of GLUT4, PTEN, AS160, and IRS1 were examined in L6-GLUT4myc cells 

using reverse transcription–polymerase chain reaction (RT-PCR). The natural 

compounds evaluated included caffeic acid, ferulic acid, benzoic acid, 3,4-

dihydroxybenzoic acid, 3,4,5-trihydroxybenzoic acid, and 2-hydroxy-4-

methoxybenzoic acid. These compounds were selected based on their previously 

observed ability to enhance GLUT4 translocation in serum-starved and insulin-

stimulated L6-GLUT4myc cells. Relative mRNA expression levels were normalized 

to 18S ribosomal RNA (18-srRNA), which was used as the internal reference gene 
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due to its stability and widespread use as a housekeeping gene in qRT-PCR 

analyses of skeletal muscle cells.

3.6.1 GLUT4 mRNA Expression Analysis
The influence of caffeic acid and ferulic acid on GLUT4 mRNA expression in L6 

myoblast cells was examined under conditions both with and without insulin 

treatment. The insulin-free control condition served as the baseline (100% relative 

expression) for normalization across all samples. Insulin administration resulted in 

an increase in GLUT4 expression to 138±0.2%, indicating that insulin upregulates 

GLUT4 gene expression. In the presence of insulin, the natural compounds 

exhibited distinct effects on GLUT4 expression levels.

The study examined the impact of caffeic acid and ferulic acid on GLUT4 mRNA 

expression in L6 myoblast cells, both with and without insulin treatment. The 

control condition without insulin served as the baseline, representing 100% relative 

expression for normalization purposes. Insulin administration resulted in an 

increase in GLUT4 expression to 138±0.2%, confirming its role in upregulating 

GLUT4. 

The effects of the natural compounds on GLUT4 expression varied when 

combined with insulin. The most pronounced enhancement was observed with 

caffeic acid at a concentration of 0.125 mM for 24 h in the presence of insulin, 

reaching 365 ± 0.018%. A shorter treatment duration of 0.5 h with 0.125 mM caffeic 

acid also significantly increased GLUT4 expression by 254±0.43%, demonstrating 

a statistically significant difference compared to the control condition (Figure 

3.6.1.1).

Treatment with ferulic acid at a concentration of 0.125 mM for 24 hours resulted in 

a 243±0.1% increase in GLUT4 expression. Conversely, exposure to 0.125 mM 

ferulic acid for 0.5 hours led to a 128±0.25% increase in GLUT4 expression. This 

suggests that there was no statistically significant difference from the control in the 

short-term treatment.
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 The effect of the benzoic acid derivates namely, 3,4-dihydroxybenzoic acid (DB), 

benzoic acid (BZ), 3,4,5-trihydroxybenzoic acid (TB), and 2-hydroxy-4-

methoxybenzoic acid (HM) on GLUT4 mRNA levels was examined. The Cells were 

treated with each compound for 0.5 hours and 24 hours at 0.125 mM, with and 

without insulin stimulation. The insulin dependence of these compounds was then 

established by comparing +insulin to -insulin for each compound.

Treatment with 0.125 mM of DB significantly elevated GLUT4 expression relative 

to the control, with increases of 245±0.01% at 24 h and 192±0.25% at 0.5 h in the 

presence of insulin. The enhancement was more substantial at 24 hours, 

particularly following insulin stimulation, implying a synergistic interaction between 

DB and insulin on GLUT4 expression. Similarly, 0.125 mM of BZ increased GLUT4 

expression at both time points, by 221±0.02% at 24 h and 291±0.43% at 0.5 h, 

with a notable augmentation after insulin stimulation at 0.5 h (Figure 3.6.1.2). 

Figure 3.6.1.1 Effects of 0.125mM caffeic acid (CA) and ferulic acid (FA) at 0.5 h 
treatment and 24 h treatment on GLUT4 gene expression before and after insulin 
stimulation compared with control (C) cells. Values given represent means ± SEM 

(relative to untreated control cells) of three independent experiments carried out in 

triplicates.  *p < 0.05 Statistical significance.
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TB did not induce a significant change in GLUT4 levels at 0.5 h; however, at 24 h, 

0.125 mM of TB in the presence of insulin resulted in a 182±0.3% increase in 

GLUT4 expression. In contrast, 0.125 mM of HM did not produce a significant 

effect on GLUT4 expression at either 24 h or 0.5 h (Figure 3.6.1.2).

Figure 3.6.1.2 Effects of 0.125mM of 3,4 dihydroxy benzoic acid (DB), benzoic acid 
(BZ), 3,4,5 trihydroxy benzoic acid (TB) and 2-hydroxy4-methoxy benzoic acid (HM) 
at 0.5 h and 24 h treatments on GLUT4 gene expression before and after insulin 
stimulation and compared with control (C) cell. Values given represent means ± SEM 

(relative to untreated control cells) of three independent experiments carried out in 

triplicates.  *p < 0.05 Statistical significance.

3.6.2 PTEN mRNA Expression Analysis
The effect of the above six compounds on PTEN mRNA expression in L6 muscle 

cells was also investigated in the presence and absence of insulin administration. 

To normalize all samples and establish a common reference, the baseline (100% 

relative expression) was the insulin-free control condition (-insulin control). The 
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insulin-dependent PTEN levels altered by CA and FA at 0.125 mM were then 

calculated by comparing +insulin to -insulin for each compound. 

The expression of PTEN significantly decreased to 46±0.25% following insulin 

administration without plant extract (control + insulin), relative to the control group. 

This indicates that insulin alone suppresses PTEN expression, which functions as 

a negative regulator of insulin signaling. The observed reduction in PTEN 

expression was altered when combined with CA and FA.

PTEN expression was diminished in the presence of 0.125 mM FA combined with 

insulin, decreasing to 52±0.9% at 24 h and 75±4.5% at 0.5 h. This reduction 

suggests a notable downregulation that could potentially enhance insulin signaling 

pathways. Additionally, CA at the same concentration (0.125 mM) with insulin 

significantly suppressed PTEN levels, reducing them to 48±0.8% at 24 h and 

87±0.2% at 0.5 h (Figure 3.6.2.1). 

 PTEN expression was significantly diminished following treatment with 0.125 mM 

of DB, reaching 38±0.76% at 24 h and 42±0.35% at 0.5 h. Similarly, 0.125 mM of 

BZ reduced PTEN levels by 59±3.7% at 24 h and 62±3.1% at 0.5 h in the presence 

of insulin. Treatment with 0.125 mM of TB and HM for 24 h also resulted in 

decreased PTEN expression, reaching 60±3.8% and 61±5%, respectively, under 

insulin conditions (Figure 3.6.2.2).

 When the cells were treated with 0.125mM of TB and HM at 0.5 h, PTEN 

expression was reduced to 80% but there was no statistically significant difference 

from the control for both TB and HM in the presence of insulin (Figure 3.6.2.2). 

None of the compounds had any significant effect on PTEN mRNA expression in 

the absence of insulin.
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Figure 3.6.2.1 Effects of 0.125mM caffeic acid (CA) and ferulic acid (FA) at 0.5 h 
treatment and 24 h treatment on PTEN gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.

Figure 3.6.2.2 Effects of 0.125mM of 3,4 dihydroxy benzoic acid (DB), benzoic acid 
(BZ), 3,4,5 trihydroxy benzoic acid (TB) and 2-hydroxy4-methoxy benzoic acid (HM) 
at 0.5 h and 24 h treatments on PTEN gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.
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3.6.3 AS160 mRNA Expression Analysis
The expression levels of AS160 in L6 muscle cells were examined under 

conditions with and without the six natural compounds, both in the presence and 

absence of insulin. The results indicate that insulin markedly reduces AS160 

expression, achieving only 23±4% of the baseline levels observed in untreated 

cells (Figure 3.6.3.1).

AS160 mRNA expression was significantly restored in insulin-treated cells 

following exposure to CA at a concentration of 0.125 mM. Expression levels 

increased to 200 ± 0.45% after 24 h and to 144 ± 0.23% after 0.5 h of treatment. 

In comparison, FA treatment resulted in a moderate but significant upregulation of 

AS160 expression. Cells treated with 0.125 mM FA exhibited AS160 expression 

levels of 167 ± 0.2% after 24 h and 133 ± 2.2% after 0.5 h in the presence of insulin 

(Figure 3.6.3.1).

Figure 3.6.3.1 Effects of 0.125mM caffeic acid (CA) and ferulic acid (FA) at 0.5 h 
treatment and 24 h treatment on AS160 gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.

AS160 expression was elevated following treatment with 0.125 mM DB, reaching 

210±1.1% at 24 h and 151±0.9% at 0.5 h in the presence of insulin. Similarly, 

exposure to 0.125 mM BZ for 24 h increased AS160 expression to 139%, with a 
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modest rise to 108% at 0.5 h under insulin conditions. Conversely, treatment with 

0.125 mM TB for 24 h resulted in an increase to 182±0.3%, while a slight elevation 

to 116±0.5% was observed at 0.5 h in the presence of insulin. In contrast, 

administration of 0.125 mM HM for either 24 h or 0.5 h led to a reduction in AS160 

expression to 98±0.8% and 79±0.4%, respectively (Figure 3.6.3.2).

Figure 3.6.3.2 Effects of 0.125mM of 3,4 dihydroxy benzoic acid (DB), benzoic acid 
(BZ), 3,4,5 trihydroxy benzoic acid (TB) and 2-hydroxy4-methoxy benzoic acid (HM) 
at 0.5 h and 24 h treatments on AS160 gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.

3.6.4 IRS1 mRNA Expression Analysis
Expression for IRS1 in the L6 muscle cells challenged with the six selected natural 

compounds was tested without and with insulin. The control data suggest that 

insulin increased IRS1 expression significantly to 170%. 

A significant increase in IRS1 mRNA expression was detected in cells stimulated 

with insulin and treated with CA and FA. Treatment with CA at 0.125 mM resulted 
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in a notable elevation of IRS1 levels, reaching 261 ± 0.01% after 24 h and 

remaining elevated at 210 ± 0.4% after 0.5 h. Similarly, FA at 0.0125 mM markedly 

enhanced IRS1 expression, attaining 228 ± 0.32% at 24 h and 180 ± 0.25% at 0.5 

h under insulin-stimulated conditions (Figure 3.6.4.1). 

IRS1 expression was elevated in cells exposed to 0.125 mM DB at 24 h, reaching 

241±0.8%, and increased to 162±0.5% at 0.5 h in the presence of insulin. Similarly, 

treatment with 0.125 mM BZ resulted in increased IRS1 levels, attaining 208±0.9% 

at 24 h and 239±0.2% at 0.5 h in insulin-treated cells. Additionally, 0.125 mM TB 

treatment enhanced IRS1 expression to 189% at 24 h and 109±0.5% at 0.5 h under 

insulin stimulation. Conversely, 0.125 mM HM treatment reduced IRS1 levels to 

88±0.84% at 24 h and 56±0.9% at 0.5 h, both in the presence of insulin. None of 

the tested compounds significantly affected IRS1 expression in the absence of 

insulin treatment (Figure 3.6.4.2).

Figure 3.6.4.1 Effects of 0.125mM caffeic acid (CA) and ferulic acid (FA) at 0.5 h 
treatment and 24 h treatment on IRS1 gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.
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Figure 3.6.4.2 Effects of 0.125mM of 3,4 dihydroxy benzoic acid (DB), benzoic acid 
(BZ), 3,4,5 trihydroxy benzoic acid (TB) and 2-hydroxy4-methoxy benzoic acid (HM) 
at 0.5 h and 24 h treatments on IRS1 gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.

3.6.5 AKT1 mRNA Expression Analysis
The impact of six specific compounds on AKT1 mRNA expression in L6 muscle 

cells was examined both in the presence and absence of insulin treatment. All 

samples were normalized against a baseline, which was set as the insulin-free 

control condition, representing 100% relative expression. The changes in insulin-

dependent AKT1 levels induced by CA and FA at a concentration of 0.125 mM 

were determined by comparing the expression levels with and without insulin for 

each compound. When insulin was administered without the presence of the active 

compounds, AKT1 expression significantly increased to 120±0.003%, indicating 

an upregulation due to insulin alone.

Treating the cells with CA and FA led to increase in AKT1 expression. It was 

increased in cells treated with 0.125mM of FA (+insulin) and reached 110±2% and 

120±1.5% at 24 h and 0.5 h respectively, indicating a significant regulation that 
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may improve insulin signaling. Under insulin-stimulated conditions, AKT1 mRNA 

expression responded differently to treatment with the six tested compounds.

CA at 0.125 mM exerted a significant inhibitory effect, reducing AKT1 expression 

to 65 ± 2% at 24 h and to 90 ± 3.2% at 0.5 h (Figure 3.6.5.1). Conversely, DB and 

BZ treatments resulted in a consistent upregulation of AKT1 expression, with peak 

levels observed after 24 h of exposure.

TB and HM also increased AKT1 expression following 24 h of treatment; however, 

their short-term effects were less pronounced, as AKT1 levels at 0.5 h did not differ 

significantly from the insulin-treated control (Figure 3.6.6.2). Notably, the absence 

of insulin abolished these modulatory effects, as none of the compounds 

significantly influenced AKT1 mRNA expression in absence of insulin.

Figure 3.6.5.1 Effects of 0.125mM caffeic acid (CA) and ferulic acid (FA) at 0.5 h 
treatment and 24 h treatment on AKT1 gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.
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Figure 3.6.5.2 Effects of 0.125mM of 3,4 dihydroxy benzoic acid (DB), benzoic acid 
(BZ), 3,4,5 trihydroxy benzoic acid (TB) and 2-hydroxy4-methoxy benzoic acid (HM) 
at 0.5 h and 24 h treatments on AKT1 gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.

3.6.6 AKT2 mRNA Expression Analysis
The influence of the six selected compounds on AKT2 mRNA expression in L6 

muscle cells was evaluated under both insulin-stimulated and insulin-free 

conditions. For standardization purposes, the insulin-free control condition was 

defined as the baseline and assigned a relative expression value of 100%. Insulin-

dependent changes in AKT2 expression following treatment with CA and FA at a 

concentration of 0.125 mM were determined by comparing expression levels in the 

presence and absence of insulin for each compound.

In the absence of plant extracts, insulin treatment alone resulted in a marked 

upregulation of AKT2 mRNA expression, reaching 109 ± 0.6% relative to the 

insulin-free control. This finding confirms that insulin stimulation significantly 

enhances AKT2 expression in L6 muscle cells.
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Different findings were observed, when paired with CA and FA. AKT2 expression 

was increased in 0.125mM of FA (+insulin) and reached 135±1.2% and 112±1.6% 

at 24 h and 0.5 h respectively. AKT2 was also statistically significantly suppressed 

by CA at 0.125mM (+insulin) which decreased AKT2 levels to 55±0.95% and 

85±0.3% at 24 h and 0.5 h respectively (Figure 3.6.6.1). 

AKT2 expression was markedly elevated in cells exposed to 0.125 mM of DB, 

reaching 109±0.6% at 24 hours and 92±0.35% at 0.5 hours. Similarly, 0.125 mM 

of BZ increased AKT2 expression to 124±3.7% at 24 hours and 119±3.1% at 0.5 

hours in the presence of insulin. In addition, treatment with 0.125 mM of TB and 

HM for 24 hours resulted in increased AKT2 expression, reaching 102±0.8% and 

112±2.5% respectively, in the presence of insulin. When cells were treated with 

0.125 mM of TB and HM for 0.5 hours, AKT expression also increased; however, 

these changes were not statistically significant compared to controls.

 None of the compounds significantly affected AKT2 mRNA expression in the 

absence of insulin (Figure 3.6.6.2).

Figure 3.6.6.1 Effects of 0.125mM caffeic acid (CA) and ferulic acid (FA) at 0.5 h 
treatment and 24 h treatment on AKT2 gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.
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Figure 3.6.6.2 Effects of 0.125mM of 3,4 dihydroxy benzoic acid (DB), benzoic acid 
(BZ), 3,4,5 trihydroxy benzoic acid (TB) and 2-hydroxy4-methoxy benzoic acid (HM) 
at 0.5 h and 24 h treatments on AKT2 gene expression before and after insulin 
stimulation. Values given represent means ± SEM (relative to untreated control cells) of 

three independent experiments carried out in triplicates.  *p < 0.05 Statistical significance.

3.7 Effects of Natural Compounds on Streptozotocin induced diabetic 
Mice Blood Glucose levels
The effects of selected natural compounds caffeic acid, ferulic acid, isovanillic acid, 

palmitic acid, stearic acid, myristic acid, benzoic acid, 3,4-dihydroxy benzoic acid, 

3,4,5 trihydroxybenzoic acid and 2-hydroxy4-methoxy benzoic acid on blood 

glucose levels in diabetic mice induced by streptozotocin (STZ) was evaluated 

after 3 weeks of 100mg/Kg treatment of each compound.

A clear reduction in blood glucose levels was observed in diabetic mice following 

a three-week treatment with CA, FA, and ISV at a dose of 100 mg/Kg. When 

compared with the diabetic control group, all treated groups showed a marked 

improvement in glycemic status, with the effect becoming evident as early as the 

first week of treatment. By day 36, blood glucose levels reached 487 ± 8 mg/dL in 

diabetic control mice, while substantially lower values were recorded in the CA, 

FA, and ISV treated groups (336 ± 10 mg/dL, 320 ± 8 mg/dL, and 321 ± 9 mg/dL, 

respectively) (Figure 3.7.1B).
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In non-diabetic mice, blood glucose levels remained within the normal range 

throughout the experimental period. The control group exhibited a glucose level of 

122 mg/dL, whereas mice treated with CA, FA, and ISV maintained comparable 

levels of 108 mg/dL, 109 mg/dL, and 106 mg/dL, respectively, with no statistically 

significant differences observed. (Figure 3.7.1A).

Blood glucose levels were reduced in mice with induced diabetes following 

treatment with 100 mg/Kg of BZ, TB, DB, and HM for three weeks. Among the 

tested compounds, HM demonstrated the most pronounced hypoglycemic effect. 

On day 36, diabetic control mice exhibited a blood glucose level of 493 ± 6 mg/dL, 

whereas treated groups showed significantly lower levels of 364 ± 9 mg/dL (BZ), 

382 ± 12 mg/dL (TB), 347 ± 9 mg/dL (DB), and 277 ± 8 mg/dL (HM) (Figure 3.6.2B).

In contrast, treatment with these compounds did not induce statistically significant 

changes in blood glucose levels in non-diabetic mice. Control mice maintained a 

glucose level of 127 ± 6 mg/dL, while mice treated with 100 mg/Kg of BZ, TB, DB, 

and HM exhibited levels of 114 ± 15 mg/dL, 120 ± 13 mg/dL, 122 ± 4 mg/dL, and 

124 ± 4 mg/dL, respectively, throughout the experimental period (Figure 3.7.2A).

Mice blood glucose decreased from 451±7mg/dL for diabetic mice to 311±3 mg/dL, 

252±7 mg/dL, 310±5 mg/dL for mice treated with 100mg/Kg of PA, MA and SA 

respectively (figure 3.7.3B). No significant changes in the blood glucose levels in 

the mice treated with the vehicle Bovin serum albumin (BSA) compared with 

control diabetic mice was observed. Moreover, the blood glucose level in non-

diabetic mice was 114±10 mg/dL and no statically significant in glucose blood 

levels in non-diabetic mice groups treated with 100mg/Kg of PA, MA and SA 

(Figure 3.7.3A).
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Figure 3.7.1 Blood glucose levels (mg/dL); A: for control mice (C) treated with 100mg 

/kg of caffeic acid (CA), ferulic acid (FA) and isovanillic acid (ISV) for 3 weeks. B: STZ- 

induced diabetic mice (D) treated with 100mg/Kg of CA, FA and ISV for 3 weeks. Values 

are expressed as mean ± SEM. * p < 0.05, significant as compared with diabetic group.
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Figure 3.7.2 Blood glucose levels (mg/dL); A: for control mice(C) treated with 100mg 

/kg of benzoic acid (BZ), 3,4-dihydroxy benzoic acid (DB), 3,4,5 trihydroxybenzoic acid 

(TB) and 2-hydroxy4-methoxy benzoic acid (HM) 3 weeks. B: STZ- induced diabetic mice 

(D) treated with 100mg/Kg of BZ, DB, TB and HM for 3 weeks. Values are expressed as 

mean ± SEM. * p < 0.05, significant as compared with diabetic group.
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Figure 3.7.3 Blood glucose levels (mg/dL); A: for control mice(C) treated with 100mg 

/kg of palmitic acid (PA), stearic acid (SA), myristic acid (MA) and Bovin serum albumin 

(BSA) for 3 weeks. B: STZ- induced diabetic mice (D) treated with 100mg/Kg of PA, SA 

and MA for 3 weeks. Values are expressed as mean ± SEM. * p < 0.05, significant as 

compared with diabetic group.
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3.8 Effects of natural compounds on pancreatic α-amylase and 
intestinal α-Glucosidase enzymes
The potential inhibitory effect of the natural compounds caffeic acid, ferulic acid, 

isovanillic acid, vanillic acid, D-pintol, palmitic acid, stearic acid, myristic acid, 

benzoic acid, 3,4-dihydroxy benzoic acid, 3,4,5 trihydroxybenzoic acid, 2-

hydroxy4-methoxy benzoic acid and syringic acid 

The inhibitory effects on α-amylase and α-glucosidase were evaluated according 

to the procedures outlined in the materials and methods section. Acarbose at a 

concentration of 0.5 mM served as the reference inhibitor, achieving 93% 

inhibition. 

The data demonstrated that these compounds suppressed enzyme activity in a 

concentration-dependent manner. Consequently, the IC50 values were determined 

(refer to Figure 3.8.1-4 and Table 3.8). 

The IC50 values for α-amylase inhibition by FA, ISV, CA, and VA were 3.9 ±3 mM, 

6.8 ±0.4 mM, 1.05 ±0.25 mM, and 5.8 ±4 mM, respectively. Similarly, for DP, PA, 

SA, and MA, the IC50 values were 5.2 ±9 mM, 6.8 ±2 mM, 9.5 ±6 mM, and 2.3 ±7 

mM, respectively.  The IC50 values for BA, DB, TB, HM, and SYA were 9.4 ±8 mM, 

3.7 ±7 mM, 5.7 ±0.9 mM, 2.7 ±7 mM, and 5.8 ±3 mM, respectively.

These natural compounds exhibited a dose-dependent inhibitory effect on α-

glucosidase activity, and the corresponding IC50 values were determined. The IC50 

values for ISV and CA were found to be below 1 mM, while those for FA, VA, BZ, 

DB, TB, and HM were 3.6±4 mM, 1.4±2.5 mM, 7±3 mM, 2.1±3 mM, 1.7±2.5 mM, 

6.3±1 mM, and 4.8±3 mM, respectively. 

Acarbose at a concentration of 0.5 mM served as a reference standard, achieving 

53% inhibition of α-glucosidase activity.
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Table 8.3 IC50 values of natural compounds against intestinal α-glucosidase 
and α-amylase

Compounds name For α-Amylase (mM) For α-Glucosidase (mM)
Acarbose <0.5 <0.5
Ferulic acid 3.9 ±3 3.6±4
Isovanillic acid 6.8 ±0.4 >1
Caffeic acid 1.05 ±0.25 > 1
Vanillic acid 5.8 ±4 1.4±2.5
D-pintol 5.2 ±9 *
Palmitic acid 6.8 ±2 *
Stearic acid 9.5 ±6 7±3
Myristic acid 2.3 ±7 *
Benzoic acid 9.4 ±8 2.1±3
3,4-dihydroxy benzoic 
acid

3.7 ±7 1.7±2.5

3,4,5 trihydroxybenzoic 
acid

5.7 ±0.9 6.3±1

2-hydroxy4-methoxy 
benzoic

2.7 ±7 4.8±3

Syringic acid 5.8 ±3 *
* Not tested. The IC50 for α-glucosidase could not be determined for some compounds 
due to limited solubility under the assay condition, which lacks a heating step required to 
enhance solubility, unlike the amylase assay.

In summary, the tested natural compounds exhibited varying inhibitory activities 

against both pancreatic α-amylase and intestinal α-glucosidase. For most 

compounds, inhibition of α-glucosidase was moderate, whereas a more 

pronounced inhibitory effect was observed against α-amylase. This pattern 

suggests that these compounds may predominantly modulate pancreatic starch 

digestion rather than directly limiting intestinal glucose release.
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Figure 3.8.1 Effects of 2-hydroxy4-methoxy benzoic (HM), benzoic acid (BZ) and 
3,4,5 trihydroxybenzoic acid (TB). Concentrations are 0.5mM, 1mM, 5mM, 8mM and 

10mM for α-amylase activity. Values represent the mean ± SEM of three experiments. The 

t-test  was conducted using SPSS, version 23.0. ∗p < 0.05, which is considered significant 

as compared with controls.

Figure 3.8.2 Effects of isovanillic acid (ISV), vanillic acid (VA) and syringic acid (SY). 
Concentrations ar 0.5mM, 1mM, 5mM, 8mM and 10mM on α-amylase activity. Values 

represent the mean ± SEM of three experiments. The t-test was conducted using SPSS, 

version 23.0. ∗p < 0.05, which is considered significant as compared with controls.
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Figure 3.8.3 Effects of D-pintol (DP), ferulic acid (FA) and 3,4-dihydroxy benzoic (DB) 
acid. Concentrations are 1mM, 5mM, 8mM and 10mMon α-amylase activity. Values 

represent the mean ± SEM of three experiments. The t-test was conducted using SPSS, 

version 23.0. ∗p < 0.05, which is considered significant as compared with controls.

Figure 3.8.4 Effects of palmitic acid (PA), stearic acid (SA) and myristic acid (MA). 
Concentrations are 1mM, 5mM, 8mM and 10mM on α-amylase activity. Values represent 

the mean ± SEM of three experiments. The t-test was conducted using SPSS, version 

23.0. ∗p < 0.05, which is considered significant as compared with controls.
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Figure 3.8.5 Effects of isovanillic acid (ISV), vanillic acid (VA), ferulic acid (FA) and 
stearic acid (SA). Concentrations are1mM, 5mM, 8mM and 10mM on α-glycosidase 

activity. Values represent the mean ± SEM of three experiments. The t-test was conducted 

using SPSS, version 23.0. ∗p < 0.05, which is considered significant as compared with 

controls.

Figure 3.8.6 Effects of 3,4-dihydroxy benzoic acid (DB), 3,4,5 trihydroxybenzoic acid 
(TB), benzoic acid (BZ) and 2-hydroxy4-methoxy benzoic acid (HM). Compound 

concentrations are 1mM, 5mM, 8mM and 10mM on α-glycosidase activity. Values 

represent the mean ± SEM of three experiments. The t-test was conducted using SPSS, 

version 23.0. ∗p < 0.05, which is considered significant as compared with controls.
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4.Discussion
4.1 Overview of Study Rationale and Principal Findings
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including phenolic acids, emphasizing their capacity to protect pancreatic β

promote proliferation, and inhibit enzymes like α glucosidases and α

of β

4.2 Safety Profiling and Experimental Validity
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4.3 Natural Compounds as Regulators of GLUT4 Trafficking



110



111

owever, tumor necrosis factor α (TNFα), a cytokine belonging to 

κB (NF κB) signaling pathway through inhibitor κB kinase (IKK). IKK 

κB activation in response to inflammatory 

κB path

— κB signaling and suppression 

—

dependent on both the concentration of ferulic acid, specifically below 50 μM, and 

incubation with chlorogenic acid (25 μM) induced insulin
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–

activation. Also a study reported that treatment with gallic acid (10 μM) for 30 min 

–

κB/KLF7 signaling pathways. While not 
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4.4 Targeting the Insulin Signaling Cascade: AKT, AS160, PTEN, and 
IRS1
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4.5 Integration of Transcriptional and Protein-Level Regulation of 
Glucose Metabolism
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4.6 In Vivo Antihyperglycemic Effects and Physiological Relevance
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γ expression, and enhanced glucose uptake through 
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Homidium indicus, was orally administered at a dose of 500 μg/Kg to both diabetic 

–
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which primarily reflects β

–

4.7 Study Limitations and Methodological Considerations
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—

—

model primarily reflects hyperglycemia resulting from pancreatic β

4.8 Future Directions

—

—
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4.9 Concluding Remarks
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5. Summary 

Natural bioactive compounds have gained increasing attention for their potential 

to modulate metabolic disorders such as diabetes; however, their effects on key 

insulin-signaling mediators in skeletal muscle cells remain insufficiently 

characterized. Accordingly, this study evaluated the antidiabetic potential of 

selected natural compounds using an integrated experimental approach that 

included cytotoxicity assessment, GLUT4 translocation analysis, insulin-signaling 

and gene expression profiling, and in vivo validation in a streptozotocin-induced 

diabetic mouse model.

The results demonstrated that both crude plant extracts and isolated natural 

compounds significantly stimulated GLUT4 translocation in L6-GLUT4myc skeletal 

muscle cells, although the magnitude, insulin dependence, and temporal 

responses varied among treatments. Notably, extracts from Cichorium intybus and 

Abelmoschus esculentus enhanced GLUT4 translocation even under insulin-free 

conditions, suggesting the involvement of alternative or complementary regulatory 

mechanisms beyond canonical insulin signaling.

Furthermore, phenolic compounds and benzoic acid derivatives exhibited a clear 

capacity to enhance GLUT4 translocation, with several phenolic acids inducing 

pronounced increases under insulin-stimulated conditions, while selected benzoic 

acid derivatives produced moderate yet consistent effects. Importantly, some 

phenolic compounds, including ferulic acid and chlorogenic acid, promoted GLUT4 

translocation independently of insulin, highlighting their potential to modulate 

glucose uptake through insulin-independent pathways. In contrast, most tested 

fatty acids showed minimal or no effect on GLUT4 trafficking, underscoring a 

degree of structural specificity in the regulation of glucose transporter dynamics. 

However, palmitic acid transiently augmented GLUT4 translocation to the plasma 

membrane in L6-GLUT4myc cells following short-term exposure of up to 1 hour.

To elucidate the molecular basis of enhanced GLUT4 translocation, this study 

evaluated the effects of selected natural compounds on key insulin-signaling 



125

mediators, including IRS1, AKT, AS160, and PTEN, using integrated transcriptional 

and protein-level analyses. The results demonstrated a consistent potentiation of 

AKT activation under insulin-stimulated conditions, with the compounds caffeic 

acid, ferulic acid, and selected benzoic acid derivatives increasing AKT expression 

and phosphorylation. However, these compounds fails to induce AKT activation in 

the absence of insulin, thereby indicating an insulin-sensitizing rather than insulin-

mimetic mode of action. This enhanced AKT signaling was mechanistically linked 

to increased AS160 expression and phosphorylation, counteracting insulin-

associated transcriptional suppression and reinforcing downstream signaling 

required for GLUT4 vesicle mobilization. In parallel, several compounds promoted 

insulin-dependent upregulation of GLUT4 and IRS1 gene expression, suggesting 

a synergistic interaction with insulin that supports sustained glucose uptake 

capacity. 

The strong concordance between gene expression and protein signaling data 

indicates that these natural compounds exert multilayered regulatory effects, 

acting acutely through phosphorylation-dependent signaling events and 

chronically through transcriptional modulation. This dual mode of regulation is 

likely essential for achieving sustained metabolic improvements, particularly under 

insulin-resistant conditions. Collectively, these coordinated transcriptional and 

post-translational actions demonstrate that natural compounds enhance insulin 

signaling efficiency through an integrated regulatory mechanism, ultimately 

promoting effective GLUT4 trafficking in skeletal muscle cells.

While in vitro experiments provided mechanistic insight into the ability of selected 

natural compounds to enhance GLUT4 translocation and insulin signaling in 

skeletal muscle cells, the physiological relevance of these effects was confirmed 

using a streptozotocin-induced diabetic mouse model. Compounds that promoted 

GLUT4 trafficking in L6-GLUT4myc cells, including caffeic acid, ferulic acid, 

isovanillic acid, benzoic acid derivatives, and selected fatty acids, also led to 

significant reductions in blood glucose levels in diabetic mice compared with 

untreated controls. These antihyperglycemic effects became evident within the first 
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week of administration and were sustained throughout the treatment period, 

indicating a close concordance between the cellular enhancement of glucose 

uptake mechanisms and improved systemic glycemic control in vivo.

Overall, the in vivo findings validate the cellular observations and demonstrate that 

selected natural compounds exert biologically relevant antidiabetic effects, 

supporting their potential for further preclinical investigation and translational 

development.



127

6. References 

1. Nandhini, L.P., S. Kamalanathan, and J. Sahoo, Definition, diagnostic criteria, 
screening, diagnosis, and classification of diabetes and categories of glucose 
intolerance, in The Diabetes Textbook: Clinical Principles, Patient Management 
and Public Health Issues. 2019, Springer. p. 71-85.

2. Association, A.D., Introduction: standards of medical care in diabetes—2022. 
Diabetes care, 2022. 45(Supplement_1): p. S1-S2.

3. Faselis, C., et al., Microvascular complications of type 2 diabetes mellitus. 
Current vascular pharmacology, 2020. 18(2): p. 117-124.

4. Bashier, A., et al., Consensus recommendations for management of patients with 
type 2 diabetes mellitus and cardiovascular diseases. Diabetology & metabolic 
syndrome, 2019. 11(1): p. 80.

5. Rawshani, A., et al., Mortality and cardiovascular disease in type 1 and type 2 
diabetes. New England journal of medicine, 2017. 376(15): p. 1407-1418.

6. Kurup, A.S., Equity, social determinants and public health programmes. 2010: 
World Health Organization.

7. Li, Y., et al., Prevalence of diabetes recorded in mainland China using 2018 
diagnostic criteria from the American Diabetes Association: national cross 
sectional study. bmj, 2020. 369.

8. Mauvais, F.X. and P.M. van Endert, Type 1 diabetes: A guide to autoimmune 
mechanisms for clinicians. Diabetes, Obesity and Metabolism, 2025. 27: p. 40-
56.

9. Kahaly, G.J. and M.P. Hansen, Type 1 diabetes associated autoimmunity. 
Autoimmunity reviews, 2016. 15(7): p. 644-648.

10. Marré, M.L. and J.D. Piganelli, Environmental factors contribute to β cell 
endoplasmic reticulum stress and neo-antigen formation in type 1 diabetes. 
Frontiers in endocrinology, 2017. 8: p. 262.

11. Kawasaki, E., Anti-islet autoantibodies in type 1 diabetes. International Journal of 
Molecular Sciences, 2023. 24(12): p. 10012.

12. Lahtela, J.T., et al., Severe antibody-mediated human insulin resistance: 
successful treatment with the insulin analog lispro: a case report. Diabetes care, 
1997. 20(1): p. 71-73.

13. Matsuyoshi, A., et al., A case of slowly progressive type 1 diabetes with unstable 
glycemic control caused by unusual insulin antibody and successfully treated 
with steroid therapy. Diabetes research and clinical practice, 2006. 72(3): p. 238-
243.

14. Aranaz, P., et al., American Diabetes Association 2010. Diagnosis and 
classification of diabetes mellitus. Diabetes Care, 33 (1): S62-69. Declaration of 
originality, 2023. 33(1): p. 189.

15. Malecki, M.T. and T. Klupa, Type 2 diabetes mellitus: from genes to disease. 
Pharmacological reports, 2005. 57: p. 20.

16. De Fronzo, R., R. Bonadonna, and E. Ferrannini, Pathogenesis of NIDDM, 
International Text book of Diabetes mellitus. Alberti K, Zimmet P, DeFronzo R, 
1997.

17. Leahy, J.L., Pathogenesis of type 2 diabetes mellitus. Archives of medical 
research, 2005. 36(3): p. 197-209.



128

18. DeFronzo, R.A., Pathogenesis of type 2 diabetes mellitus, in Diabetes 
Epidemiology, Genetics, Pathogenesis, Diagnosis, Prevention, and Treatment. 
2018, Springer. p. 181-253.

19. Muoio, D.M. and C.B. Newgard, Molecular and metabolic mechanisms of insulin 
resistance and β-cell failure in type 2 diabetes. Nature reviews Molecular cell 
biology, 2008. 9(3): p. 193-205.

20. Umpierrez, G. and M. Korytkowski, Diabetic emergencies—ketoacidosis, 
hyperglycaemic hyperosmolar state and hypoglycaemia. Nature Reviews 
Endocrinology, 2016. 12(4): p. 222-232.

21. Fadini, G.P., B.M. Bonora, and A. Avogaro, SGLT2 inhibitors and diabetic 
ketoacidosis: data from the FDA Adverse Event Reporting System. Diabetologia, 
2017. 60(8): p. 1385-1389.

22. Frayling, T.M., Genome–wide association studies provide new insights into type 2 
diabetes aetiology. Nature Reviews Genetics, 2007. 8(9): p. 657-662.

23. Zeggini, E., et al., Meta-analysis of genome-wide association data and large-
scale replication identifies additional susceptibility loci for type 2 diabetes. Nature 
genetics, 2008. 40(5): p. 638-645.

24. Fujimoto, W.Y., The importance of insulin resistance in the pathogenesis of type 
2 diabetes mellitus. The American journal of medicine, 2000. 108(6): p. 9-14.

25. Kahn, S.E., R.L. Hull, and K.M. Utzschneider, Mechanisms linking obesity to 
insulin resistance and type 2 diabetes. Nature, 2006. 444(7121): p. 840-846.

26. Lawrence, J.M., et al., Trends in the prevalence of preexisting diabetes and 
gestational diabetes mellitus among a racially/ethnically diverse population of 
pregnant women, 1999–2005. Diabetes care, 2008. 31(5): p. 899-904.

27. Yuen, L. and V.W. Wong, Gestational diabetes mellitus: challenges for different 
ethnic groups. World journal of diabetes, 2015. 6(8): p. 1024.

28. Hedderson, M.M., J.A. Darbinian, and A. Ferrara, Disparities in the risk of 
gestational diabetes by race‐ethnicity and country of birth. Paediatric and 
perinatal epidemiology, 2010. 24(5): p. 441-448.

29. Cosson, E., Diagnostic criteria for gestational diabetes mellitus. Journal de 
Gynecologie, Obstetrique et Biologie de la Reproduction, 2010. 39(8 Suppl 2): p. 
S239-50.

30. Kim, C., Gestational diabetes: risks, management, and treatment options. 
International journal of women's health, 2010: p. 339-351.

31. Noctor, E., et al., Abnormal glucose tolerance post-gestational diabetes mellitus 
as defined by the International Association of Diabetes and Pregnancy Study 
Groups criteria. European journal of endocrinology, 2016. 175(4): p. 287-297.

32. Kim, C., K.M. Newton, and R.H. Knopp, Gestational diabetes and the incidence 
of type 2 diabetes: a systematic review. Diabetes care, 2002. 25(10): p. 1862-
1868.

33. Aroda, V., et al., The effect of lifestyle intervention and metformin on preventing 
or delaying diabetes among women with and without gestational diabetes: the 
Diabetes Prevention Program outcomes study 10-year follow-up. The Journal of 
Clinical Endocrinology & Metabolism, 2015. 100(4): p. 1646-1653.

34. Szablewski, L., Introductory chapter: glucose transporters, in Blood Glucose 
Levels. 2019, IntechOpen.

35. Ojo, O.A., et al., Diabetes mellitus: From molecular mechanism to 
pathophysiology and pharmacology. Medicine in Novel Technology and Devices, 
2023. 19: p. 100247.



129

36. Tozzi, M., J.B. Hansen, and I. Novak, Pannexin‐1 mediated ATP release in 
adipocytes is sensitive to glucose and insulin and modulates lipolysis and 
macrophage migration. Acta physiologica, 2020. 228(2): p. e13360.

37. Zhang, X., et al., Unraveling the regulation of hepatic gluconeogenesis. Frontiers 
in endocrinology, 2019. 9: p. 802.

38. Li, X., et al., Food-derived non-phenolic α-amylase and α-glucosidase inhibitors 
for controlling starch digestion rate and guiding diabetes-friendly recipes. Lwt, 
2022. 153: p. 112455.

39. Ndarawit, W., et al., Discovery of α-amylase and α-glucosidase dual inhibitors 
from NPASS database for management of Type 2 Diabetes Mellitus: A 
chemoinformatic approach. Plos one, 2024. 19(11): p. e0313758.

40. Jha, R., et al., Dual α-amylase and α-glucosidase inhibitors: recent progress from 
natural and synthetic resources. Bioorganic Chemistry, 2025: p. 108762.

41. Klip, A. and M.R. Pâquet, Glucose transport and glucose transporters in muscle 
and their metabolic regulation. Diabetes care, 1990. 13(3): p. 228-243.

42. Navale, A.M. and A.N. Paranjape, Glucose transporters: physiological and 
pathological roles. Biophysical reviews, 2016. 8(1): p. 5-9.

43. McMillin, S.L., et al., GLUT4 is not necessary for overload-induced glucose 
uptake or hypertrophic growth in mouse skeletal muscle. Diabetes, 2017. 66(6): 
p. 1491-1500.

44. Chadt, A. and H. Al-Hasani, Glucose transporters in adipose tissue, liver, and 
skeletal muscle in metabolic health and disease. Pflügers Archiv - European 
Journal of Physiology, 2020. 472(9): p. 1273-1298.

45. Dyer, J., et al., Expression of monosaccharide transporters in intestine of diabetic 
humans. American Journal of Physiology-Gastrointestinal and Liver Physiology, 
2002. 282(2): p. G241-G248.

46. Banerjee, S.K., et al., SGLT1 is a novel cardiac glucose transporter that is 
perturbed in disease states. Cardiovascular research, 2009. 84(1): p. 111-118.

47. Lazaridis, K.N., et al., Kinetic and molecular identification of sodium-dependent 
glucose transporter in normal rat cholangiocytes. American Journal of 
Physiology-Gastrointestinal and Liver Physiology, 1997. 272(5): p. G1168-G1174.

48. De Vos, A., et al., Human and rat beta cells differ in glucose transporter but not in 
glucokinase gene expression. The Journal of clinical investigation, 1995. 96(5): 
p. 2489-2495.

49. Garvey, W.T., et al., Evidence for defects in the trafficking and translocation of 
GLUT4 glucose transporters in skeletal muscle as a cause of human insulin 
resistance. The Journal of clinical investigation, 1998. 101(11): p. 2377-2386.

50. Nirmalan, N. and M. Nirmalan, Hormonal control of metabolism: regulation of 
plasma glucose. Anaesthesia & Intensive Care Medicine, 2023. 24(10): p. 618-
623.

51. van Gerwen, J., A.S. Shun-Shion, and D.J. Fazakerley, Insulin signalling and 
GLUT4 trafficking in insulin resistance. Biochemical Society Transactions, 2023. 
51(3): p. 1057-1069.

52. Drobiova, H., et al., GLUT4 Trafficking and Storage Vesicles: Molecular 
Architecture, Regulatory Networks, and Their Disruption in Insulin Resistance. 
International Journal of Molecular Sciences, 2025. 26(15): p. 7568.

53. Sharma, M. and C.S. Dey, AKT ISOFORMS-AS160-GLUT4: The defining axis of 
insulin resistance. Reviews in Endocrine and Metabolic Disorders, 2021. 22(4): p. 
973-986.

54. Langlais, P., et al., Global IRS-1 phosphorylation analysis in insulin resistance. 
Diabetologia, 2011. 54(11): p. 2878-2889.



130

55. Stuart, C.A., et al., Insulin resistance and muscle insulin receptor substrate‐1 
serine hyperphosphorylation. Physiological Reports, 2014. 2(12): p. e12236.

56. Shi, Y., et al., PTEN is a protein tyrosine phosphatase for IRS1. Nature structural 
& molecular biology, 2014. 21(6): p. 522-527.

57. Nakashima, N., et al., The tumor suppressor PTEN negatively regulates insulin 
signaling in 3T3-L1 adipocytes. Journal of Biological Chemistry, 2000. 275(17): p. 
12889-12895.

58. Li, Y.Z., A. Di Cristofano, and M. Woo, Metabolic role of PTEN in insulin signaling 
and resistance. Cold Spring Harbor Perspectives in Medicine, 2020. 10(8): p. 
a036137.

59. Ijuin, T. and T. Takenawa, Regulation of insulin signaling and glucose transporter 
4 (GLUT4) exocytosis by phosphatidylinositol 3, 4, 5-trisphosphate (PIP3) 
phosphatase, skeletal muscle, and kidney enriched inositol polyphosphate 
phosphatase (SKIP). Journal of Biological Chemistry, 2012. 287(10): p. 6991-
6999.

60. Foran, P.G., et al., Protein kinase B stimulates the translocation of GLUT4 but not 
GLUT1 or transferrin receptors in 3T3-L1 adipocytes by a pathway involving 
SNAP-23, synaptobrevin-2, and/or cellubrevin. Journal of Biological Chemistry, 
1999. 274(40): p. 28087-28095.

61. van Dam, E.M., R. Govers, and D.E. James, Akt activation is required at a late 
stage of insulin-induced GLUT4 translocation to the plasma membrane. 
Molecular endocrinology, 2005. 19(4): p. 1067-1077.

62. Sano, H., et al., Insulin-stimulated phosphorylation of a Rab GTPase-activating 
protein regulates GLUT4 translocation. Journal of Biological Chemistry, 2003. 
278(17): p. 14599-14602.

63. Chen, S., et al., Mice with AS160/TBC1D4-Thr649Ala knockin mutation are 
glucose intolerant with reduced insulin sensitivity and altered GLUT4 trafficking. 
Cell metabolism, 2011. 13(1): p. 68-79.

64. Larsen, J.K., et al., Illumination of the endogenous insulin-regulated TBC1D4 
interactome in human skeletal muscle. Diabetes, 2022. 71(5): p. 906-920.

65. Shanak, S., et al., Drug discovery of plausible lead natural compounds that target 
the insulin signaling pathway: Bioinformatics approaches. Evidence‐Based 
Complementary and Alternative Medicine, 2022. 2022(1): p. 2832889.

66. Lebovitz, H.E., Alpha-glucosidase inhibitors. Endocrinology and metabolism 
clinics of North America, 1997. 26(3): p. 539-551.

67. Wang, S., et al., The inhibitory mechanism of chlorogenic acid and its acylated 
derivatives on α-amylase and α-glucosidase. Food Chemistry, 2022. 372: p. 
131334.

68. Jiang, H., et al., Inhibitory mechanism of chlorogenic acid on α-glucosidase and 
evaluation of its glucose consumption in HepG2 cells. Journal of Molecular 
Structure, 2025. 1331: p. 141607.

69. Akhlaghipour, I., et al., How caffeic acid and its derivatives combat diabetes and 
its complications: A systematic review. Journal of Functional Foods, 2023. 110: p. 
105862.

70. Pan, X., et al., The fine structural changes of phenolic hydroxyl groups of 
cinnamic acid and its derivatives affects their inhibition mechanism and 
interaction with α-glucosidase. Food Bioscience, 2024. 62: p. 105333.

71. Zheng, Y., et al., Inhibition mechanism of ferulic acid against α-amylase and α-
glucosidase. Food Chemistry, 2020. 317: p. 126346.

72. Guan, L., et al., A structure—Activity relationship study of the inhibition of α-
amylase by benzoic acid and its derivatives. Nutrients, 2022. 14(9): p. 1931.



131

73. Torres-Torres, J., et al., Cellular and molecular pathophysiology of gestational 
diabetes. International Journal of Molecular Sciences, 2024. 25(21): p. 11641.

74. Gupta, A. and C.S. Dey, PTEN, a widely known negative regulator of insulin/PI3K 
signaling, positively regulates neuronal insulin resistance. Molecular biology of 
the cell, 2012. 23(19): p. 3882-3898.

75. Watanabe, M., et al., Bile acids lower triglyceride levels via a pathway involving 
FXR, SHP, and SREBP-1c. The Journal of clinical investigation, 2004. 113(10): p. 
1408-1418.

76. Ge, Z., et al., Lipid metabolic dysregulation-induced neuroinflammation in the 
pathophysiology of major depressive disorder. Frontiers in Immunology, 2025. 
16: p. 1625087.

77. Ahda, M., et al., A review on selected herbal plants as alternative anti-diabetes 
drugs: chemical compositions, mechanisms of action, and clinical study. 
International Journal of Food Properties, 2023. 26(1): p. 1414-1425.

78. Owusu, S., et al., Factors associated with the use of complementary and 
alternative therapies among patients with hypertension and type 2 diabetes 
mellitus in Western Jamaica: a cross-sectional study. BMC Complementary 
Medicine and Therapies, 2020. 20: p. 1-11.

79. Saad, B., et al., Anti-diabetes and anti-obesity medicinal plants and 
phytochemicals. Anti-Diabetes Anti-Obes. Med. Plants Phytochem, 2017: p. 59-
93.

80. Huo, N. and J. Qian, Associations of herbs and nonvitamin dietary supplements 
use with clinical outcomes among adult and pediatric patients with asthma in the 
United States. The Journal of Allergy and Clinical Immunology: In Practice, 2018. 
6(3): p. 936-943.

81. Zaid, A.N., et al., Ethnopharmacological survey of home remedies used for 
treatment of hair and scalp and their methods of preparation in the West Bank-
Palestine. BMC complementary and alternative medicine, 2017. 17: p. 1-15.

82. Nie, X.-R., et al., Structural characteristics, rheological properties, and biological 
activities of polysaccharides from different cultivars of okra (Abelmoschus 
esculentus) collected in China. International Journal of Biological 
Macromolecules, 2019. 139: p. 459-467.

83. Zhang, J., et al., Effect of okra fruit powder supplementation on metabolic 
syndrome and gut microbiota diversity in high fat diet-induced obese mice. Food 
Research International, 2020. 130: p. 108929.

84. Sereno, A.B., et al., Effects of okra (Abelmoschus esculentus (L.) Moench) on 
glycemic markers in animal models of diabetes: A systematic review. Journal of 
Ethnopharmacology, 2022. 298: p. 115544.

85. Apolinário da Silva, A.P., et al., Okra (Abelmoschus esculentus L. moench) fruit 
powder standardized in flavonoids improves glycemic control and metabolic 
memory in acute and chronic hyperglycemia. Food Bioscience, 2024. 61: p. 
104870.

86. Adiaha, M.S., Effect of Okra (Abelmoschus esculentus L. Moench) on human 
development and its impact on the economy of farmers in Obubra Rainforest 
Zone of Nigeria. World News of Natural Sciences, 2017.

87. Harshitha, M., et al., Coffee and chicory blend: properties, nutrition, and health 
implications. Journal of Food Science and Technology, 2025: p. 1-15.

88. Tiwari, R., et al., Inulin: a multifaceted ingredient in pharmaceutical sciences. 
Journal of Biomaterials Science, Polymer Edition, 2024. 35(16): p. 2570-2595.

89. Khan, A.M.A., et al., Human Pancreatic β Cell Regenerative Therapy: Exploring 
the Role of Chicoric Acid as a Phytochemical Candidate. 2024.



132

90. contributors, W.C. 22 February 2023 22:36 UTC.
91. Alqathama, A., et al., Herbal medicine from the perspective of type II diabetic 

patients and physicians: what is the relationship? BMC complementary medicine 
and therapies, 2020. 20(1): p. 65.

92. Zheng, Y., S.H. Ley, and F.B. Hu, Global aetiology and epidemiology of type 2 
diabetes mellitus and its complications. Nature reviews endocrinology, 2018. 
14(2): p. 88-98.

93. Kesavadev, J., et al., Unproven therapies for diabetes and their implications. 
Advances in therapy, 2017. 34: p. 60-77.

94. Bindu, J. and R.T. Narendhirakannan, Role of medicinal plants in the 
management of diabetes mellitus: a review. 3 Biotech, 2019. 9(1): p. 4.

95. Sitobo, Z., L.T. Navhaya, and X.H. Makhoba, Medicinal plants as a source of 
natural remedies in the management of diabetes. ITPS, 2024. 7(3).

96. Marmitt, D.J. and M.H. Shahrajabian, Plant species used in Brazil and Asia 
regions with toxic properties. Phytotherapy Research, 2021. 35(9): p. 4703-4726.

97. Shahrajabian, M.H., W. Sun, and Q. Cheng, Product of natural evolution (SARS, 
MERS, and SARS-CoV-2); deadly diseases, from SARS to SARS-CoV-2. Human 
vaccines & immunotherapeutics, 2021. 17(1): p. 62-83.

98. Tirado-Kulieva, V.A., E. Hernández-Martínez, and T.J. Choque-Rivera, Phenolic 
compounds versus SARS-CoV-2: An update on the main findings against 
COVID-19. Heliyon, 2022. 8(9).

99. Sun, W., M.H. Shahrajabian, and M. Lin, Research progress of fermented 
functional foods and protein factory-microbial fermentation technology. 
Fermentation, 2022. 8(12): p. 688.

100. Jaiswal, N. and A. Kumar, HPLC in the discovery of plant phenolics as antifungal 
molecules against Candida infection related biofilms. Microchemical Journal, 
2022. 179: p. 107572.

101. Sun, W. and M.H. Shahrajabian, Therapeutic Potential of Phenolic Compounds in 
Medicinal Plants-Natural Health Products for Human Health. Molecules, 2023. 
28(4).

102. Dias, C., et al., Comparative evaluation of the in vitro cytotoxicity of a series of 
chitosans and chitooligosaccharides water-soluble at physiological pH. Polymers, 
2023. 15(18): p. 3679.

103. Kim, H., S.R. Kim, and U.J. Jung, Coffee and Its Major Polyphenols in the 
Prevention and Management of Type 2 Diabetes: A Comprehensive Review. 
International Journal of Molecular Sciences, 2025. 26(12): p. 5544.

104. Boz, H., Ferulic Acid in Cereals--a Review. Czech Journal of Food Sciences, 
2015. 33(1).

105. Del Olmo, A., J. Calzada, and M. Nuñez, Benzoic acid and its derivatives as 
naturally occurring compounds in foods and as additives: Uses, exposure, and 
controversy. Critical reviews in food science and nutrition, 2017. 57(14): p. 3084-
3103.

106. Deka, H., A. Choudhury, and B.K. Dey, An overview on plant derived phenolic 
compounds and their role in treatment and management of diabetes. Journal of 
pharmacopuncture, 2022. 25(3): p. 199.

107. Salau, V.F., et al., Ferulic acid improves glucose homeostasis by modulation of 
key diabetogenic activities and restoration of pancreatic architecture in diabetic 
rats. Fundam Clin Pharmacol, 2023. 37(2): p. 324-339.

108. Li, X., et al., Use of Ferulic Acid in the Management of Diabetes Mellitus and Its 
Complications. Molecules, 2022. 27(18).



133

109. Park, J.E. and J.S. Han, Ferulic acid improves palmitate-induced insulin 
resistance by regulating IRS-1/Akt and AMPK pathways in L6 skeletal muscle 
cells. Toxicology Research, 2024. 13(6): p. tfae197.

110. Akhlaghipour, I., et al., How caffeic acid and its derivatives combat diabetes and 
its complications: A systematic review. Journal of Functional Foods, 2023. 110: p. 
105862.

111. Salau, V.F., et al., Caffeic acid regulates glucose homeostasis and inhibits 
purinergic and cholinergic activities while abating oxidative stress and 
dyslipidaemia in fructose-streptozotocin-induced diabetic rats. Journal of 
Pharmacy and Pharmacology, 2022. 74(7): p. 973-984.

112. Yan, Y., et al., Use of chlorogenic acid against diabetes mellitus and its 
complications. Journal of Immunology Research, 2020. 2020(1): p. 9680508.

113. Yan, Y., et al., Use of Chlorogenic Acid against Diabetes Mellitus and Its 
Complications. J Immunol Res, 2020. 2020: p. 9680508.

114. Shanak, S., et al., Drug Discovery of Plausible Lead Natural Compounds That 
Target the Insulin Signaling Pathway: Bioinformatics Approaches. Evid Based 
Complement Alternat Med, 2022. 2022: p. 2832889.

115. Shimsa, S., S. Mondal, and S. Mini, Syringic acid: A promising phenolic 
phytochemical with extensive therapeutic applications. R&D of Functional Food 
Products, 2024. 1(5): p. 1-14.

116. Srinivasulu, C., et al., Syringic acid (SA)‒a review of its occurrence, biosynthesis, 
pharmacological and industrial importance. Biomedicine & Pharmacotherapy, 
2018. 108: p. 547-557.

117. Deka, H., A. Choudhury, and B.K. Dey, An Overview on Plant Derived Phenolic 
Compounds and Their Role in Treatment and Management of Diabetes. J 
Pharmacopuncture, 2022. 25(3): p. 199-208.

118. Singh, B., et al., Protective effect of vanillic acid against diabetes and diabetic 
nephropathy by attenuating oxidative stress and upregulation of NF-κB, TNF-α 
and COX-2 proteins in rats. Phytother Res, 2022. 36(3): p. 1338-1352.

119. Ghasemzadeh Rahbardar, M., G.A. Ferns, and M. Ghayour Mobarhan, Vanillic 
acid as a promising intervention for metabolic syndrome: Preclinical studies. 
Iranian Journal of Basic Medical Sciences, 2025. 28(2): p. 141-150.

120. Gao, Y., et al., Effects of D-pinitol on insulin resistance through the PI3K/Akt 
signaling pathway in type 2 diabetes mellitus rats. Journal of agricultural and food 
chemistry, 2015. 63(26): p. 6019-6026.

121. Field, C.J. and L. Robinson, Dietary fats. Advances in Nutrition, 2019. 10(4): p. 
722-724.

122. Sears, B. and M. Perry, The role of fatty acids in insulin resistance. Lipids in 
health and disease, 2015. 14(1): p. 121.

123. Bassalat, N., et al., In vivo and in vitro antidiabetic efficacy of aqueous and 
methanolic extracts of Orthosiphon stamineus benth. Pharmaceutics, 2023. 
15(3): p. 945.

124. Mahajna, S., et al., In Vitro Evaluation of Chemically Analyzed Hypericum 
Triquetrifolium Extract Efficacy in Apoptosis Induction and Cell Cycle Arrest of the 
HCT-116 Colon Cancer Cell Line. Molecules, 2019. 24(22).

125. Kadan, S., et al., Gundelia tournefortii: Fractionation, chemical composition and 
GLUT4 translocation enhancement in muscle cell line. Molecules, 2021. 26(13): 
p. 3785.

126. Kruger, N.J., The Bradford method for protein quantitation. The protein protocols 
handbook, 2009: p. 17-24.



134

127. Towbin, H., T. Staehelin, and J. Gordon, Electrophoretic transfer of proteins from 
polyacrylamide gels to nitrocellulose sheets: procedure and some applications. 
Proceedings of the national academy of sciences, 1979. 76(9): p. 4350-4354.

128. Zhang, H., et al., An optimized TRIzol-based method for isolating RNA from 
adipose tissue. Biotechniques, 2023. 74(5): p. 203-209.

129. Ostheim, P., et al., Examining potential confounding factors in gene expression 
analysis of human saliva and identifying potential housekeeping genes. Scientific 
reports, 2022. 12(1): p. 2312.

130. Zhao, P., et al., Ethanolic extract of folium sennae mediates the glucose uptake 
of L6 cells by GLUT4 and Ca2+. Molecules, 2018. 23(11): p. 2934.

131. Adisakwattana, S., et al., Evaluation of α-glucosidase, α-amylase and protein 
glycation inhibitory activities of edible plants. International Journal of Food 
Sciences and Nutrition, 2010. 61(3): p. 295-305.

132. Kim, Y.-M., M.-H. Wang, and H.-I. Rhee, A novel α-glucosidase inhibitor from pine 
bark. Carbohydrate research, 2004. 339(3): p. 715-717.

133. Galicia-Garcia, U., et al., Pathophysiology of type 2 diabetes mellitus. 
International journal of molecular sciences, 2020. 21(17): p. 6275.

134. Salehi, B., et al., Antidiabetic potential of medicinal plants and their active 
components. Biomolecules, 2019. 9(10): p. 551.

135. Kadan, S., et al., In vitro evaluations of cytotoxicity of eight antidiabetic medicinal 
plants and their effect on GLUT4 translocation. Evidence‐Based Complementary 
and Alternative Medicine, 2013. 2013(1): p. 549345.

136. Kadan, S., et al., In vitro evaluation of anti-diabetic activity and cytotoxicity of 
chemically analysed Ocimum basilicum extracts. Food chemistry, 2016. 196: p. 
1066-1074.

137. Ebadpour, N., et al., Mechanistic insights into postbiotics as therapeutic agents in 
type 2 diabetes management. Naunyn-Schmiedeberg's Archives of 
Pharmacology, 2025: p. 1-16.

138. Yang, L., et al., Uncovering antiobesity-related hypertension targets and 
mechanisms of metformin, an antidiabetic medication. Bioengineered, 2021. 
12(1): p. 4757-4767.

139. Amirato, G.R., et al., L-glutamine supplementation enhances strength and power 
of knee muscles and improves glycemia control and plasma redox balance in 
exercising elderly women. Nutrients, 2021. 13(3): p. 1025.

140. Basalat N., K.S., Melamed S., Tietel Z., Zaid Z., Barriah W., Abu Arra Z., 
AlSharabaty H., Sébastien Blaise and Zaid H., In Vitro Evaluation of the Anti-
Diabetic Activity of Chemically Analyzed Abelmoschus Esculentus Extracts. 
Natural Product Communications, 2025.

141. Abbas, Z.K., et al., Phytochemical, antioxidant and mineral composition of 
hydroalcoholic extract of chicory (Cichorium intybus L.) leaves. Saudi journal of 
biological sciences, 2015. 22(3): p. 322-326.

142. Lee, H. and J. Lee, Anti‐diabetic effect of hydroxybenzoic acid derivatives in free 
fatty acid‐induced HepG2 cells via miR‐1271/IRS1/PI3K/AKT/FOXO1 pathway. 
Journal of Food Biochemistry, 2021. 45(12): p. e13993.

143. Naz, R., et al., Food polyphenols and type II diabetes mellitus: pharmacology and 
mechanisms. Molecules, 2023. 28(10): p. 3996.

144. Eray, N., D.İ. Kartal, and İ. Çelik, Antioxidant properties of Cichorium intybus 
L.(chicory) extracts and their cytotoxic effects on HepG2 cells. Yuzuncu Yıl 
University Journal of Agricultural Sciences, 2020. 30(3): p. 444-453.



135

145. Hafeez, M., et al., Antioxidant, Antimicrobial and Cytotoxic Potential of 
Abelmoschus esculentus. Chemical and Biomolecular Engineering, 2020. 5(4): p. 
69.

146. Caparica, R., et al., In vitro cytotoxicity assessment of ferulic, caffeic and p-
coumaric acids on human renal cancer cells.

147. KABAKAŞ, H.Ö., et al., THE CYTOTOXIC EFFECT OF BENZOIC ACID ON TEN 
DIFFERENT CANCER CELL LINES.

148. Martiniakova, M., et al., Protective role of dietary polyphenols in the management 
and treatment of type 2 diabetes mellitus. Nutrients, 2025. 17(2): p. 275.

149. Nasimi Doost Azgomi, R., et al., A comprehensive mechanistic and therapeutic 
insight into the effect of chicory (Cichorium intybus) supplementation in diabetes 
mellitus: A systematic review of literature. International Journal of Clinical 
Practice, 2021. 75(12): p. e14945.

150. Ansari, P., et al., Pharmacologically active phytomolecules isolated from 
traditional antidiabetic plants and their therapeutic role for the management of 
diabetes mellitus. Molecules, 2022. 27(13): p. 4278.

151. Helmy, S.A., et al., Antidiabetic Effect of Combined Leaf Extracts of Portulaca 
oleracea L., Beta vulgaris L., and Cichorium intybus L. in Streptozotocin-Induced 
Diabetic Rats. Journal of Medicinal Food, 2024. 27(4): p. 339-347.

152. Kadan, S., et al., Gundelia tournefortii antidiabetic efficacy: Chemical 
composition and GLUT4 translocation. Evidence‐Based Complementary and 
Alternative Medicine, 2018. 2018(1): p. 8294320.

153. Nasrollahi, Z., et al., Effect of quercetin and Abelmoschus esculentus (L.) 
Moench on lipids metabolism and blood glucose through AMPK‐α in diabetic rats 
(HFD/STZ). Journal of Food Biochemistry, 2022. 46(12): p. e14506.

154. Nasrollahi, Z., et al., Abelmoschus esculentus (L.) Moench improved blood 
glucose, lipid, and down‐regulated PPAR‐α, PTP1B genes expression in diabetic 
rats. Journal of Food Biochemistry, 2022. 46(7): p. e14097.

155. Al-Joudeh, S.A.S., Abelmoschus Esculentus, Hypericum Triquetrifolium, Ocimum 
Basilicum, and Gundelia Tournefortii Antidiabetic Plants Extract Regulates the 
Expression of Genes Involved in Glucose Uptake and Insulin Signaling Cascade 
in L6 myc GLUT4 Rat’s Cells. 2025. رسالة ماجستير , AAUP.

156. Liao, Z., et al., Polysaccharide from okra (Abelmoschus esculentus (L.) Moench) 
improves antioxidant capacity via PI3K/AKT pathways and Nrf2 translocation in a 
type 2 diabetes model. Molecules, 2019. 24(10): p. 1906.

157. Singh, R. and K.K. Chahal, Cichorium intybus L: A review on phytochemistry and 
pharmacology. International Journal of Chemical Studies, 2018. 6(3): p. 1272-80.

158. Kanj, D., et al., Phytochemical compounds of Cichorium intybus by exploring its 
antioxidant and antidiabetic activities. Pharmacognosy Journal, 2019. 11(2).

159. Al Mamari, H.H., Phenolic compounds: Classification, chemistry, and updated 
techniques of analysis and synthesis, in Phenolic compounds-chemistry, 
synthesis, diversity, non-conventional industrial, pharmaceutical and therapeutic 
applications. 2021, IntechOpen.

160. Muronetz, V.I., et al., Natural and synthetic derivatives of hydroxycinnamic acid 
modulating the pathological transformation of amyloidogenic proteins. Molecules, 
2020. 25(20): p. 4647.

161. Shoelson, S.E., J. Lee, and M. Yuan, Inflammation and the IKKβ/IκB/NF-κB axis 
in obesity-and diet-induced insulin resistance. International journal of obesity, 
2003. 27(3): p. S49-S52.



136

162. Tanti, J.-F. and J. Jager, Cellular mechanisms of insulin resistance: role of stress-
regulated serine kinases and insulin receptor substrates (IRS) serine 
phosphorylation. Current opinion in pharmacology, 2009. 9(6): p. 753-762.

163. Egawa, T., et al., Caffeine modulates phosphorylation of insulin receptor 
substrate-1 and impairs insulin signal transduction in rat skeletal muscle. Journal 
of Applied Physiology, 2011. 111(6): p. 1629-1636.

164. Prabhakar, P.K. and M. Doble, Synergistic effect of phytochemicals in 
combination with hypoglycemic drugs on glucose uptake in myotubes. 
Phytomedicine, 2009. 16(12): p. 1119-1126.

165. Ong, K.W., A. Hsu, and B.K.H. Tan, Chlorogenic acid stimulates glucose 
transport in skeletal muscle via AMPK activation: a contributor to the beneficial 
effects of coffee on diabetes. PloS one, 2012. 7(3): p. e32718.

166. Prasad, C.V., et al., Gallic acid induces GLUT4 translocation and glucose uptake 
activity in 3T3-L1 cells. FEBS letters, 2010. 584(3): p. 531-536.

167. Pu, J., et al., Palmitic acid acutely stimulates glucose uptake via activation of Akt 
and ERK1/2 in skeletal muscle cells. Journal of lipid research, 2011. 52(7): p. 
1319-1327.

168. Nugent, C., et al., Arachidonic acid stimulates glucose uptake in 3T3-L1 
adipocytes by increasing GLUT1 and GLUT4 levels at the plasma membrane: 
Evidence for involvement of lipoxygenase metabolites and peroxisome 
proliferator-activated receptor γ. Journal of Biological Chemistry, 2001. 276(12): 
p. 9149-9157.

169. Thode, J., et al., Palmitic acid stimulates glucose incorporation in the adipocyte 
by a mechanism likely involving intracellular calcium. Journal of Lipid Research, 
1989. 30(9): p. 1299-1305.

170. Qiu, T., et al., Obesity-induced elevated palmitic acid promotes inflammation and 
glucose metabolism disorders through GPRs/NF-κB/KLF7 pathway. Nutrition & 
diabetes, 2022. 12(1): p. 23.

171. Ottanà, R., et al., Discovery of 4-[(5-arylidene-4-oxothiazolidin-3-yl) methyl] 
benzoic acid derivatives active as novel potent allosteric inhibitors of protein 
tyrosine phosphatase 1B: In silico studies and in vitro evaluation as 
insulinomimetic and anti-inflammatory agents. European Journal of Medicinal 
Chemistry, 2017. 127: p. 840-858.

172. Manning, B.D. and A. Toker, AKT/PKB signaling: navigating the network. Cell, 
2017. 169(3): p. 381-405.

173. Cho, H., et al., Insulin resistance and a diabetes mellitus-like syndrome in mice 
lacking the protein kinase Akt2 (PKBβ). Science, 2001. 292(5522): p. 1728-1731.

174. Kuo, Y.-Y., et al., Caffeic acid phenethyl ester is a potential therapeutic agent for 
oral cancer. International journal of molecular sciences, 2015. 16(5): p. 10748-
10766.

175. Park, J.-E. and J.-S. Han, Improving the effect of ferulic acid on inflammation and 
insulin resistance by regulating the JNK/ERK and NF-κB pathways in TNF-α-
treated 3T3-L1 adipocytes. Nutrients, 2024. 16(2): p. 294.

176. Hsu, F.-L., Y.-C. Chen, and J.-T. Cheng, Caffeic acid as active principle from the 
fruit of xanthiumstrumarium to lower plasma glucose in diabetic rats. Planta 
medica, 2000. 66(03): p. 228-230.

177. Ohnishi, M., et al., Antioxidant activity and hypoglycemic effect of ferulic acid in 
STZ‐induced diabetic mice and KK‐Ay mice. Biofactors, 2004. 21(1‐4): p. 315-
319.



137

178. Patel, S.S. and R.K. Goyal, Cardioprotective effects of gallic acid in diabetes-
induced myocardial dysfunction in rats. Pharmacognosy research, 2011. 3(4): p. 
239.

179. Chao, J., et al., Gallic acid ameliorated impaired glucose and lipid homeostasis in 
high fat diet-induced NAFLD mice. PloS one, 2014. 9(6): p. e96969.

180. Gandhi, G.R., et al., Gallic acid attenuates high-fat diet fed-streptozotocin-
induced insulin resistance via partial agonism of PPARγ in experimental type 2 
diabetic rats and enhances glucose uptake through translocation and activation 
of GLUT4 in PI3K/p-Akt signaling pathway. European journal of pharmacology, 
2014. 745: p. 201-216.

181. Ahad, A., et al., Gallic acid ameliorates renal functions by inhibiting the activation 
of p38 MAPK in experimentally induced type 2 diabetic rats and cultured rat 
proximal tubular epithelial cells. Chemico-biological interactions, 2015. 240: p. 
292-303.

182. Gayathri, M. and K. Kannabiran, Antidiabetic activity of 2-hydroxy 4-methoxy 
benzoic acid isolated from the roots of Hemidesmus indicus on streptozotocin-
induced diabetic rats. International Journal of Diabetes and Metabolism, 2009. 
17(2): p. 53-57.

183. Nie, W., et al., Stearic acid prevent alcohol-induced liver damage by regulating 
the gut microbiota. Food Research International, 2022. 155: p. 111095.

184. Takato, T., et al., Chronic administration of myristic acid improves hyperglycaemia 
in the Nagoya–Shibata–Yasuda mouse model of congenital type 2 diabetes. 
Diabetologia, 2017. 60(10): p. 2076-2083.

185. Yang, Z.-H., H. Miyahara, and A. Hatanaka, Chronic administration of palmitoleic 
acid reduces insulin resistance and hepatic lipid accumulation in KK-Ay Mice with 
genetic type 2 diabetes. Lipids in Health and disease, 2011. 10(1): p. 120.



138

Acknowledgements
I would like to express my deepest gratitude to my supervisors, Prof. Jörg Labahn 
and Prof. Hilal Zaid, for their invaluable guidance, continuous support, and 

insightful feedback throughout the course of this PhD study. Their scientific 

expertise, patience, and encouragement played a crucial role in shaping this 

research and in my academic development. I am sincerely thankful for the time, 

effort, and dedication they invested in supervising my work.

I am profoundly grateful to my family for their unconditional love, understanding, 

and constant encouragement. Their belief in me provided strength and motivation 

during challenging times, and this achievement would not have been possible 

without their support.

I would also like to thank my friends  and colleagues for their kindness, motivation, 

and moral support throughout this journey. Their encouragement, helpful 

discussions, and shared experiences made this PhD a more enriching and 

memorable experience.

Additionally, I am grateful to my colleague Mahmoud Shehab for his assistance 

with my personal life here in Germany.

Finally, I extend my appreciation to everyone who contributed directly or indirectly 

to the completion of this thesis.



139

Zusammenfassung



140



141



142

                                          Erklärung

Ort,  Datum                       ________________________

                                                  Najlaa Bassalat

                                                  11-02-2026


