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This work was divided into three study phases: the two-phase randomized 

controlled clinical trials and proteomics study. First, the phase I clinical trial aimed to 

determine efficacy and safety of mulberry leaves on postprandial glucose following the 50-

g sucrose ingestion in healthy nondiabetic adults and to explore the optimal administered 

dose of 1-deoxynojirimycin (DNJ), the major antihyperglycemic compound of mulberry 

leaves. The results showed the alleviation of postprandial hyperglycemia by mulberry 

leaves in a dose-dependent fashion. Adverse effects of mulberry leaves included bloating 

and flatulence, loose stool, and nausea. In addition, 12 mg of DNJ was considered the 

optimal dose defined by the clinically effective dose with the minimal side effects. Second, 

the phase II clinical trial was conducted to determine efficacy and safety of the long-term 

administration of mulberry leaves on glycemic control in patients with obesity and patients 

with type 2 diabetes. Daily administration of mulberry leaves containing 12 mg of DNJ 

thrice daily before meals resulted in the improvement in glycemic control as well as insulin 

sensitivity in the mulberry leaves-treated group; however, there was no difference between 

the treatment group and the control. Moreover, mulberry leaves were capable of reducing 

blood lipids when compared with the control group. Our study did not observe the changes 

in hepatic and renal function by mulberry leaves administration. Nonetheless, it caused 

bloating and flatulence, loose stool, and constipation. Last, effects of mulberry leaves on 

expressions of plasma proteins of persons who enrolled the phase II clinical study were 

further determined using proteomics analysis. In response to mulberry leaves treatment, the 

analysis found modulation in expressions of proteins involved in metabolic regulation, 

extracellular matrix constituents and organization, immunity, and inflammatory response. 
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CHAPTER I 

INTRODUCTION 

 

1.1 Background and rationale 

Type 2 diabetes is one of the most challenging public health problems in 

recent decades. Persistent hyperglycemia, the major manifestation of diabetes, leads 

to life-threatening complications and related mortality [1-3]. Over 600 million adults 

worldwide predict to have type 2 diabetes in the next 25 years [4]. In addition to the 

rapidly growing prevalence, type 2 diabetes imposes substantially high economic 

costs in the health care system [5]. Beyond optimizing glycemic control in known 

diabetic patients, clinical management nowadays focuses on preventing and delaying 

the disease onset in persons at high risk of type 2 diabetes to limit the numbers of new 

diabetic cases [6, 7]. 

Prediabetes, also known as intermediate hyperglycemia [8], refers to a 

crucially high-risk state for the development of type 2 diabetes [7]. It is an ongoing 

stage of insulin resistance and β-cell dysfunction, which are the key defects in glucose 

homeostasis in type 2 diabetes [9], and related to metabolic syndromes and 

cardiovascular events [8]. It is documented that impaired glucose metabolism in 

prediabetes could be reversed to normal condition by proper therapeutic approaches. 

Strategies that improve insulin sensitivity and preserve β-cell function would be the 

cornerstone for the management of prediabetes [8, 9]. 

Development of prediabetes as well as type 2 diabetes results from an 

integration of genetic susceptibility and environmental factors [6]. Obesity, poor 

eating habits, and sedentary lifestyle can be corrected in order to lessen individual 

diabetic risk [10, 11]. Obesity is established as the most crucial risk factor for insulin 

resistance and the fundamental of metabolic disturbance [12]. Obese persons are 

almost 10 times more likely to develop type 2 diabetes than lean persons [13]. 

Worldwide prevalence of obesity is projected to be dramatic in parallel with the 

growing of type 2 diabetes as well as metabolic syndrome and cardiovascular diseases 

[13, 14]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 2 

Poor eating habits are also the leading cause of prediabetes and type 2 diabetes 

in modern society [14, 15]. Carbohydrate-rich foods and high glycemic index 

carbohydrates directly aggravate postprandial hyperglycemia, which is an 

independent risk factor for diabetic complications and cardiovascular diseases [15, 

16]. Moreover, chronic stimulation of insulin secretion by carbohydrate-rich diets 

provokes β-cell disruption [14]. Asian meals commonly have a greater proportion of 

carbohydrates with a higher glycemic index when compare with Western foods. For 

example, white rice is considered a staple food of Asians. A robust association 

between white rice consumption and an increased diabetic risk was found in previous 

meta-analyses [17, 18]. Moreover, regarding genetic disposition, Southeast Asians 

populations had the higher severity of postprandial hyperglycemia and impaired 

glucose metabolism in relative to people in other regions [19]. 

Several approaches intervene the progression of prediabetes in different 

populations. Two large randomized controlled trials showed that intensive lifestyle 

intervention including weight reduction, eating healthy diets, and increased physical 

activity decreased the risk for type 2 diabetes by 58% in individuals who were 

diagnosed with prediabetes [10, 11]. Its advantages are easily accessible and 

affordable, but long-term maintenance of lifestyle modification remains challenging 

in the real life. Pharmacotherapy also exhibited favorable effects on diabetic risk [2]. 

Alpha-glucosidase inhibitor is one of many drug classes that effectively prevent the 

development of type 2 diabetes. Acarbose and voglibose reduced the rate of type 2 

diabetes by 25% and 40%, respectively, in persons with prediabetes [20, 21]. The 

drugs suppressed postprandial hyperglycemia through their major mechanism of 

action, resulting in the better control in A1C [22]. Acarbose also alleviated excessive 

insulin secretion, β-cell disruption, and impaired vascular homeostasis and 

coagulation that involved in metabolic disturbance [23-25]. Furthermore, acarbose 

lowered the risk for cardiovascular events by 35% in patients with type 2 diabetes 

[26]. These suggest rationales for consideration of α-glucosidase inhibitors in the 

management of prediabetes. Nonetheless, the synthetic α-glucosidase inhibitors 

caused significant gastrointestinal events such as flatulence, diarrhea, and abdominal 

pain [27],  contributing to the high discontinuation rate in clinical and surveillance 

studies [22, 28].  
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Mulberry (Morus spp.; family Moraceae) is a multi-functional plant widely 

distributed in Asian countries. Leaves of mulberry play the important role in 

sericulture industry because it is the only food of silkworm. In addition, they are 

known as traditional medicine and functional food with no report of toxicity and 

serious adverse event. Mulberry leaves contain a cluster of bioactive compounds such 

as alkaloids, phenolic acids, and flavonoids [29]. 1-deoxynojirimycin (DNJ) is the 

most notable antihyperglycemic agent of mulberry leaves exhibiting an inhibitory 

effect on -glucosidase enzymes, resulting in the decrease in postprandial plasma 

glucose (PPG) [30]. Mulberry leaves have been therefore gained the attention as a 

natural source of a promising -glucosidase inhibitor. 

Antihyperglycemic efficacy of mulberry leaves is widely demonstrated in 

clinical trials. A single administration of mulberry leaves attenuated postprandial 

hyperglycemia during carbohydrate tolerance test [31-33]. Furthermore, daily 

supplementation of mulberry leaves improved glycemic control in persons with 

prediabetes and poorly controlled patients with type 2 diabetes [32, 34, 35]. Mulberry 

leaves reduced fasting plasma glucose (FPG) and increased 1,5-anhydroglucitol (1,5-

AG). The level of glycated hemoglobin (A1C) tended to be improved by mulberry 

leaves treatment [34]. Mulberry leaves also ameliorated the impairments in glucose 

homeostasis in several pathways: reversing insulin resistance [36], suppressing 

hepatic gluconeogenesis [37-39], and restoring β-cell viability [40, 41]. In terms of 

safety, mulberry leaves are safe and well tolerated with the most common side effects 

including gastrointestinal discomfort [34, 35]. As a result, mulberry leaves could have 

potentials for glycemic control and delay the progression of type 2 diabetes. 

To date, there are difficulties in the implementation of mulberry leaves in 

evidence-based practice. First, antihyperglycemic effect of mulberry leaves against 

postprandial hyperglycemia has been well established; however, it is questionable 

whether mulberry leaves can effectively reduce the concentrations of FPG and A1C 

[32, 34, 35]. Second, mulberry leaves can improve insulin sensitivity [36-39] and 

preserve β-cell function in animals [40, 41], yet these effects have not been 

determined in clinical trials. Third, beyond the direct lowering effect on postprandial 

glucose, little is known about mechanisms of action of mulberry leaves on glucose 
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and insulin homeostasis at the molecular level, particularly in human. Fourth, the 

optimal dose of mulberry DNJ was clearly defined in few studies [32, 33, 35]. In 

general, the effective dose of administration was mainly considered based on the 

glucose-lowering effectiveness, but not the safety issues. It remains unclear whether 

the dosage regimen is safe and tolerable in the long-term use. Last, a huge variation in 

response to -glucosidase inhibitors regarding the different eating habits and ethnicity 

was reported [27, 42]. A greater magnitude of reduction in PPG by acarbose was 

observed in persons who consume Eastern foods than those consuming Western ones 

[43]. In addition, the Southeast Asian population is more likely to have high PPG and 

insulin resistance than other ethnic groups eating the same foods [44]. At present, 

there has been no study investigating effects of mulberry leaves on glycemic 

responses in Southeast Asians, including Thai population.  

The ultimate purpose of this work is to highlight potentials of the product 

derived from mulberry leaves, an easily accessible medicinal plant in Thailand, for the 

management of type 2 diabetes, particularly for the early phases of the disease. Two 

randomized controlled clinical studies were consecutively conducted. First, a multi-

dose study was performed in order to explore the optimal dose of mulberry DNJ as 

defined by the effective dose with minimal adverse effects. This study also aimed to 

ensure efficacy and safety of our mulberry leaf product as a preliminary data for the 

further clinical investigations. Second, a 12-week, two-parallel group study was 

conducted to determine efficacy and safety of daily mulberry leaves supplementation 

on glycemic control and insulin resistance profile in Thai adults who had impaired 

glucose metabolism, including obese persons with prediabetes and patients with early-

stage type 2 diabetes. Beyond clinical outcomes evaluation, effect of mulberry leaves 

on plasma protein expression was also evaluated using proteomic analysis in order to 

better understand the possible molecular mechanisms of action of mulberry leaves 

against metabolic impairments in prediabetes and type 2 diabetes. 
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1.2 Objectives 

Study I 

1. To determine efficacy of mulberry leaves on lowering postprandial 

hyperglycemia in response to carbohydrate load in healthy non-diabetic adults 

2. To determine safety of mulberry leaves in healthy non-diabetic adults 

3. To explore the optimal dose of mulberry DNJ on lowering postprandial 

hyperglycemia in response to carbohydrate load 

Study II 

 1. To determine efficacy of mulberry leaves on glycemic control in obese 

persons who have prediabetes and patients with early-stage type 2 diabetes regarding 

effects on the following variables; 

  (i) PPG excursion over 2 hours following the standard 75-g OGTT 

  (ii) A1C 

  (iii) FPG 

(iv) Insulin resistance: FPI and HOMA-IR 

 2. To determine effects of mulberry leaves on lipid profiles in obese persons 

who have prediabetes and patients with early-stage type 2 diabetes regarding effects 

on the following variables; 

  (i) Total cholesterol (TC) 

  (ii) Triglycerides (TG) 

  (iii) High-density lipoprotein cholesterol (HDL-C) 

  (iv) Low-density lipoprotein cholesterol (LDL-C) 

3. To determine effects of mulberry leaves on anthropometric profiles (body 

weight, waist circumference, and body mass index; BMI) in obese persons who have 

prediabetes and patients with early-stage type 2 diabetes 
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4. To determine possible adverse events of the daily mulberry leaves 

supplementation in obese persons who have prediabetes and patients with early-stage 

type 2 diabetes regarding effects on the following variables; 

   (i) Hepatic function: aspartate aminotransferase (AST) and alanine 

aminotransferase (ALT) 

 (ii) Renal function: serum creatinine (Cr) 

 (iii) Self-report adverse events 

Study III 

To determine effects of mulberry leaves on protein expression in plasma of 

obese persons who have prediabetes and patients with early-stage type 2 diabetes 

using proteomic analysis 

 

1.3 Benefits of this study 

1. Provides additional information about potentials of mulberry leaves and 

mulberry DNJ for the management of prediabetes and type 2 diabetes 

1.1 Verifies the optimal dose of mulberry DNJ for the long-term 

administration 

1.2 Verifies glucose-lowering effect of mulberry leaves against the 

elevated PPG, A1C and FPG concentration 

1.3 Suggests modulating effects of mulberry leaves on glucose 

intolerance and insulin resistance 

1.4 Suggests the possible molecular mechanisms of action of mulberry 

leaves 

 2. Highlights the promising roles of Asian medicinal plant in evidence-based 

practice for diabetes management 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER II 

LITERATURE REVIEW 

 

Content of the review 

2.1 Prediabetes and type 2 diabetes 

2.2 Postprandial hyperglycemia 

2.3 Evaluation of glycemic control and insulin resistance 

2.4 Determination of protein expression using proteomic analysis 

2.5 Evidence-based medicinal plants in the management of prediabetes and 

type 2 diabetes 

2.6 Mulberry leaves 

 

2.1 Prediabetes and type 2 diabetes 

2.1.1 Overview 

Type 2 diabetes is one of the most common non-communicable diseases (NCD) 

and ranked the seventh leading cause of death [1]. The disease is associated with the 

dysregulation of glucose metabolism, leading to persistent hyperglycemia [3]. 

Prolonged uncontrolled hyperglycemia subsequently causes morbidity and mortality 

because of irreversible dysfunction and failure of several vital organs including eyes, 

nerves, kidneys, and blood vessels [3]. These clinical consequences diminish quality 

of life of diabetic patients inevitably [45]. 

The global prevalence of type 2 diabetes has been rising at alarming rate. It is 

estimated that 415 million of adults were living with diabetes and the numbers of the 

patients could be reach to 640 million in the next 25 years [4]. In Thai population, the 

prevalence of type 2 diabetes was comparable to the projection of diabetes worldwide. 
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The recent National Health Examination Survey (NHES) reported the increasing 

prevalence from 7.0% in 2004 to 9.7% in 2014 among Thai adults aged over 20 years 

[46]. The survey additionally showed that 40% of these patients remained 

undiagnosed and were not treated properly [46]. It is noteworthy that the diabetes 

prevalence varies across the different geographical areas and socioeconomic statuses. 

An increasing trend of type 2 diabetes remains observed in developing countries [47]. 

In parallel with the dramatic growth of disease prevalence, health care related costs of 

type 2 diabetes have been rising over years. In 2017, the total national estimated cost 

of diabetes was $327 billion in the United States (U.S.), which was 26% higher than 

the costs in the past five years [5]. 

Prediabetes  is a medical condition refers to an intermediate stage between 

normal glucose metabolism and type 2 diabetes [7]. Individuals with prediabetes are 

at high risk of developing type 2 diabetes. Approximately 70% of those with 

prediabetes can progress to type 2 diabetes [48]. It is one of the independent risk 

factors of microvascular- and macrovascular complications [45]. One-tenth of 

prediabetic patients had retinopathy, nephropathy, and neuropathy even signs and 

symptoms of diabetes are not yet present [9]. Furthermore, prediabetes is strongly 

associated with metabolic syndromes, including insulin resistance, abdominal obesity, 

dyslipidemia, and hypertension [8]. It has been hypothesized that the mild 

impairments in glucose metabolism in prediabetes can be cured. Considerations of the 

early detection and treatment for prediabetes are well evident because it provides 

benefits on prevention and delaying the onset of type 2 diabetes [6, 7].  

The prevalence of prediabetes is largely epidemic in alignment with the trend of 

type 2 diabetes. A recent estimation showed that 352 million adults worldwide at the 

age of 20 to 79 years had prediabetes [49]. More than 400 million adults are predicted 

to develop prediabetes in 2030 [49]. In similar, 8.2 million Thais aged over 15 years 

were classified as prediabetes in 2014 [50]. 

2.1.2 Pathophysiology and pathogenesis 

Type 2 diabetes is a multifactorial disease involved multi-organ dysfunction [3]. 

Insulin resistance and pancreatic β-cell dysfunction are well established as the major 
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pathophysiology of the disease [2, 3]. Defects in glucose metabolism silently and 

gradually develops at the molecular level for years before the overt diabetes can be 

diagnosed [3]. In other words, the early phases of type 2 diabetes are commonly 

asymptomatic; nonetheless, the disease progression is irreversible and endless [2, 9]. 

The significant signs and symptoms of diabetes are detected when the impairments 

extremely worsen [9]. 

Liver, skeletal muscle, and adipocytes are the peripheral target of insulin and 

the vital components of metabolic regulation [3]. Hepatic cells take part in glucose 

storage, gluconeogenesis, and glucose liberation under the regulations of insulin and 

glucagon in order to normalize the basal blood glucose level during the fasting state 

[3, 9]. Meanwhile, skeletal muscle and adipocytes are responsible for glucose 

clearance from blood circulation. In response to the increased blood glucose after 

meals, the processes of glucose uptake in skeletal muscle and adipocytes are up-

regulated to alleviate postprandial hyperglycemia [8, 9]. Moreover, adipose tissue is 

the key source of adipocytokine production, which significantly involved in various 

metabolic controls and inflammatory responses [51].  

Dysregulation and dysfunction of these metabolic tissues play the central roles 

in the development of insulin resistance and the subsequent β-cell dysfunction, which 

are well established as the major pathophysiology of type 2 diabetes [2, 3]. Insulin 

resistance, an insufficient response of the insulin-target tissues to insulin, is the 

hallmark of prediabetes and the early stage of diabetes [3]. Hepatic insulin resistance 

contributes to fasting hyperglycemia due to glucose dysregulation during basal state 

[52]. Meanwhile, the impairments in glucose uptake into the resistant skeletal muscle 

and adipocytes lead to postprandial hyperglycemia [9]. Figure 1 demonstrates the 

development and progression of prediabetes and type 2 diabetes. When insulin 

sensitivity of the target cells slightly diminishes, healthy β-cells are able to 

compensate by increasing the cell mass and insulin production in order to maintain 

normoglycemic condition [8, 9]. Thus, it is general to observe hyperinsulinemia in the 

early stages of type 2 diabetes [52]. Peripheral insulin resistance continuously 

aggravates over time concurrently with the compensatory processes by β-cells. It 

causes β-cells exhaust and no longer fully compensate. In this phase, insulin secretion 
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is not sufficient to regulate blood glucose, contributing to the emerge of mild 

hyperglycemia [9]. After a long period of cellular adaptation, the extremely exhausted 

β-cells are unable to overcome the elevated blood glucose because of the critical loss 

of β-cell mass and function [8, 9]. Consequently, persistent and marked 

hyperglycemia emerges. Moreover, since insulin plays the essential roles in fat and 

fatty acid metabolism, the mentioned circumstances inevitably lead to the 

dysregulation of lipid homeostasis It is not only the root cause of the overt 

dyslipidemia and excessive lipid accumulation, but also lipotoxicity-induced 

metabolic inflammation [53]. 

 

Figure 1 The development and progression of prediabetes and type 2 diabetes 

Various changes at the molecular level have been established as pathogenesis 

of insulin resistance and β-cell dysfunction Herein, we reviewed the underlying 

mechanisms that extensively proposed in scientific studies and summarized in Figure 

2. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 11 

 

Figure 2 Molecular pathogenesis of insulin resistance and β-cell dysfunction¶ (AGE: 

advanced glycation end product; FFA: free fatty acid; ER: endoplasmic reticulum; 

ROS: reactive oxygen species; TLR: Toll-like receptor; JNK: c-Jun N-terminal 

kinase; IKK: inhibitor of nuclear factor-κB kinase; AP-1: activator protein-1; IRS1: 

insulin receptor substrate 1; NF-κB: nuclear factor-κB; PI3K: phosphatidylinositol 3-

kinase; Akt: protein kinase B: mTORC1: mammalian target of rapamycin complex 1) 
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1) Extracellular matrix remodeling 

Persistent hyperglycemia directly aggravates non-enzymatic glycation of blood 

glucose and protein, leading to the formation of advanced glycation end products 

(AGEs) [54]. The deleterious role of AGEs in insulin resistance is that the substances 

vitally affect compositions and organization of extracellular matrix (ECM), which is 

also known as ECM remodeling, in the metabolic tissues [55]. ECM refers to the non-

cellular components that provide structural support to the cells. It is composed of a 

linking network of glycoproteins (i.e. collagens, elastin, laminin, and fibronectin) and 

proteoglycans [56, 57]. ECM is a highly dynamic biological substance. Its 

compositions and structure alter in response to stimuli to maintain cell integrity and 

homeostasis. Furthermore, ECM regulates cellular processes, including cell 

proliferation and cell differentiation. The interactions between ECM molecules and 

cell surface receptors facilitate intercellular communication [57].  

In addition, high fat consumption is another cause of ECM remodeling. Due to 

the excessive lipid storage, the enlarged adipocytes promote ECM production and 

deposition in the cell surface [58]. The structure acts as a physical barrier for 

angiogenesis that decreases blood supply to the cells and results in adipocyte necrosis, 

which is the leading cause of adipocytokine dysregulation [58, 59]. Also, 

dysregulation of ECM organization serves as the trigger of innate immune system. It 

induces macrophage infiltration into the cells, contributing to the elevated 

inflammatory responses. The elevation of inflammatory mediators subsequently 

impair insulin signaling of insulin receptor substrate (IRS)-1 and cause insulin 

resistance [54, 55, 58].  

Previous studies observed the massive alterations in structural components and 

excessive deposition of ECM in liver, skeletal muscle, and adipose tissue during the 

development of insulin resistance and type 2 diabetes in animals and human [58-60]. 

The findings indicate the strong association between ECM remodeling and metabolic 

impairments. 
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2) Pattern recognition proteins and inflammasome 

Besides ECM remodeling, there are several factors taking the important parts in 

the immune activation that related to insulin resistance and β-cell dysfunction. It has 

been established that the development of insulin resistance is linked to innate immune 

system via the overexpression of pattern recognition proteins, particularly Toll-like 

receptor (TLR)-4, and inflammasome. TLR-4 is the transmembrane protein sensor 

detecting lipopolysaccharides and lipopeptides derived from the elevated body fat and 

blood glucose and microbial pathogens [61, 62]. Meanwhile, inflammasome, also 

known as NOD-like receptor protein (NLRP), refers to the complex of intracellular 

proteins located in the cytoplasm of immune cells. Studies showed that free fatty acid 

(FFA), ceramides, and hyperglycemia are considered the major triggers of TLR-4 and 

inflammasome responses [62-64]. In general, to maintain cellular homeostasis, 

oligomerization of pattern recognition proteins and the NACHT, LRR and PYD 

domains-containing protein 3 (NLRP3) of the inflammasome complex activates 

immune system [65]. However, the overinduction of pattern recognition proteins and 

inflammasome pathways causes tissue inflammation and tissue damage via the 

caspase-1 activation [66]. The activated caspase-1 eventually contributes to the 

secretion of interleukin (IL)-1β, which mediates macrophage accumulation in the 

peripheral tissues [67]. Deposition of macrophage, especially in adipose tissue, 

provokes the production of other inflammatory cytokines, including tumor necrosis 

factor (TNF)-α and IL-6. The up-regulated TLR-4 is additionally involved in the 

insulin signaling impairment due to the increased serine/threonine phosphorylation of 

IRS-1 [61].  

Moreover, the dysregulation of pattern recognition proteins might be associated 

with adaptive immune system; however, the certain mechanism is poorly understood 

at present. It has been also suggested that ligation of pattern recognition proteins in 

dendritic cells can aggravate biological responses of T cells and B cells [63]. The 

hyperactivated pattern recognition proteins and inflammasome are the risk factors of 

insulin resistance as well as impaired glucose homeostasis [67]. Many experiments 

have consistently supported that depletion of the genes encoding TLR-4 and 
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inflammasome modulated metabolic inflammation and insulin resistance in obese 

animals and high-calorie diet-induced insulin-resistant mice [64-66]. 

3) Chemoattractant 

Chemoattractant, including monocyte chemoattractant protein-1 (MCP-1), is 

considered as another explanation of immune activation during the development of 

metabolic impairments. MCP-1 is formed under the condition with excessive fat 

accumulation. It attracts the adhesion of monocytes and macrophages to the cell 

surface and mediates immune cells infiltration [61]. The increased macrophage level 

was observed in adipocytes of mice overexpressing MCP-1. The transgenic mice also 

developed insulin resistance afterwards. On the other hand, knockout MCP-1 mice 

exhibited the decreased macrophage accumulation in adipocytes [68]. Studies further 

found that MCP-1 activates the production inflammatory cytokines as well as tissue 

inflammation by provoking inflammatory reactions, which exert the deleterious 

effects on insulin signaling pathway [61, 68].  

4) Oxidative stress 

Excessive reactive oxygen species (ROS) accumulation is regarded as the 

common trigger of inflammatory signaling pathways. A primary origin of metabolic 

tissue inflammation is hyperglycemia-induced ROS formation, resulting from 

autooxidation of glucose [69]. Similarly, saturated FFA serves as the major 

deleterious molecule that directly aggravates cellular oxidative stress [70]. 

Furthermore, it is involved in the production of lipid metabolites: ceramide and 

diacylglycerol (DAG). The metabolites are toxic to the cells because they do not 

stimulate ROS formation only, but they also deteriorate endogenous antioxidative 

activities [70].  

Under the stress conditions such as hyperglycemia and obesity, the 

unfolded/misfolded proteins are generated in the lumen of endoplasmic reticulum 

(ER) [69]. Unfolded protein response (UPR) is also considered as the inflammatory 

mediator. It refers to a cellular mechanism resulting from accumulation of the 

unfolded protein in response to ER stress [71]. The UPR is normally activated in 

order to restore cell homeostasis and cell survival [71]. The increased expression of 
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UPR was found in adipocytes and skeletal muscle of obese persons and glucose 

intolerant individuals, whereas their expressions were modulated by weight reduction 

[72, 73]. The intimate link between the increased UPR activity and the impaired 

insulin signaling transduction has been addressed. Like ROS and lipid metabolites, 

the UPR induces inflammatory signaling via Jun N-terminal kinase (JNK) and 

inhibitory-κB kinase (IKK)/nuclear factor (NF)-κB signaling pathways, contributing 

to serine/threonine phosphorylation of IRS-1 [69]. Moreover, the prolonged ER stress 

promotes β-cell apoptosis, resulting in the decreased insulin secretion in pancreas 

[69]. 

5) Inflammatory signaling pathways associated with insulin resistance and 

β-cell dysfunction 

Insulin resistance are believed to be the chronic, low-grade inflammation [74]. 

The JNK and IKK/NF-κB signaling pathways are the primary regulatory mechanisms 

of metabolic inflammation as well as metabolic diseases. First, the activated JNK, one 

of the downstream components belonging to mitogen-activated protein kinase 

(MAPK) signaling pathway, primarily promotes serine/threonine phosphorylation of 

IRS-1 and results in the impaired insulin signaling [75]. The JNK pathway is also 

associated with the reduced insulin secretion due to the inhibitory effect of IL-1 [76]. 

It has been proposed that the up-regulation of JNK causes insulin resistance by 

facilitating the phosphorylation of the activator protein (AP-1) transcription factor and 

subsequently promoting inflammatory gene transcription [61]. Studies supported that 

suppression of the JNK pathway improved insulin sensitivity and glucose tolerance 

[76]. JNK knockout mice were protected from diet-induced insulin resistance. Also, 

depletion of JNK in adipose tissue exerted the protective effect against hepatic 

steatosis and increased insulin clearance [75]. 

Second, the activation of IKK/NF-κB follows a parallel pathway to the JNK 

responses. Under the normal condition, the inactive NF-κB is stabilized by interacting 

with the inhibitory molecules termed inhibitor of NF-κB (IκB). In response to stimuli, 

the IKK complex (IKK-α/β/γ) is up-regulated which leads to phosphorylation and 

degradation of the IκB proteins. Subsequently, the free form of NF-κB localizes to the 

nucleus, resulting in the up-expression of inflammatory cytokines, for example, TNF-
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α, IL-1β, and IL-6 [77, 78]. The activated IKK also inhibits the expression of anti-

inflammatory cytokines such as leptin and adiponectin [70]. On the other hand, IKK 

deficiency results in the lowered expression of TNF-α and IL-6 in transgenic mice 

when compared with controls. In addition, the deletion of IKK improved glucose 

tolerance and insulin sensitivity [77]. 

6) Inflammatory cytokines and acute-phase reactants 

The elevation of inflammatory cytokines was found in various models of 

obesity, insulin resistance, and type 2 diabetes and a strong relationship between 

multiple cytokines and insulin resistance has been evident [61, 74].  TNF-α plays a 

central role in inflammatory responses by mediating adipocyte lipolysis and 

promoting serine/threonine phosphorylation of IRS-1 [79, 80]. Furthermore, it impairs 

glucose uptake in skeletal muscle by interfering glucose transporter (GLUT)-4 

translocation [79]. Previous studies found the impaired insulin action and glucose 

tolerance in animals fed with TNF‐α when compared with controls [80]. By contrast, 

the treatment of TNF‐α antagonist exerted the favorable effects against insulin 

resistance in animals and human [80, 81]. IL-6, the key regulator of Janus kinase-

signal transducer (JAK-STAT) signaling pathway, is directly involved in the 

activation of TLR-4 expression and the decreased expression of IRS-1 signaling [74]. 

IL-6 also disturbs glucose homeostasis in the insulin-targeted tissues by disrupting 

GLUT4 expression and inhibiting transcription genes related to hepatic 

glycogenenolysis [61]. Meanwhile, IL-1β is associated with the inflamed pancreatic 

β-cells, subsequently contributing to the impaired insulin secretion [74, 82]. Also, it 

mediates macrophage accumulation in the peripheral insulin-target tissues, leading to 

the decreased responses to insulin action [67].  

In addition to the overexpression of inflammatory cytokines, the increase in 

positive acute-phase reactants is the indicator of inflammation [61]. It refers to the 

circulating proteins that considerably elevate during the inflammatory processes [83]. 

The positive acute-phase reactants, for example, C-reactive protein (CRP), fibrinogen, 

hepcidin, and serum amyloid A, are primarily synthesized by hepatocytes, whereas 

the few amounts are also produced by adipocytes, macrophage, and endothelial cells 

[84]. They are considered the indicators of inflammation both in the short- and long-
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term states [83]. It has also believed that the presences of acute-phase reactants can 

last in the blood circulation for the whole duration of chronic inflammation. However, 

they are not specific to the certain inflammatory stimuli [83]. Besides inflammation, 

the changes in acute-phase reactants expression result from metabolic stress, 

infection, trauma, and autoimmune diseases [84].  

Evidences has demonstrated the association between acute-phase reactants 

expression and metabolic impairments. Nonetheless, the casual roles of various 

inflammatory proteins in the development of insulin resistance as well as type 2 

diabetes are largely varied among the studies. In the recent large cohort study, the 

elevated concentrations of CRP, orosomucoid, and haptoglobin, were suggested to be 

the risk factors of type 2 diabetes development with hazard ratio (HR)1.40 (95% 

confidence interval (CI): 1.01-1.95; p = 0.046), 1.18 (95%CI: 0.83-1.67; p = 0.51), 

and 1.19 (95%CI: 0.85-1.62; p = 0.10), respectively [85]. The increased CRP, 

erythrocyte sedimentation rate, fibrinogen, white blood cells count, and complement 

C3 were observed in prediabetic individuals [86]. Similarly, persons who diagnosed 

with type 2 diabetes exhibited the higher concentrations of CRP, ceruloplasmin, and 

total sialic acid than non-diabetic controls (p < 0.01) [87]. In addition, interleukin-1 

receptor antagonist and hs-CRP were positively associated with impaired insulin 

sensitivity (HR = 1.13; 95% CI: 1.07-1.20), whereas glycoprotein acetyls was 

associated with impaired insulin secretion, hyperglycemia, and type 2 diabetes (HR = 

1.37; 95% CI: 1.29-1.46) [88]. 

2.1.3 Diagnosis 

Table 1 demonstrates the cut-off values of blood glucose for diagnosis of 

prediabetes and type 2 diabetes. Prediabetes is defined on the basis of the levels of 

FPG, 2-hour PPG following a standard oral glucose tolerance test (OGTT), and A1C 

[6, 7]. The levels of blood glucose among individuals with prediabetes are higher than 

the normal ranges; nonetheless, the levels do not reach the threshold of diabetes [9]. 

Similarly, diagnosis of type 2 diabetes relies on the mentioned glycemic indices. 

Random plasma glucose is additionally considered for persons who have significant 
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symptoms of hyperglycemia (i.e. increased thirst, increased hunger, and frequent 

urination) or hyperglycemic crisis [6, 7]. 

Table 1 Diagnosis of prediabetes and type 2 diabetes 

Glycemic indices Prediabetes Type 2 diabetes 

FPG (mg/dL) 100 – 125 ≥ 126 

2-hour PPG (mg/dL) a 140 – 199 ≥ 200 

A1C (%) 5.7 – 6.4  ≥ 6.5 

Random plasma glucose (mg/dL) – ≥ 200 

a 2-hour PPG following 75-g OGTT 

FPG: fasting plasma glucose; PPG: postprandial glucose; A1C: glycated hemoglobin 

2.1.4 Characteristics of impaired glucose metabolism  

Impaired glucose metabolism is a metabolic disturbance in which the body 

losses normal regulation of glucose utilization and production as described 

previously, resulting in presentations of abnormally high blood glucose that comprises 

both prediabetes and type 2 diabetes. 

Impaired glucose metabolism is categorized into impaired fasting glucose 

(IFG), impaired glucose tolerance (IGT), and type 2 diabetes. Meanwhile, IFG and 

IGT are the subsets of prediabetes and characterized by the values of FPG (100-125 

mg/dL) and 2-hour PPG (140-199 mg/dL), respectively [6]. In each individual, the 

abnormal glycemic indices can be present solely or in combination because there is no 

concordance between the two glycemic parameters [89]. For example, a person who 

have IFG may have either normal or impaired glucose tolerance. 

There are characteristics differences among the types of impaired glucose 

metabolism. In individuals with IFG in which insulin resistance develops in hepatic 

cells, an increase in FPG could be detected [48]. In contrast to persons who have IGT, 

insulin resistance emerges in skeletal muscle cells; thus, the significant disturbance in 

glucose uptake into peripheral cells results in an elevation of PPG [48]. Meanwhile, 

patients with overt type 2 diabetes have the aggressive insulin resistance and β-cell 

dysfunction, resulting in prolonged hyperglycemia both in fasting and postprandial 

periods [8, 9].  
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2.1.5 Risk factors 

There are several risk factors aggravating the development of prediabetes and 

type 2 diabetes [6, 7]. Table 2 summarizes the possible risk factors, which are 

classified into modifiable and non-modifiable factors. Non-modifiable risk factors are 

intrinsically unavoidable in any persons. Therefore, correction of modifiable one is 

the only possible way to lessen the risk for developing the disease [10, 11]. 

Relationship of modifiable risk factors and the development of prediabetes and type 2 

diabetes are described below. 

Table 2 Risk factors for prediabetes and type 2 diabetes 

Modifiable risk factors Non-modifiable risk factors 

Obesity Increased age 

Poor eating habits First-degree relatives to diabetic patients 

Sedentary lifestyle African American, American Indian, 

Hispanic/Latino, and Asian American 

1) Obesity 

Obesity refers to a condition of having excess body weight due to overstorage 

of adipose tissue inside body [12]. Asian adults who have BMI equal to 25.0 kg/m2 or 

higher are considered obese [13]. In addition to genetics, an imbalance between 

energy intake and energy output primarily causes weight gain [12]. The condition is 

established as a crucial health problem because it is the fundamental of metabolic 

disturbance; thus, obesity is the common concomitant of many cardiometabolic 

disorders [13]. Obesity is the major predictor for insulin resistance and type 2 diabetes 

[51]. Evidences showed that the incidence rate of insulin resistance sharply rises when 

BMI over 25.0 kg/m2 and increased waist circumference [90]. Compared with lean 

persons, obese adults had around seven times greater chance to have future type 2 

diabetes [13]. Besides, region of fat accumulation is also associated with the disease 

development. Previous studies showed that visceral fat appears more predictive to 

insulin resistance than subcutaneous fat because of the highly diabetogenic property 

[91]. This indicates that individuals who have abdominal obesity have a higher 

tendency to have insulin resistance and type 2 diabetes when compare to others [12].  
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The numbers of obese persons have been dramatically growing. It was 

reported that approximately 35% of adults in the U.S. have BMI over 25.0 kg/m2 in 

the recent decade [1]. A cross-sectional study revealed that Thais were the second-

rank population having the highest average BMI among 10 Asian countries [92]. This 

study also supported that urban lifestyle including high-caloric intake and physical 

inactive are the significant leading causes of obesity in the study population [92]. The 

prevalence of obesity is in parallel with type 2 diabetes. More than 80% of type 2 

diabetic cases worldwide were concurrently obese [51], whereas around 70% of Thai 

patients with type 2 diabetes were diagnosed with obesity [93]. 

Underlying pathways linking between obesity and insulin resistance were 

postulated. During obese state, numerous biological substances are produced by 

malfunctional adipocytes and they negatively affect insulin-target tissues, leading to 

insulin resistance [91]. First, overstorage of fat cells in adipose tissue contributes to 

FFA overproduction, which is a crucial substance disrupting insulin receptor 

functions and diminishing insulin sensitivity. Particularly, adipocytes in visceral fat 

are more likely to breakdown and release excess FFA to blood circulation 

subsequently [12]. Moreover, the oxidized products of FFA including diacylglycerol 

and ceramides are also cytotoxic. The substances induce β-cell apoptosis, impair β-

cell function, and deteriorate insulin sensitivity of peripheral cells [51]. Second, 

obesity promotes biosynthesis of proinflammatory cytokines, for example, CRP, 

TNF-α, and IL-6 in adipocytes. The presences of cytokines are not only associated 

with chronic low-grade inflammation in obesity, but they also interrupt insulin 

signaling pathway and induce FFA production [51, 53]. Third, obesity-induced 

dysregulation of adipokines is also linked to development of insulin resistance [12]. 

Alterations in plasma concentration of adiponectin and leptin, the key adipokines 

regulating glucose and fat metabolism [91], were observed in individuals with 

overweight and obesity [93], resulting in the greater risk of developing insulin 

resistance, type 2 diabetes, as well as metabolic syndrome [94, 95].  

 2) Poor eating habits 

Many analyses revealed a robust relationship between dietary pattern and the 

risks of NCDs, particularly in individuals who have metabolic disturbance at baseline 
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[14]. Excess carbohydrate and fat consumption contribute to obesity and impaired 

glucose metabolism. Dietary carbohydrates directly cause postprandial 

hyperglycemia, which activates insulin output by β cells in order to keep blood 

glucose in the normal range. Repeated stimulation of insulin secretion by chronic high 

carbohydrate intake accelerates β cell exhaustion [15]. Meanwhile, high-fat diets 

result in high lipid accumulation, especially TG, in peripheral cells. Lipolysis of TG 

by lipoprotein lipase eventually produces excess FFA that diminishes insulin 

signaling pathways as described in the previous session [12]. 

In general, the relatively high quantity of carbohydrate consumption, 

especially white rice, was found in Asian populations [43]. The average white rice 

consumption were three to four servings daily in Asians and one to two servings 

weekly in Westerns [17]. Evidence showed that high consumption of white rice was 

associated with the increased risk for type 2 diabetes with the relative risk (RR) 1.55 

(95%CI: 1.20-2.01), especially in Asians [17]. Also, white rice consumption may 

induce the occurrence of metabolic syndrome with the pooled RR 1.44 (95%CI: 1.10-

1.90; p = 0.02) [96]. It was proposed that the high glycemic index of white rice could 

lead to excessive compensatory hyperinsulinemia and lipogenesis, resulting in the 

development of insulin resistance [96]. Moreover, due to the transitions of 

socioeconomic factors among Asian countries in recent decades, the typical Asian 

diets are affected by the Western food styles, characterized by the increased 

proportion of processed meat, high-fat dairy products, and oils consumption [19]. 

According to the eating habits simultaneously with genetic susceptibility of Asians, it 

contributed to the higher severity of postprandial hyperglycemia and impaired glucose 

metabolism as observed in Asians, especially Southeast Asians, in relative to people 

in other regions [19, 43]. 

3) Sedentary lifestyle 

Relationship of sedentary lifestyle and the development of type 2 diabetes was 

revealed in epidemiological studies. The incidence of type 2 diabetes was 

considerably higher among persons with sedentary lifestyle and lack of frequent 

exercise than those with higher exercise level [97-99]. It was also evident that 
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urbanization and economic growth are the major contributor to have less physically 

active in Asian population to date [19]. 

2.1.6 Management 

Regarding scope of the present study, management for persons with 

prediabetes and untreated, newly diagnosed patients with type 2 diabetes who have 

FPG < 180 mg/dL and A1C < 8.0% were hereby reviewed. 

1) Screening 

American Diabetes Association (ADA) [6] suggests consideration of screening 

test for prediabetes and type 2 diabetes in asymptomatic adults who meet the 

following criteria.  

(i) Persons age ≥ 45 years 

(ii) Persons at any ages who have BMI ≥ 25 kg/m2 or BMI ≥ 23 kg/m2 (Asian 

Americans) together with at least one of the risk factors as followed; 

- First-degree relative with diabetes 

- African American, Latino, Native American, Asian American, Pacific 

Islander 

- History of cardiovascular diseases 

- Hypertension (defined by blood pressure ≥ 140/90 mmHg or treated 

with antihypertensive drug) 

- HDL-C < 35 mg/dL and/or TG > 250 mg/dL 

- Women with polycystic ovary syndrome and/or have history of 

gestational diabetes 

- Physical inactivity 

- Medical conditions that associated with insulin resistance i.e. severe 

obesity and acanthosis nigricans 

Consistently, the Diabetes Association of Thailand [100] recommends using a 

risk score model to predict individual diabetic risk in the next 12 years for Thai 
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population. Screening test are strongly recommended for persons who have the score 

≥ 6, indicating the high risk state for type 2 diabetes [101]. The test should be 

performed every three years or more frequently as needed in normal persons. 

Meanwhile, at least annual monitoring for the disease progression should be 

considered afterwards in persons with prediabetes. Levels of FPG, 2-hour PPG 

following 75-g OGTT, and A1C are equally appropriate to be used as glycemic 

parameters for diagnosis [6]. 

2) Diabetes self-management education and support (DSMES) 

At the time of diagnosis, individuals with prediabetes and type 2 diabetes 

should be received DSMES, which is a fundamental element for diabetes care aiming 

to provide knowledge, skills, and ability of self-management of the disease as well as 

the related conditions for persons at high risk and known cases of diabetes [6]. It is an 

effective tool for improving health behaviors, individual goal-setting for glycemic 

control, self-monitoring blood glucose, and prevention and delay the disease 

progression [6, 100]. Previous report showed that DSMES can reduce A1C up to 1% 

[102]. The DSMES program is required specialized skills of health care professionals 

(i.e. physician, nurse, registered dietitian, and pharmacist) to educate and provide a 

patient-centered consultation to the patients [102]. 

3) Nutrition therapy 

Nutrition therapy is an essential component of lifestyle intervention. 

Cornerstone of nutrition therapy includes reducing caloric intake and improving 

eating patterns in order to promote and maintain weight loss in overweight and obese 

persons, optimize glycemic control, and lessen cardiovascular risk [102]. It was 

evident that nutrition therapy by registered dietitian can result in the decrease in A1C 

by 0.5-2.0% [100]. Patient education and counseling should be based on individual 

metabolic profiles, personal preference, and cultural to reinforce the long term 

adherence [100]. Nutritional recommendations for the high-risk population as well as 

patients with type 2 diabetes are described below [103].  

(i) Macronutrients (carbohydrate, protein, and fat) distribution: an ideal 

percentage of calories from macronutrients remains inconclusive. The optimal amount 
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of macronutrients intake should be based on eating habits, preferences, and metabolic 

goals. 

(ii) Carbohydrate: increase consumption of fiber-rich foods (i.e. vegetables, 

fruits, legumes, and unprocessed grains), avoid sugar-sweetened beverages, and 

minimize the added sugar in foods 

(iii) Protein: increase good protein sources (i.e. lean animal, tofu, and 

legumes), decrease fat dairy products, and avoid carbohydrate source with high 

protein content because the food can provoke insulin response without causing 

elevated PPG. 

(iv) Fat: increase a Mediterranean-style diet rich in monounsaturated- and 

polyunsaturated fats, and long chain n-3 fatty acid, and avoid trans-fat and limit intake 

of processed- and fast food, red meat, and full-fat dairy products 

 (v) Micronutrients: roles of vitamins and minerals on glycemic control and 

prevention of cardiovascular diseases are unclear 

(vi) Alcohol: no more than one drink per day for adult women and no more 

than two drinks per day for adult men. 

In addition, benefits of restriction of carbohydrate intake on endogenous 

glucose metabolism have been demonstrated. The reduced carbohydrate consumption 

attenuated hyperglycemia, contributing to the positive impact on the management of 

type 2 diabetes [15, 104]. Evidence showed that dietary carbohydrate restriction is the 

most effective approach to improve glycemic control [15]. 

4) Physical activity 

Physical activity is emphasized concurrently with nutritional therapy in order 

to balance between energy expenditure and caloric input. It is also one of the 

fundamentals of weight reduction and glycemic control management [7]. Evidences 

strongly suggested that sedentary lifestyle (i.e. prolonged sitting) should be minimized 

in all adults [7, 105, 106]. Moderate-to-vigorous intensity aerobic activity at least 150 

min/week, distributing at least three days/week with no more than two consecutive 

days without activity or resistance exercises at least twice a week on nonconsecutive 
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days is recommended [5]. Previous meta-analysis of 16 randomized controlled trials 

(RCTs) supported that aerobic exercises and resistance exercises significantly lowered 

A1C by 0.66% (p < 0.001) in the intervention group when compared with the control 

group [107]. 

Benefits of increased physical activity on insulin resistance were proposed. 

Activities of adenosine monophosphate-activated protein kinase (AMPK)/GLUT-4 

signaling pathway were enhanced by exercise, contributing to the improvement in 

glucose uptake in skeletal muscle [108, 109]. Moreover, fatty acids oxidation in 

insulin-target tissues was accelerated [110]. Favorable mechanisms were maintained 

for about 60 hours and returns to pre-exercise levels three to five days afterwards. 

Moreover, repeated moderate intensity exercise was capable of extending insulin 

sensitivity profile. Thus, it was proposed that repeating exercise within a time interval 

of 48 to 60 hours may help control blood glucose levels over the long term [111]. 

Treatment regimen for persons who are diagnosed with prediabetes and type 2 

diabetes (only patients with FPG < 180 mg/dL and A1C < 8.0%) is presented in 

Figure 3. Lifestyle modification is established as the fundamental therapeutic 

approach regardless of the disease severity [6, 7] because it is strongly effective, 

easily affordable and cost-saving. Evidences also showed that clinical efficacy of 

lifestyle modification was superior to medications [10, 112, 113].  
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Figure 3 Treatment regimen for prediabetes and newly diagnosed type 2 diabetes¶ 

(FPG: fasting plasma glucose; PPG: postprandial plasma glucose; A1C: glycated 

hemoglobin) 
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5) Management of prediabetes 

Patients with prediabetes should be referred to intensive lifestyle intervention 

according to the Diabetes Prevention Program (DPP) study [10]. The following 

interventions are recommended to lessen diabetic risk in prediabetic persons [6]. 

(i) Healthy low-caloric eating patterns  

(ii) At least 7% weight reduction of initial body weight and maintenance in 

obese persons 

(iii) A minimum of 150 min a week of moderate-intensity physical activity 

(i.e. brisk walking), distributing at least three days/week with no more than two 

consecutive days without activity 

  Efficacy of pharmacotherapy on the prevention of type 2 diabetes and 

cardiovascular events in the high-risk population is well established. Purpose of 

pharmacotherapy is to optimize glycemic control. In addition, known cases of 

dyslipidemia and hypertension should be concurrently treated to modify 

cardiovascular risks. The ADA [6, 7] also suggests the consideration of metformin in 

specific population with prediabetes, including persons age older than 60 years, obese 

persons who have BMI ≥ 35 kg/m2, and women with a history of gestational diabetes 

according to the findings of DPP study [10].  

Importance of early detection and management of prediabetes on prevention 

and delay the onset of type 2 diabetes is well documented. Due to the disease 

pathophysiology, ultimate goals of the disease management are to improve insulin 

sensitivity and preserve β-cell function by correcting the modifiable risk factors [9]. 

Lifestyle modification [10, 11, 114-116] and medications [10, 20, 21, 112, 113, 117-

119] provided favorable effects on the improvement in insulin sensitivity and the 

reduction in diabetic risk among persons who had prediabetes as summarized in Table 

3.  
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Limitations of lifestyle modification and pharmacotherapy for the 

management of prediabetes are addressed. Long term maintenance and good 

adherence to lifestyle changes remains challenging in real life setting. Meanwhile, 

therapeutic efficacy of medications is not durable after discontinuation. In addition, 

cost-effectiveness and severe drug adverse events limit the medication uses in clinical 

practice nowadays [2].  

 6) Management of newly diagnosed patients with type 2 diabetes 

In newly diagnosed patients with type 2 diabetes who have FPG < 180 mg/dL, 

A1C < 8.0%, and without the significant hyperglycemia signs and symptoms, lifestyle 

intervention is recommended as the primary strategy. Pharmacotherapy is considered 

when the patients fail to response to lifestyle modification alone [6, 7]. 

 

2.2 Postprandial hyperglycemia 

 Postprandial hyperglycemia refers to an increase in blood glucose level after 

meals, defined by the 2-hour PPG ≥ 140 mg/dL [122]. Dietary carbohydrates are 

digested into monosaccharaides and absorbed through gastrointestinal brush-border 

membrane [122]. In non-diabetic persons, blood glucose elevates and reaches the peak 

level around 30 to 60 min after carbohydrate ingestion, generally not more than 140 

mg/dL, and returns to the basal level within two to three hours [123].  

2.2.1 Roles of postprandial hyperglycemia in the development of type 2 

diabetes and cardiovascular diseases  

Postprandial hyperglycemia is an important manifestation in prediabetes and 

early-phase type 2 diabetes [122]. In addition, it potentiates the risk of developing 

cardiovascular events and diabetic complications [25, 28]. Role of postprandial 

hyperglycemia in the development of type 2 diabetes and cardiovascular diseases is 

shown in Figure 4. Blood glucose raising, especially after consumption of 

carbohydrate-rich diets and high glycemic index carbohydrate, activates excessive 

insulin production and secretion in order to maintain normoglycemic state [8]. 

Chronic hyperinsulinemia aggravates impairments in insulin sensitivity and β-cell 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 31 

function. When compensatory processes no longer overcome persistent 

hyperglycemia, type 2 diabetes can be diagnosed [8, 9]. Elevated PPG results in the 

progression of cardiovascular diseases via independent mechanisms. Postprandial 

hyperglycemia induces free radical production, diminishes vasodilating effect of nitric 

oxide, and interferes coagulation processes, eventually leading to endothelial 

dysfunction and atherosclerosis [24, 124].  

 

Figure 4 Roles of postprandial hyperglycemia in the development of type 2 diabetes 

and cardiovascular diseases¶(CVD: cardiovascular disease) 

Previous clinical data supported that PPG-related variables including PPG at 

individual time points, 2-hour PPG, and area under the curve (AUC) of glucose were 

markedly correlated with atherosclerotic events [125]. These variables also showed 

the stronger correlation with the risk for atherosclerosis when compared with FPG and 

A1C [125]. The peak glucose during postprandial state possessed the most robust link 

with oxidative stress production, leading to the undesired consequences in 

cardiovascular system [25]. Epidemiological studies also found that chronic 

postprandial hyperglycemia promotes the risk for macrovascular complications and 
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related mortality [23, 25, 126]. This condition is more robustly related to 

cardiovascular diseases in relative to fasting hyperglycemia [127]. 

2.2.2 Factors influencing postprandial hyperglycemia 

Excursion of postprandial glucose is influenced by internal and external 

determinants. First, beyond intestinal digestion and absorption, a rising in PPG 

involves physiological capacities of insulin and glucagon secretion, hepatic glucose 

synthesis, and glucose uptake by peripheral tissues [ 9 ] . Individuals who have any 

defects in glucose metabolism regulation could have abnormal postprandial glucose 

excursion, for example, the higher and delay in glucose peak, and more prolonged 

hyperglycemia, in relative to non-diabetic persons [123]. Second, diets influence 

postprandial hyperglycemia. High carbohydrate meals and high glycemic index 

carbohydrates aggravate the great magnitude of hyperglycemia [128], especially in 

persons who have baseline impaired glucose metabolism [14]. Complexity of diet 

composition also results in variation in glycemic responses. The mixed diets 

containing complex carbohydrates, fats, and proteins provoke the higher degree of 

postprandial hyperglycemia than glucose consumption alone [25]. Moreover, solid- 

and liquid meals affect glycemic excursion in the different ways regarding the time 

remaining in gastrointestinal tract. A longer gastric emptying time was observed after 

eating solid meals than liquid meals matched for volume and energy content [129]. 

For these reasons, eating habits also play an important role affecting patterns of 

postprandial excursion. Third, there is ethnic differences in the underlying 

pathophysiology that leads to the diversity of glycemic responses [19]. Southeast 

Asians had the highest PPG and the lowest insulin sensitivity in response to the 

standard carbohydrate load when compared with South Asians, East Asians, European 

Caucasians, and Arabic Caucasians who were matched for age, BMI, and waist 

circumference [19, 44].  
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2.2.3 Conventional α-glucosidase inhibitors in management of 

postprandial hyperglycemia 

Scientific data suggested potentials of synthetic α-glucosidase inhibitors, 

including acarbose, voglibose, and miglitol, in the early management of type 2 

diabetes. With respect to the local effect of α-glucosidase inhibitors against α-

glucosidase enzymes along brush border of small intestine, the agents directly 

alleviate postprandial hyperglycemia [130]. A recent meta-analysis revealed that α-

glucosidase inhibitors reduced 1-hour PPG by -2.16 mmol/L (95%CI: -3.37 to -0.95) 

and 2-hour PPG by -3.00 mmol/L (95%CI: -3.58 to -2.42) in comparison with placebo 

in Asian population [27]. Efficacy of the medications on PPG suppression in Asians 

and non-Asians was comparable [27]. Consistently, therapeutic effects of 

conventional α-glucosidase inhibitors on glycemic indices among patients with type 2 

diabetes was reported in a large meta-analysis of 41 clinical trials [131]. The results 

showed that α-glucosidase inhibitors dose-dependently reduced 1-hour postload 

glucose (2.32 mmol/L; 95%CI 1.92-2.73 mmol/L for acarbose) and FPG (1.09 

mmol/L; 95%CI: 0.83-1.06 mmol/L for acarbose and 0.52 mmol/L; 95%CI: 0.16-0.88 

mmol/L for miglitol). On the other hand, these medications lowered the level of A1C 

(0.77%; 95%CI: 0.64-0.90% for acarbose and 0.68%; 95%CI: 0.44-0.93% for 

miglitol) without the dose-response relationship. Subgroup analysis further found the 

greater reduction in A1C in individuals with the higher baseline A1C level. In 

comparison with the 12-24 week- clinical trials, the less reduction in A1C was seen in 

the over 24-week study period. In addition, acarbose treatment led to a decrease in 

BMI by 0.17 kg/m2 (95%CI: 0.08-0.26 kg/m2), but no reduction in body weight was 

observed. The study also showed that there was no significant effect on fasting 

insulin, plasma lipids, and diabetes-related morbidity and mortality [131]. 

Management of postprandial hyperglycemia reduced the risk for 

cardiovascular events, including coronary heart disease, cardiovascular death, 

congestive heart failure, cerebrovascular event, and peripheral vascular disease [123]. 

Numerous RCTs showed beneficial effects of α-glucosidase inhibitors on 

cardiovascular events beyond glucose-lowering effect. A 49% reduction (HR 0.51; 

95%CI: 0.28-0.95, p = 0.03) in cardiovascular events was a secondary result from 
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acarbose treatment over a mean follow-up of 3.3 years in persons with IGT (N = 

1,429) [132]. A meta-analysis of seven double-blind, placebo-controlled trials (N = 

2,180) consistently demonstrated that acarbose decreased the risk for cardiovascular 

events by 35% in patients with type 2 diabetes [26]. Delay in the progression of 

intima-media thickness were also reported among those with IGT treated with 

acarbose (N = 132) [133]. Moreover, when the presences of stroke, coronary 

revascularization, and angina were additionally included into the analysis, acarbose 

decreased these cardiovascular events by 35% [133]. It was postulated that the 

favorable effect of acarbose resulted from the reductions in body weight, BMI, and 

TG [26]. Meanwhile, a recent randomized, double-blind, placebo-controlled study 

reported that acarbose reduced the progression to type 2 diabetes by 18% in patients 

with coronary heart disease who had IGT (N = 6,522); however, no significant benefit 

on the overall cardiovascular events was observed in this study [134]. 

 

2.3 Evaluation of glycemic control and insulin resistance 

2.3.1 Blood glucose 

FPG, 2-hour PPG following 75-g OGTT, and A1C are considered the three 

conventional standard glycemic indices for diagnosis of diabetes and monitoring 

glycemic control [6, 7]. All of the three conventional tests are effective for evaluating 

blood glucose in the different contexts and purposes. Investigation of blood glucose is 

minimally invasive. Many quantitative assays are reliable, easily accessible, and well 

standardized in general laboratories at present [135].  

1) FPG 

FPG is related to hepatic glucose efflux because blood glucose is mainly under 

the regulation of liver cells during the fasting state [9]. It is the most common glucose 

measurement in routine practice due to its simplicity and inexpensiveness. An 8-hour 

overnight fast is required for the testing. A great day-to-day variation of FPG was 

evident. The level of FPG could be affected by stress, diurnal variation, diets, and 
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medications (i.e. corticosteroids, second-generation antipsychotics, thiazide diuretics, 

and β-blockers) [136].  

2) A1C 

A1C is well established as the gold standard marker for evaluating long-term 

glycemic control [6, 7, 105]. Since A1C is the amount of glucose molecules attached 

to hemoglobin in red blood cells, it reflects the average concentration of glucose over 

the past two to three months [135]. In other words, A1C is an integration of blood 

glucose in both fasting- and postprandial states. As a result, normalizations of FPG 

and PPG are the key components for achieving the goal of A1C and optimizing 

glycemic control [123]. 

Evidences showed that A1C is also a robust predictor for diabetic 

complications [135]. The measurement of A1C is convenient and there is no need for 

fasting blood sample [6]. However, its cost is considerably higher than FPG. 

Accuracy of A1C analysis is influenced by abnormal metabolism of red blood cells 

such as hemolytic anemia, iron deficiency, and renal dysfunction [135]. It was also 

found that the measurement of A1C appears unreliable in the conditions with rapid 

fluctuation of blood glucose level [137]. 

3) PPG following a standard OGTT 

A standard OGTT refers to a test in which 75-g glucose is orally administered 

and blood glucose is monitored afterwards over the 2-hour period (i.e. at 30, 60, 90, 

and 120 min) [6]. The result directly reflects patterns of postprandial glucose 

excursion in response to glucose load. It also reveals the values of PPG at individual 

time points of blood collection, AUC, glucose peak, and time observed glucose peak 

[125]. The 2-hour PPG is one of the standard glycemic marker for diagnosis of type 2 

diabetes [138, 139] and it is also the most robust predictor for atherosclerotic events 

when compared with the other glycemic indices [125]. Furthermore, the test is 

performed to determine glucose tolerance of insulin-target cells, predominantly of 

skeletal muscle [138]. Glucose tolerance is the ability of peripheral cells to maintain 

normoglycemia by absorption circulating glucose into the cells when blood glucose 

elevates during postprandial state [9].  
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The OGTT is set after at least 8-hour overnight fast [123]. The test is rarely 

performed for the diagnostic purpose in general population because of practical 

considerations. Patient preparations including restriction of carbohydrate consumption 

and heavy exercise few days before the test are required [122]. The procedure for 

measuring 2-hour PPG is also time-consuming. In addition, there is a high within-

person variation [137]. However, the test has been used in many scientific researches 

for determining the existence of IGT [139]. 

2.3.2 Insulin resistance 

Aims of the assessment of insulin resistance are to determine the initial 

presentation of type 2 diabetes and to screen the risk factor for metabolic syndromes 

[140]. At present, the test is not common for diagnostic purpose, on the other hand, it 

is mainly performed in human studies [138]. 

Hyperinsulinemic euglycemic glucose clamp is the gold standard method for 

assessing the whole body insulin resistance [141]. However, the method is impractical 

in the large-scale studies because of its labor, time-consuming, and expensiveness 

[138]. Surrogate markers were therefore developed and validated to overcome these 

limitations. 

1) Fasting plasma insulin 

Fasting plasma insulin (FPI) represents plasma concentration of insulin 

produced by β-cells during the basal state [139]. Fasting specimen is required for the 

assay. It is the simplest surrogate marker for evaluating insulin resistance, but 

assessment of insulin resistance using FPI should be in caution regarding 

pathophysiological heterogeneity of type 2 diabetes [138].  

An increased FPI, also called as hyperinsulinemia, is the initial manifestation 

of insulin resistance and commonly found in individuals with prediabetes and the 

early-phase type 2 diabetes [8, 9]. Hyperinsulinemia represents the β-cell 

compensation to the resistant insulin-target cells by increasing insulin production and 

secretion [9]. After that, the level of insulin continuously declines over the period of 
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diabetes progression according to β-cell degeneration and dysfunction. Absolute loss 

of insulin secretion is eventually found in the late phase of type 2 diabetes [138].  

Previous evidences found that the level of FPI is considerably varied among 

studies. The concentration of FPI in high-risk populations for type 2 diabetes was 

reported. Choi et al. [142] and Gaddam et al. [143] showed that the mean FPI in 

individuals who met the criteria of prediabetes and mild-stage type 2 diabetes was 

approximately 11.6 ± 5.3 and 11.2 ± 3.7 μIU/mL, respectively. Meanwhile, a study of 

Chuengsamarn et al. [144], which was conducted in Thai people, similarly found that 

the value of FPI was 15.84 ± 6.19 μIU/mL in prediabetic persons. 

2) Homeostasis model assessment 

Another surrogate marker for insulin resistance assessment widely used in 

research is the homeostasis model assessment of insulin resistance (HOMA-IR) 

because of its simplicity and being minimally invasive [139]. Previous data also 

suggested a strong correlation between HOMA-IR and the hyperinsulinemic 

euglycemic glucose clamp method (correlation coefficient; r = 0.88, p < 0.0001) [145, 

146]. The HOMA-IR is also a predictor for cardiometabolic risks [145]. The value of 

HOMA-IR positively correlated with BMI, body fat percentage, waist circumference, 

and TG and inversely correlated with HDL-C [90, 147]. Moreover, individuals with 

the HOMA-IR values in the highest quartile had the greatest risks of 

hypertriglyceridemia, low HDL-C, and hypertension [147]. 

The HOMA refers to a model describing the relationship between glucose and 

insulin in the basal state, representing the balance between hepatic glucose efflux and 

pancreatic insulin secretion [140]. A mathematic equation relies on FPG (in mg/dL) 

and FPI (in µIU/mL) is used to quantify the degree of insulin resistance as follow: 

HOMA-IR = (FPG x FPI)/450 [140]. The output of the model is calibrated to give 

normal insulin resistance of 1 [145].  

The higher value of HOMA-IR indicates the greater degree of insulin 

resistance [138, 147]. The HOMA-IR ≥ 2.5 was initially suggested as the cut-off point 

for determining insulin resistance in general population in the study of Matthews et al. 

[140]. However, differences in the HOMA-IR level among populations were reported. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 38 

The HOMA-IR of 3.16 was used for pubertal obese children and adolescents [148], 

whereas the value of 2.0 or over was used for young women with polycystic ovarian 

[149]. In addition, there is a large variation in the proposed cut-off values of HOMA-

IR among different race and ethics groups. Previous studies showed that the cut-off 

points of HOMA-IR for diagnosis of insulin resistance were > 3.80 for Hispanic 

[150], ≥ 2.5 for Japanese [151], and ≥ 2.0 for Chinese [152]. In Thai population, the 

study of Do et al. [147] proposed the HOMA-IR ≥ 1.56 and ≥ 1.64 for men and 

women for classifying insulin resistance and estimating the prevalence of insulin 

resistance in Thai adults aged over 35 years. The results additionally reported 

approximately 25.1% of men and 21.5% of women had insulin resistance [147]. In 

prediabetic persons and early, non-treated type 2 diabetic patients, the approximate 

HOMA-IR were in the range of 2.70-4.03 [142-144]. 

 

2.4 Determination of protein expression using proteomic analysis 

2.4.1 Overview of proteomic analysis 

The term “proteomics” is a combination of “proteome” and “omics”. 

Proteome is the total set of proteins produced and regulated by living organisms, 

whereas omics refers to an analysis of large amounts of data, specifically in biological 

field [153]. Proteomics is a high-throughput bioinformatics technology for large-scale 

analysis of proteins [154, 155]. The objective of proteomics is to determine 

characteristics of the entire set of proteins, in terms of identity, structure, expression, 

function, and protein-protein interaction network [153, 154]. Rationale of proteomics 

is that protein is the endpoint component responsible for cell phenotypes and 

biological functions [156]; therefore, expression of proteins reflects the ongoing 

processes at the cellular level in response to the circumstances that the cell 

experiences [156, 157]. Furthermore, the technique is capable of determining the large 

number of proteins at the same time [155]. In other words, proteomics reveals the 

comprehensive view of protein profile in a specific condition at the specific time 

point. 
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Regarding the purposes of investigation, proteomics can be categorized into 

(a) structural proteomics, (b) expression proteomics, and (c) functional proteomics 

[153]. The latter two fields are considerably important in medical and pharmaceutical 

areas. Expression proteomics distinguishes the protein expression profile in relation to 

the different conditions, for example, disease vs. non-disease and before treatment vs. 

after treatment. In addition to the patterns of protein dysregulation (over- and down-

expression), the analysis reveals the expression level of proteins as quantitative data 

[158]. Meanwhile, functional proteomics explores the activities of proteins in specific 

pathways. The findings expose a relationship between proteins and disease 

mechanism [154, 158]. As a result, proteomics is useful in clinical implementation to 

help understanding pathophysiology of the disease of interest at the molecular level 

and to uncover disease-associated proteins for screening and predicting the risk of 

disease [153, 154]. Moreover, the protein markers may have potential for developing 

drug targets and evaluating response to the assigned treatment [159]. 

The main procedures of proteomic analysis include sample collection and 

preparation, protein separation and digestion, protein identification, and quantitative 

determination of protein expression level. First, protein samples are harvested from 

cells, tissues, and biological fluids. Selection of the sample source is normally 

performed based on relevance and specificity to the disease pathophysiology [159]. 

Next, due to complexity of biological samples, it is necessary to separate individual 

proteins from the complex mixture before the identification process [158]. For the 

procedure of protein separation, gel-based techniques (i.e. one- and two-dimensional 

gel electrophoresis) were widely used in the early era of proteomics; however, many 

limitations have been noted in previous data. Subsequently, the gel-free techniques 

(i.e. liquid chromatography (LC) and high-performance liquid chromatography 

(HPLC)) have been applied in the recent studies [158, 160]. After separation, tryptic 

digestion is performed to digest proteins to peptides. The unique proteins are then 

subjected to mass spectrometer (MS). To identify the selected molecules, the mass to 

charge ratios (m/z) of the peptides are matched to the known proteins existing in the 

database. Then, quantification of protein abundance or expression level is further 

investigated [158]. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 40 

2.4.2 Rationales of proteomic analysis in diabetic research 

With respect to the ability of reflecting the global view of proteome, 

proteomics has been implemented in biomedical research, especially in the complex 

disease with multiple etiologies including cancer, Alzheimer’s disease, and diabetes 

[154, 158]. As described, the development of insulin resistance and type 2 diabetes is 

complicated involving multiple organ dysfunction, primarily in adipose tissue, liver, 

skeletal muscle, and pancreatic β-cells. A huge diversity of proteins therefore plays 

the distinct roles in the molecular mechanisms underlying these conditions [159]. 

Disease-associated markers are the cornerstone of diabetes care [135]. In general, the 

measurement of FPG, PPG, and A1C are performed as the standard tools for 

diagnosis and management of type 2 diabetes due to accessibility, simplicity, and 

cost-effectiveness [135]. Nonetheless, the significant shortcoming of the glucose-

based parameters should be addressed. It is important to note that metabolic 

dysregulation develops in the specific cells over time although the blood glucose 

concentration remains in the normal range because of the silent progression of 

prediabetes and the early-stage type 2 diabetes [9]. 

For these reasons, there have been the great interests in molecular biology 

approaches, including genomics, transcriptomics, and proteomics, in order to gain the 

insight knowledge of cellular modification [155]. Of these, proteomics seems superior 

to the others. Protein is the final modified product passing through multiple cellular 

processes; hence, it reflects the real-time status of the disease better than its encoding 

gene and upstream molecules [157, 161]. 

2.4.3 Implementation of proteomics in clinical research of type 2 diabetes 

Proteomics has been implemented in numerous studies among type 2 diabetic 

patients as well as the high-risk populations. Characteristics of the studies that 

included in this review are demonstrated in Table 4. The majority of existing studies 

aimed to explore protein profiles among the specific population of interest, whereas 

few studies investigated changes in protein expression in response to the given 

treatment.  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4
1
 

T
a
b

le
 4

 C
h
ar

ac
te

ri
st

ic
s 

o
f 

cl
in

ic
al

 s
tu

d
ie

s 
o
f 

ty
p
e 

2
 d

ia
b
et

es
 u

si
n
g
 p

ro
te

o
m

ic
 a

n
al

y
si

s 

P
u

rp
o
se

s 
o
f 

st
u

d
y

 
D

es
ig

n
 

P
a
rt

ic
ip

a
n

ts
 (

N
) 

S
a
m

p
le

s 
R

ef
er

en
ce

s 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
H

ea
lt

h
y
 c

o
n
tr

o
ls

 (
1
2
) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 w

it
h
 

F
P

G
 1

1
.6

 ±
 1

.9
 m

M
 (

8
) 

E
ry

th
ro

cy
te

 

m
em

b
ra

n
e 

Ji
an

g
 M

, 
et

 a
l.

, 

2
0
0
3
 [

1
6
2
] 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
In

d
iv

id
u
al

s 
w

it
h
 N

G
T

 (
3

) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 

b
as

ed
 o

n
 O

G
T

T
 (

th
e 

W
H

O
 c

ri
te

ri
a)

 

(3
) 

S
er

u
m

 
S

u
n
d
st

en
 T

, 
et

 

a
l.

, 
2
0
0
6
 [

1
6
3
] 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
H

ea
lt

h
y
 c

o
n
tr

o
ls

 (
5
0
) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 

b
as

ed
 o

n
 t

h
e 

A
D

A
 c

ri
te

ri
a 

(1
2
5
) 

S
er

u
m

 
R

ia
z 

S
, 

et
 a

l.
, 

2
0
1
0
 [

1
6
4
] 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
N

o
n
-d

ia
b
et

ic
 c

o
n
tr

o
ls

 (
m

ea
n
 a

g
e 

6
7
.6

 ±
 1

.6
7
 y

ea
rs

) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 

(m
ea

n
 a

g
e 

6
7
 ±

 1
.7

1
 y

ea
rs

) 

S
er

u
m

 
L

i 
R

X
, 
et

 a
l.

, 

2
0
0
8
 [

1
6
5
] 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4
2
 

T
a
b

le
 4

 C
h
ar

ac
te

ri
st

ic
s 

o
f 

cl
in

ic
al

 s
tu

d
ie

s 
o
f 

ty
p
e 

2
 d

ia
b
et

es
 u

si
n
g
 p

ro
te

o
m

ic
 a

n
al

y
si

s 
(c

o
n
t.

) 

P
u

rp
o
se

s 
o
f 

st
u

d
y

 
D

es
ig

n
 

P
a
rt

ic
ip

a
n

ts
 (

N
) 

S
a
m

p
le

s 
R

ef
er

en
ce

s 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

 

T
o
 d

et
er

m
in

e 
in

fl
u
en

ce
s 

o
f 

g
en

et
ic

s 
o
n
 p

ro
te

in
 e

x
p

re
ss

io
n

 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
In

d
iv

id
u
al

s 
w

it
h
 N

G
T

 (
2

0
):

  

− 
N

G
T

 w
it

h
 n

o
 f

am
il

y
 h

is
to

ry
 o

f 

d
ia

b
et

es
 (

1
0
) 

− 
N

G
T

 w
it

h
 f

am
il

y
 h

is
to

ry
 o

f 
d
ia

b
et

es
 

(1
0
) 

− 
In

d
iv

id
u
al

s 
w

it
h
 I

G
T

 (
2
0

) 
 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 

(2
0
):

  

− 
ty

p
e 

2
 d

ia
b
et

es
 w

it
h
 n

o
 f

am
il

y
 

h
is

to
ry

 o
f 

d
ia

b
et

es
 (

1
0
) 

− 
ty

p
e 

2
 d

ia
b
et

es
 w

it
h
 f

am
il

y
 h

is
to

ry
 

o
f 

d
ia

b
et

es
 (

1
0

) 

S
er

u
m

 
S

u
n
d
st

en
 Y

, 
et

 

a
l.

, 
2
0
0
8
 [

1
6
6
] 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

T
o
 i

n
v
es

ti
g
at

e 
v
ar

ia
ti

o
n
s 

o
f 

p
ro

te
in

 

ex
p

re
ss

io
n
 r

eg
ar

d
in

g
 t

h
e 

se
v
er

it
y
 

o
f 

β
-c

el
l 

d
y
sf

u
n
ct

io
n

 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
In

d
iv

id
u
al

s 
w

it
h
 N

G
T

 (
1

0
) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 w

it
h
 

h
ig

h
 E

IR
 (

1
0

) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 w

it
h
 

lo
w

 E
IR

 (
1
0

) 

P
la

sm
a 

S
u
n
d
st

en
 Y

, 
et

 

a
l.

, 
2
0
0
8
 [

1
6
7
] 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4
3
 

T
a
b

le
 4

 C
h
ar

ac
te

ri
st

ic
s 

o
f 

cl
in

ic
al

 s
tu

d
ie

s 
o
f 

ty
p
e 

2
 d

ia
b
et

es
 u

si
n
g
 p

ro
te

o
m

ic
 a

n
al

y
si

s 
(c

o
n
t.

) 

P
u

rp
o
se

s 
o
f 

st
u

d
y

 
D

es
ig

n
 

P
a
rt

ic
ip

a
n

ts
 (

N
) 

S
a
m

p
le

s 
R

ef
er

en
ce

s 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
H

ea
lt

h
y
 c

o
n
tr

o
ls

 (
2
9
) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 (

2
8
) 

U
ri

n
e 

C
h
u
 L

, 
et

 a
l.

, 

2
0
1
3
 [

1
6
8
] 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
C

li
n
ic

al
ly

 h
ea

lt
h
y
 c

o
n
tr

o
ls

 (
1
0
) 

− 
In

d
iv

id
u
al

s 
w

it
h
 I

G
T

 (
1
0

) 

− 
In

d
iv

id
u
al

s 
w

it
h
 I

F
G

 +
 I

G
T

 (
1
0
) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 

b
as

ed
 o

n
 t

h
e 

A
D

A
 c

ri
te

ri
a 

(1
0
) 

S
al

iv
a 

R
ao

 P
V

, 
et

 a
l.

, 

2
0
0
9
 [

1
6
9
] 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
P

re
-o

b
es

e,
 i

n
d
iv

id
u
al

s 
w

it
h
 N

G
T

 (
8
) 

− 
P

re
-o

b
es

e,
 i

n
d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 

d
ia

b
et

es
 (

8
) 

V
is

ce
ra

l 
ad

ip
o
se

 

ti
ss

u
e 

M
u
rr

i 
M

, 
et

 a
l.

, 

2
0
1
3
 [

1
7
0
] 

T
o
 i

n
v
es

ti
g
at

e 
ch

an
g

es
 i

n
 p

ro
te

in
 

ab
u

n
d
an

ce
 i

n
 i

n
su

li
n
 r

es
is

ta
n
t 

in
d
iv

id
u
al

s 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
L

ea
n
, 
n
o
n
-d

ia
b

et
ic

 c
o
n
tr

o
ls

 (
8
) 

− 
O

b
es

e,
 n

o
n
-d

ia
b

et
ic

 c
o
n
tr

o
ls

 (
8
) 

− 
In

d
iv

id
u
al

s 
w

it
h
 t

y
p
e 

2
 d

ia
b
et

es
 (

8
) 

S
k
el

et
al

 m
u
sc

le
 

H
w

an
g
 H

, 
et

 a
l.

, 

2
0
1
0
 [

1
7
1
] 

 
 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
4
4
 

T
a
b

le
 4

 C
h
ar

ac
te

ri
st

ic
s 

o
f 

cl
in

ic
al

 s
tu

d
ie

s 
o
f 

ty
p
e 

2
 d

ia
b
et

es
 u

si
n
g
 p

ro
te

o
m

ic
 a

n
al

y
si

s 
(c

o
n
t.

) 

P
u

rp
o
se

s 
o
f 

st
u

d
y

 
D

es
ig

n
 

P
a
rt

ic
ip

a
n

ts
 (

N
) 

S
a
m

p
le

s 
R

ef
er

en
ce

s 

T
o
 c

h
ar

ac
te

ri
ze

 a
n
d
 i

d
en

ti
fy

 

d
if

fe
re

n
ti

al
ly

 e
x
p

re
ss

ed
 p

ro
te

in
s 

C
ro

ss
-

se
ct

io
n
al

 

st
u
d
y

 

− 
L

ea
n
, 
n
o
n
-d

ia
b

et
ic

 c
o
n
tr

o
ls

 (
2
7
) 

− 
O

b
es

e,
 n

o
n

-d
ia

b
et

ic
 c

o
n
tr

o
ls

 (
2
7
) 

− 
O

b
es

e,
 t

y
p
e 

2
 d

ia
b

et
es

 p
at

ie
n
ts

 w
h
o
 

w
er

e 
o
n
 i

n
su

li
n
 t

h
er

ap
y
 (

2
7
) 

S
er

u
m

 
S

le
d
d
er

in
g
 M

A
, 

et
 a

l.
, 
2
0
1
4
 [

1
7
2
] 

T
o
 i

n
v
es

ti
g
at

e 
ch

an
g

es
 i

n
 p

ro
te

in
 

m
ar

k
er

s 
af

te
r 

re
ce

iv
in

g
 t

h
e 

g
iv

en
 

in
te

rv
en

ti
o
n

 

O
p
en

-l
ab

el
, 

R
C

T
 (

1
6
 

w
ee

k
s)

 

− 
O

b
es

e,
 t

y
p
e 

2
 d

ia
b

et
es

 p
at

ie
n
ts

 w
h
o
 

w
er

e 
o
n
 i

n
su

li
n
 t

h
er

ap
y

 

− 
V

L
C

D
 o

n
ly

 (
1
4
) 

− 
V

L
C

D
 +

 e
x
er

ci
se

 (
1
3
) 

S
er

u
m

 
S

le
d
d
er

in
g
 M

A
, 

et
 a

l.
, 
2
0
1
4
 [

1
7
2
] 

N
G

T
: 

n
o
rm

al
 g

lu
co

se
 t

o
le

ra
n
ce

; 
F

P
G

: 
fa

st
in

g
 p

la
sm

a 
g
lu

co
se

; 
P

P
G

: 
p
o
st

p
ra

n
d
ia

l 
g
lu

co
se

; 
IF

G
: 

im
p
ai

re
d
 f

as
ti

n
g
 g

lu
co

se
; 

IG
T

; 
im

p
ai

re
d
 

g
lu

co
se

 t
o
le

ra
n

ce
; 

O
G

T
T

: 
o
ra

l 
g
lu

co
se

 t
o
le

ra
n

ce
 t

es
t;

 W
H

O
: 

W
o
rl

d
 H

ea
lt

h
 O

rg
an

iz
at

io
n
; 

A
D

A
: 

A
m

er
ic

an
 D

ia
b
et

es
 A

ss
o

ci
at

io
n
; 

R
C

T
: 

ra
n
d

o
m

iz
ed

 c
o
n
tr

o
ll

ed
 t

ri
al

; 
V

L
C

D
: 

v
er

y
 l

o
w

 c
al

o
ri

c 
d
ie

t 

  



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The earliest study of Jiang et al. [162] found the different pattern of protein 

expression in erythrocyte of type 2 diabetic patients (n = 8) when compared with non-

diabetic controls (n = 12) (p < 0.05). The investigation was on the basis of structural 

alteration in GLUT-1 aligned in erythrocyte membrane is associated with 

pathophysiology of diabetes. Forty-two proteins: 27 over-expressed and 15 down-

expressed proteins were found in erythrocyte membrane of diabetic patients. Of these, 

three proteins were identified as flotillin-1, arginase, and syntaxin 1C in this study 

[162]. 

A total of 15 differentially expressed proteins were detected in serum of type 2 

diabetic patients (n = 3) aged between 54 to 65 years old when compared with persons 

with normal glucose tolerance (NGT) at the same age (n = 3) (p < 0.05). Two over-

expressed proteins were identified as apolipoprotein C3 and transthyretin, whereas 

two down-expressed proteins were albumin and transferrin in diabetic serum [163]. 

Due to the small number of study participants, the results could not represent much 

information of diabetic serum proteome. 

A study of Riaz et al. [164] was further conducted with the larger sample size 

of patients with type 2 diabetes (n = 125) and healthy controls (n = 50). Identification 

and quantitative determination of serum proteins were performed. The expressions of 

apolipoprotein E, CRP, and leptin in serum of diabetic patients were higher than that 

of the controls, suggesting the up-regulation of these proteins. By contrast, 

apolipoprotein A-I was identified as the only down-expressed protein in diabetic 

serum [164]. 

Investigation of serum proteome in type 2 diabetes was also conducted in 

elderly. Persons aged older than 65 years with and without history of diabetes were 

recruited into the study of Li et al. [173]. A total of 1,377 serum proteins were 

identified, including 266 and 223 proteins that uniquely present in persons with type 2 

diabetes and non-diabetic ones, respectively, whereas the rest were concurrently 

found in the both groups. Furthermore, there were 142 serum proteins in diabetic 

patients that expressed differentially when compared with the controls (p < 0.01). The 

functional analysis also suggested that the proteins were involved in complement 
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system, peroxisome proliferator-activated receptors (PPARs) system, and cell 

communication [173]. 

In addition, the different protein profile was observed in serum of type 2 

diabetic patients who have the different genetic background as defined by the family 

history of diabetes [166]. In this study, a total of 13 differentially expressed proteins 

were reported. Among these, alteration of three proteins were relevant to genetics, 

including apolipoprotein C3 and albumin, whereas the other remained unknown. The 

finding confirmed the relationship between genetics and diabetic risk.  

Blood-derived specimens have been extensively used in proteomic studies. 

Moreover, other biological samples, for example, urine, saliva, and adipose tissues, 

have been investigated to demonstrate the comprehensive view of protein profile in 

type 2 diabetes [154]. Chu et al. [168] examined urinary proteome among individuals 

with type 2 diabetes (n = 28) and healthy persons (n = 29). The results showed that 

the expressions of histidine triad nucleotide-binding protein 1 (HINT1), bifunctional 

aminoacyl-tRNA synthetase (EPRS), and clusterin precursor protein (CLU) were 

down-regulated in urine samples of diabetic persons. 

Furthermore, proteomic analysis has been implemented in the studies of 

persons at high risk of type 2 diabetes, including prediabetic- and obese individuals. 

The study of Rao et al. [169] was conducted to distinguish the pattern of salivary 

proteome in type 2 diabetes from prediabetic- and non-diabetic conditions. A total of 

487 proteins were identified in this work. The significant differences in protein profile 

were observed in diabetic saliva when compared with the other groups. In terms of 

function, the identified proteins were associated with several pathways, including 

metabolism regulation, immune response, signal transduction, development, cell 

organization and biogenesis, and cell motility [169]. Sundsten et al. [166] also 

discovered the differential protein expression in type 2 diabetic patients (n = 20) in 

comparison with those who were diagnosed with prediabetes (n = 20). The analysis 

found eight over-expressed and five down-expressed proteins in the diabetic samples. 

In addition, protein expression in adipocytes of obese adults with and without 

type 2 diabetes were investigated. The study revealed the difference in adipocyte 
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proteins between the two groups. The 19 dysregulated proteins are associated with 

oxidative stress, inflammation, and metabolic process [170]. Hwang et al. [171] found 

that obese subjects (n = 8) had more impaired insulin sensitivity than lean subjects (n 

= 8). In accordance with the insulin sensitivity profile, protein expression in insulin-

resistant skeletal muscle significantly differed from the controls 

Association between obesity and type 2 diabetes was further elucidated in 

serum proteome in the recent study of Sleddering et al. [172]. The study participants 

consisted of obese patients with type 2 diabetes who were on insulin treatment, obese 

non-diabetic controls, and lean non-diabetic controls. Thirteen targeted serum proteins 

were identified and measured their expression level. An overexpression of 

complement C3 was observed in the both obese groups regardless of diabetic status, 

indicating that complement C3 could be an obesity-associated marker. Furthermore, 

apolipoprotein A-IV, apolipoprotein B-100, and fibrinogens (α, β, and γ chains) 

overexpressed in diabetic patients when compared to controls. Meanwhile, 

transthyretin expression was in the similar trend as apolipoproteins and fibrinogens; 

however, the protein underexpressed in type 2 diabetic group. Apolipoprotein A-IV, 

apolipoprotein B-100, fibrinogens, and transthyretin were proposed as diabetes-

associated markers. This study also revealed another application of proteomics in 

clinical research. Patients with type 2 diabetes were further recruited into the 16-week 

prospective study and randomly assigned into two groups: (a) very low caloric diet 

(VLCD) only and (b) VLCD together with exercise program. Longitudinal changes in 

expression level of the candidate proteins were analyzed to evaluate effects of the 

given interventions on protein markers. At the end of study, the significant changes in 

expression of several proteins were observed, for example, apolipoproteins and 

complement C3 when compared to the baseline level (p < 0.05). Nonetheless, there 

was no difference in the intervention effects between the groups [172].  

The review suggests that proteomics plays the promising roles to uncover the 

proteins associated with insulin resistance and type 2 diabetes. A large number of the 

differentially expressed proteins and their functions were discovered in previous 

researches. The findings are useful for advanced understanding the pathophysiology 

and the underlying mechanism of the disease. 
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2.4.4 Limitations of proteomics 

 Many difficulties of implementation of proteomic analysis in clinical studies 

have been noted. 

1) Disease-based limitations 

 A critical challenge of proteomics is that there is a large variation in protein 

profiles towards disease stages and interindividual and intraindividual differences 

[158]. In addition, consideration of sample sources is based on the involvement in the 

disease pathophysiology [159]. Type 2 diabetes is a multifactorial disease associated 

with the dysfunction of many organs: pancreas, liver, skeletal muscle, and adipose 

tissue. To obtain the samples, the tissue biopsy method is required [163]; however, the 

procedure is relatively invasive with enhanced risks for infection and bleeding in the 

donors. Investigations of protein profiling and human proteome in these relevant 

tissues are still limited to few clinical studies.  

 2) Experiment-based limitations 

 Experiment-based limitations of proteomics are that the methods are time-

consuming and expensive. Also, the high-throughput technologies, including 

instruments, software, and database, are not easily accessible. Lack of the 

standardized protocol, resulting in the low reproducibility across laboratories, remains 

problematic for the implementation of proteomics in general settings. Furthermore, 

biological samples are considerably vulnerable. Procedures for harvesting, handling, 

and storage of specimens are the critical step of the investigation [160]. The 

complexities of biological samples are evident as another major limitation of 

proteomics analysis. Although serum and plasma are commonly used for proteomics 

analysis in human studies, a large diversity of proteins in blood-derived samples is 

significantly problematic in general experiments. The challenge in developing the 

analytic tools and techniques used in proteomics is the capacity for separating 

individual proteins and to remove interferences, including binding proteins and lipids, 

from the complex mixture. Moreover, the concentrations of circulating proteins vary 

widely from picograms to milligrams [160]. The limit of detection of the tools is a 

significant concern for accurate findings. 
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2.5 Evidence-based medicinal plants in the management of prediabetes and  

type 2 diabetes 

 A large number of medicinal plants with antidiabetic effects have been used in 

traditional medicine for many decades. The plants have been also received much 

attention in scientific researches in order to explore novel agents with antidiabetic 

potentials at present. It was proposed that medicinal plants could be effective for the 

management of type 2 diabetes via several pathways, including lowering blood 

glucose, improving insulin resistance, restoration of β-cell function, and delay disease 

progression.  

2.5.1 Efficacy of medicinal plants with antidiabetic effects in clinical 

studies 

1) Cinnamon (Cinnamomum spp.) 

The recent meta-analysis of 10 RCTs showed that daily supplementation with 

120 to 6,000 mg of cinnamon extract for 4 - 18 weeks significantly decreased FPG by 

-24.59 mg/dL (95% CI: -40.52 to -8.67 mg/dL) [174]. A 12-week supplementation of 

1,000 mg of cinnamon was also effective in diabetic patients with poorly glycemic 

control. FPG significantly reduced by -17.4% (p < 0.001) compared with the baseline 

level and placebo [175]. In addition, a single-dose administration of 1,000 mg of 

cinnamon extract ameliorated postprandial hyperglycemia. The AUC0-60 min of glucose 

significantly decreased by -21.2% (p < 0.05) after receiving intervention [176]. 

Preclinical studies reported that antidiabetic effects of cinnamon were the result of 

polyphenol compounds that activated PPARs expression [177] and enhanced GLUT-4 

translocation [178]. Furthermore, Beejmohun et al. [176] showed that cinnamon had 

the inhibitory effect on α-glucosidase and amylase enzymes in gastrointestinal tract. 

 2) Aloe (Aloe barbadensis) 

 A total of nine RCTs involving 283 diabetic patients were recruited in the 

recent meta-analysis of Dick et al. [179]. The authors found a wide range of daily 

dose were used and aloe products were prepared in the form of dried powder, leaf 

juice, and latex resin. Huge reductions in FPG and A1C by -46.6 mg/dL (p < 0.001) 
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and -1.05% (p = 0.004), respectively, in relative to the control group by aloe 

consumption. A greater benefit was observed in patients with FPG higher than 200 

mg/dL. Similarly, these effects were reported in individuals with prediabetes and type 

2 diabetes who had mild elevation of FPG. Weighed mean difference (WMD) of FPG 

was -30.05 mg/dL (95% CI: -54.87 to -5.23 mg/dL) and A1C was -0.41% (95% CI: -

0.55 to -0.27%) in the aloe-treated group when compared with the placebo-control 

group [180]. The HOMA-IR significantly reduced (p = 0.047) after the eight weeks of 

aloe consumption when compared with placebo [142]. High molecular weight 

polysaccharides in aloe could diminish the activities of intestinal α-glucosidase 

enzymes [181]. In addition, it was hypothesized that aloe could enhance insulin 

secretion, improve insulin sensitivity [181], inhibit gluconeogenesis [182], and 

modify expressions of genes involved in glucose and fat metabolism [183]. 

3) Garlic (Allium sativum) 

 Recently, a meta-analysis of seven RCTs revealed that garlic products, 

including raw, powder, oil, and aged extract, in the daily dose varied from 600 to 

1500 mg were supplemented for 4-24 weeks. The level of FPG significantly 

decreased standardized mean differences (SMD) by -1.67 (95% CI: -2.80 to -0.55; p = 

0.004) at the end of study [184]. Few studies suggested significant reductions in A1C 

(p < 0.005) and PPG (p < 0.01) among the group receiving garlic in combination with 

conventional drugs [185, 186]. Magnitude of glucose-lowering effect of garlic 

depended on baseline glucose level, daily dose intake, and treatment duration [184]. 

Garlic products could be an alternative supplement for diabetic patients with 

abnormally high cholesterol level because blood lipid profiles simultaneously 

improved by the long-term administration of garlic [187]. Organosulfur compounds 

are mainly responsible for antidiabetic effect of garlic. Proposed mechanisms of 

action include promoting insulin secretion and improving insulin sensitivity [188]. 

4) Fenugreek (Trigonella foenum-graecum) 

 Improvement in glycemic control among patients with type 2 diabetes treated 

with fenugreek seed was found in a meta-analysis of 10 RCTs. Fenugreek seed 

powder and seed extract were prepared in the form of capsule or as an active 

ingredient in bread. In comparison with placebo, FPG and A1C significantly reduced 
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by -0.96 mmol/L (95% CI: -1.52 to -0.4 mmol/L) and 0.85% (95% CI: -1.49 to -

0.22%), respectively. Two-hour PPG following 75-g OGTT significantly decreased 

by -2.19 mmol/L (95% CI: -3.19 to -1.19 mmol/L) [189]. A 3-year RCT additionally 

found that fenugreek ingestion was inversely associated with development of diabetes 

in prediabetic subjects. Preventive action was linked to reversion of insulin resistance 

[143]. Favorable effects on glucose homeostasis of fenugreek seed and its extracts 

could be from various compounds, including soluble fiber, saponins, trigonelline, and 

4-hydroxyisoleucine [189]. Moreover, Zhou et al. and Hannan et al. [190, 191] 

suggested that fenugreek inhibited intestinal glucose absorption, stimulated insulin 

secretion, and modulated insulin sensitivity. 

5) Ginseng (Panax spp.) 

 A meta-analysis of eight studies revealed the significant effects of ginseng 

supplementation on FPG, postprandial insulin, and insulin resistance in the treatment 

group when compared with the non-treated group. The SMDs were -0.306 (95% CI: -

0.539 to -0.074; p = 0.01) for FPG, -2.132 (95% CI: -3.706 to -0.558; p  = 0.008) for  

postprandial insulin, and -0.397 (95% CI: -0.679 to -0.115; p  =  0.006) for HOMA-IR 

[192]. Meanwhile, the other meta-analysis involving 16 RCTs did not found the 

improvement in insulin resistance although FPG significantly reduced by -0.31 

mmol/L (95% CI: -0.59 to -0.03 mmol/L; p  = 0.03) [193]. The large differences in 

participant characteristics might be attributed to the inconsistent findings. Persons 

with IGT and type 2 diabetes were recruited into the former study, whereas both 

healthy and diabetic subjects were included to the latter one. There was no alteration 

in A1C from baseline observed in the both meta-analyses. Over 30 ginsenosides, 

which are saponin derivatives, are related to antihyperglycemic effect of ginseng 

[192]. Possible mechanisms of action of ginseng include promoting insulin production 

and secretion, blocking intestinal glucose absorption, and increasing glucose uptake 

via up-regulating GLUT-4 translocation [194]. 

6) Tea (Camellia sinensis) 

 A meta-analysis of 12 cohort studies found that daily consumption of more 

than three cups of tea appeared to reduce the risk for diabetes; nonetheless, the 

association was not statistically significant [195]. The conflicting results were 
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reported in the other meta-analysis of 17 RCTs involving 1,133 participants. Tea 

products were administered in a wide variation of catechins doses from 208-1,207 

mg/day over the period of 2 - 24 weeks. Green tea consumption was associated with 

the significant decreases in FPG and A1C by -0.09 mmol/L (95% CI: -0.15 to -0.03 

mmol/L; p < 0.01) and -0.30% (95% CI: -0.37 to -0.22%; p < 0.01), respectively, in 

comparison with the control. However, there was no effect of tea consumption on 

PPG. The effects were found only in those at high risk for metabolic syndromes, but 

not in healthy subjects [196]. The major constituents accounting for health-promoting 

effect of tea are flavonol compounds called catechins and its derivatives [195, 197]. A 

study of Ortsater et al. [198] showed that glucose-lowering effect of catechins and its 

extracts involved enhancing insulin secretion and inhibiting gluconeogenesis enzymes 

in animal model. 

7) Milk thistle (Silybum marianum) 

 Seed extract of milk thistle, a well-known natural product among Western 

countries, contains a bioactive constituent named silymarin. Silymarin exerted 

favorable effects on glycemic profiles although its mechanism of lowering blood 

glucose remains unclear [199, 200]. A recent meta-analysis of five RCTs and 270 

patients with type 2 diabetes reported that daily administered dose of silymarin was in 

the range from 200-600 mg for 45 days to six months. In comparison with placebo, 

FPG and A1C were significantly affected by silymarin (mean difference; MD of FPG 

= -26.86 mg/dL; 95% CI: -35.42 to -18.30 mg/dL and MD of A1C = -1.07%; 95% CI: 

-1.73 to -0.40%). The results also suggested therapeutic efficacy on diabetic 

nephropathy in the silymarin-treated group [200]. 

8) Bitter melon (Momordica charantia) 

 A total of 95 patients with type 2 diabetes who had no history of taking oral 

antidiabetic drug were randomly assigned to receive 2,000 and 4,000 mg of bitter 

melon powder in capsule, or 5 mg of glibenclamide daily for 10 weeks. In comparison 

with baseline levels, treatment of 2,000 and 4,000 mg of bitter melon significantly 

decreased the levels of A1C (p < 0.05 and p < 0.02, respectively) and FPG (p < 0.05 

and p < 0.04, respectively). There was however no difference among the three groups 

at the end of study [201]. A significant reduction in fructosamine at week 4 was found 
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in the groups receiving 1,000 mg/day of metformin and 2000 mg/day of bitter melon 

by -16.8 µmol/L (95% CI: -31.2 to -2.4 µmol/L) and 10.2 µmol/L (95% CI: -19.1 to -

1.3 µmol/L), respectively. The lower doses of bitter melon (500 and 1,000 mg/day) 

seemed slightly effective [202]. No change in 2-hour PPG following the standard 

OGTT, serum lipids, and anthropometric profiles was observed in previous studies 

[201, 202]. Benefits of bitter melon on glucose homeostasis could be from several 

mechanisms, including enhance glucose utilization of muscle cells [203], decrease 

intestinal glucose absorption [204], and inhibit hepatic gluconeogenesis [205]. Bitter 

melon did not exhibit only blood glucose-lowering effect, but it also preserved β-cell 

mass and function in animal studies [206]. 

  9) Ivy gourd (Coccinia cordifolia) 

 A total of 60 patients with early diagnosed type 2 diabetes were included in a 

RCT to treat with 1,000 mg alcoholic extract of ivy gourd over a period of 12 weeks. 

The results suggested significant decreases in FPG (-20.6 mg/dL), A1C, and PPG (-34 

mg/dL) levels at the end of study were associated with the ivy gourd supplementation 

and lifestyle intervention [207]. The findings were consistent with a prior study, 

showing the significant decreases in FPG and PPG by 1,800 mg of freeze-dried leaf 

tablet daily in 16 patients with type 2 diabetes [208]. It was hypothesized that 

antidiabetic effects of ivy gourd are caused by active compounds that mimicking 

insulin action. Previous animal studies also found the reduction in activities of 

enzymes related to gluconeogenesis by ivy gourd extract [209]. 

10) Turmeric (Curcuma longa) 

 A single administration of six grams of turmeric extract following the 75-g 

OGTT significantly increased postprandial insulin level, but without the suppression 

on glucose level [210]. A large RCT aimed to investigate preventive effect of turmeric 

on development of type 2 diabetes in 240 prediabetic subjects. After daily 

consumption of 1,500 mg of turmeric extract concurrently with lifestyle modification 

for nine months, none of participant in the treatment group developed type 2 diabetes. 

In contrast, there was 16.4% of the control group diagnosed with diabetes in this study 

[210]. Furthermore, β-cells function and insulin resistance as assessed by the HOMA 

method significantly improved by turmeric intervention throughout the study period. 
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A significant elevation of adiponectin was additionally observed among the turmeric-

treated group [144]. Promising activities of turmeric extract were also confirmed in a 

4-week within-subject study. Although a slight reduction in FPG was seen, 

progression of diabetic nephropathy was markedly improved at the end of study 

[211]. Rhizome of turmeric contains curcumin exerting antidiabetic properties. 

Reversing insulin resistance [212], improving β -cell function, and preventing β-cells 

apoptosis [213] were proposed as mechanisms of action of turmeric. In addition, 

antioxidative- and anti-inflammatory effects of curcumin were postulated to be 

effective for delaying the onset of diabetic complications [211, 214]. 

11) Gymnema sylvestre and Gymnema inodorum 

 Gymnema plants are the genus of vegetable commonly found in Southeast 

Asian countries. Leaf of Gymnema exhibits antihyperglycemic effect via various 

mechanisms. Animal studies proposed inhibitory effect on mammalian α-glucosidase 

enzymes of Gymnema [215]. Gymnemic acids isolated from the leaf is associated 

with pancreatic β-cells recovery, leading to improving in insulin secretion [216]. 

Limited numbers of human studies indicated efficacy of Gymnema on glycemic 

outcomes. Effect of a single administration of G. inodorum tea following 

carbohydrate meals on PPG was examined among 73 healthy volunteers. Results 

showed that the peak glucose level significantly decreased regardless of carbohydrate 

sources. However, favorable changes in FPG and insulin secretion were not found 

throughout a 28-day treatment period [217].  

2.5.2 Safety of medicinal plants  

 Table 5 demonstrates adverse effects and toxicity of medicinal plants that have 

been suggested in previous evidences in preclinical and clinical studies. 
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Table 5 Adverse effects and toxicity of medicinal plants 

Medicinal 

plants 

Adverse effects/toxicity Experiment models 

Cinnamon Hepatotoxicity resulting from isolated 

coumarin 

In vivo [218] 

Platelet count drop In vivo [219] 

Allergic contact dermatitis caused by 

the exposure of cinnamon products 

Human (case report) [220] 

Non-immunologic and immunologic 

allergic reactions (i.e. stomatitis, 

gingivitis, and lip edema) after 

cinnamon ingestion 

Human (case report) [220] 

Aloe Genotoxic caused by anthraquinone 

glycosides 

In vitro [221] 

Diarrhea after chronic consumption, 

leading to water loss and electrolyte 

imbalance 

Human (case report) [222] 

Garlic Unpleasant odor and gastrointestinal 

symptoms (i.e. nausea and diarrhea) 

Human (meta-analysis) 

[184, 188] 

Fenugreek Hypersensitivity Human (case report) [223] 

Specific sweat and urine smell Human (meta-analysis) 

[189] 

Abdominal distention, dyspepsia, and 

nausea 

Human (meta-analysis) 

[223] 

Ginseng Hypersensitivity Human (case report) [223] 

Weakness, gastrointestinal 

discomfort, and upper respiratory 

infection 

Human (RCT) [224] 

Tea Significant elevation of transaminase 

levels and acute reversible hepatitis 

Human (case report) [223] 
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Table 5 Adverse effects and toxicity of medicinal plants (cont.) 

Medicinal 

plants 

Adverse effects/toxicity Experiment models 

Soy Mild gastrointestinal symptoms 

including nausea, bloating, and 

constipation 

Human (case report) [223] 

Increasing risk of estrogen-dependent 

tumors 

In vivo and human [222] 

Milk thistle Gastrointestinal disturbances and 

headache 

Human (RCT) [200] 

Bitter 

melon 

Favism in individuals with G6PD 

deficiency 

In vitro and human [223] 

Heartburn, loss of appetite, and 

headache 

Human (RCT) [201] 

Turmeric Anaphylaxis Human (case report) [223] 

Kidney stone due to high level of 

oxalate 

In vitro [223] 

Gymneman 

spp. 

Taste alteration Human (case report) [223] 

Hepatotoxicity Human (case report) [223] 

RCT: randomized controlled trial; G6PD: glucose-6-phosphate dehydrogenase 

 

2.6 Mulberry leaves 

Mulberry (Morus spp.; family Moraceae) is a multi-functional plant 

widespread in tropical and subtropical areas throughout the world, particularly in Asia 

[225]. In agriculture field, leaves of mulberry serve as the food of silkworm and dairy 

cattle [226]. In addition, mulberry leaves have been traditionally used in folk remedies 

for treating several conditions such as fever, cough, hypertension, 

hypercholesterolemia, and hyperglycemia [227]. Moreover, many functional foods 

and dietary supplements were made from mulberry leaves and commercially available 

at present [228]. 

2.6.1 Phytochemicals 

There are plenty of macronutrients, vitamins, and minerals such as ascorbic 

acid (160-280 mg/100g), β-carotene (10,000.00-14,688.00 µg/100g), iron (19.00-

35.72 mg/100g), zinc (0.72-3.65 mg/100g), and calcium (786.66-2,266.66 mg/100g)in 
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mulberry leaves in relative to other green leafy vegetables [229]. Moreover, mulberry 

leaves are known as an excellent source of secondary metabolites exhibiting various 

biological activities. Mulberry leaves are rich in alkaloids [30]. A huge numbers of 

polyhydroxylated alkaloids with inhibitory effect against α-glucosidase enzymes in 

mulberry leaves were isolated and identified, for example, 1-deoxynojirimycin (DNJ), 

fagomine, isofagomine, and 2-O-α-D-Gal-DNJ [230, 231]. In addition, mulberry 

leaves contain various antioxidative compounds, including phenolic acids (i.e. 

chlorogenic acid, gallic acid, and caffeic acid) and flavonoids (i.e. rutin, kaempferol, 

quercetin, and isoquercitrin) [232-236]. Of these, DNJ is established as the most 

remarkable secondary metabolite responsible for antihyperglycemic property of 

mulberry leaves. Chemistry, determination, occurrence, and pharmacokinetics of DNJ 

are hereby described below. 

1) Chemistry of DNJ 

DNJ (chemical formula: C6H13NO4, molecular mass: 163.17 g/mol, IUPAC 

name: (2R,3R,4R,5S)-2-(hydroxymethyl)piperidine-3,4,5-triol, synonym: moranoline) 

is a naturally occurring polyhydroxylated piperidine alkaloid (also called as 

iminosugar) [30]. As shown in Figure 5, DNJ is a highly polar molecule containing 

multiple hydroxyl groups. Its chemical structure is closely similar to glucose, but the 

pyranose ring contains nitrogen atom instead of oxygen atom [230].  

 

Figure 5 Chemical structure of DNJ in comparison with glucose 

2) Determination and occurrence of DNJ in mulberry leaves 

DNJ is the most abundant compound accounting for over 50% of alkaloids in 

mulberry leaves [237]. Regarding the different species, varieties, and cultivated areas 

of mulberry leaves, a large variation in DNJ concentration in the leaves samples was 
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reported in prior studies. Vichasilp et al. [238] found the concentration of DNJ in Thai 

mulberry leaves varieties ranged from 0.3 to 1.7 mg/g. Song et al. [236] and Hao et 

al.[239] revealed that DNJ constituted 1.389 to 3.483 mg/g and 0.401 to 5.309 mg/g, 

respectively in dried mulberry leaves harvested in China. Meanwhile, Bajpai et al. 

[240] showed that the content of DNJ varied in the range of 0.68 to 2.72 mg/g of 

Indian dried mulberry leaves. In addition, seasons of harvesting and leaf positions also 

affected  the concentration of DNJ in mulberry leaves [32]. Young leaves collected 

from the top part of branches provided the highest amount of DNJ when compared 

with mature leaves [32, 238]. Moreover, differences in drying methods, extraction 

techniques, and extracted solvents are the factors influencing the content of DNJ in 

mulberry leaves [238, 241]. 

3) Pharmacokinetics of DNJ 

Oral pharmacokinetic profiles of DNJ in the form of extracts and purified DNJ 

was determined in preclinical models [242-245]. Around 1% of administered DNJ 

was incorporated into plasma in the intact form, suggesting a slight absorption of DNJ 

into bloodstream [243]. After ingestion of 110 mg/kg of purified DNJ (purity > 95%) 

from aqueous mulberry leaves extract, DNJ reached the maximum plasma level of 15 

μg/mL at 30 min [243]. Prior pharmacokinetic studies reported that plasma 

concentration at 30 min of DNJ was higher than other phytochemicals, including 

fagomine, 1,4-dideoxy-1,4-imino-d-arabinitol, anthocyanin, and catechin [245-247]. 

Furthermore, gastrointestinal absorption of DNJ was observed in a dose-dependent 

manner when the leaves extracts containing 1.1, 11, and 110 mg/kg of DNJ were 

ingested [243]. The studies further found that concentration of DNJ rapidly declined 

over few hours after absorption [242, 243].  

Since DNJ is a high-polar compound, the small amount of DNJ was 

distributed into tissues [243]. Nonetheless, the highest concentration of DNJ was 

detected in stomach and duodenum at 0.25 hour and in the high blood supply organs, 

including kidney and liver, within 0.5 hour after ingestion 40 mg/kg of the extract 

[244]. It was also proposed that a decrease in hepatic glucose production could be 

attributed to hepatic distribution of DNJ [244]. DNJ was unchanged throughout 

metabolic pathways in the body [242, 243]. No metabolite and degradation product of 
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DNJ was found in blood circulation and tissues [243]. The intact form of DNJ was 

majorly excreted in feces (7%) and the relatively low amount of DNJ was also found 

in urine (2%) [242, 243]. With respect to the rapid absorption and excretion, it was 

suggested that DNJ has the relatively low half-life of 0.71 ± 0.02 hours [245]. 

Furthermore, DNJ from the whole mulberry leaves extract underwent the 

similar metabolic processes to purified DNJ in in vitro and in vivo models [244, 245]. 

However, the higher absorption and bioavailability of DNJ was observed after 

ingestion of purified DNJ in relative to the whole extract [242]. It was postulated that 

soluble fiber and flavonoids may interfere absorption of DNJ in mulberry leaves 

extract [242]. Conversely, the higher amount of DNJ was excreted after ingestion of 

mulberry leaves extract than the purified form [242].  

2.6.2 Glucose-lowering effect 

In the early era of research and discovery, a marked reduction in blood glucose 

in streptozotocin (STZ)-induced diabetic mice fed with mulberry leaves was found 

promptly with the discovery of many iminosugar alkaloids including DNJ in mulberry 

leaves extract [230]. Mulberry DNJ is a potent α-glucosidase inhibitor, principally 

responsible for antihyperglycemic effect of mulberry leaves. According to the sugar-

mimicking structure, DNJ acts as a competitive inhibitor of dietary sugar by binding 

to the active sites of α-glucosidases in mammalian small intestine [230]. These 

enzymes play the key roles in disaccharides hydrolysis and monosaccharide 

absorption through intestinal brush border membrane. Inhibition on α-glucosidases 

results in the delay of carbohydrate digestion and absorption, and the decrease in 

blood glucose, particularly in postprandial state [227, 230].   

1) Preclinical studies 

The greater content of DNJ in the concentrated fractions of mulberry leaves 

extract exhibited the relatively stronger inhibitory action on α-glucosidase enzymes 

than crude extract [248]. This finding was supported by the robust correlation 

between the content of DNJ and the magnitude of inhibition on α-glucosidases with r 

= 0.84 [238] and r = 0.90, p < 0.001 [249].  
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Mulberry DNJ possessed the potent effect comparable to conventional α-

glucosidase inhibitor in in vitro studies [248, 250]. The 50% inhibitory concentration 

( IC50)  value of mulberry leaves extract containing 0.11% DNJ was 41.0 μg/mL, 

whereas the IC50 of acarbose (positive control) was 19.0 μg/mL against rat α-

glucosidase [250]. The most dominant inhibitory effect of mulberry DNJ was found 

for sucrase followed by isomaltase and maltase, respectively [248, 251, 252]. In 

contrast, it slightly inhibited the activities of trehalase, lactase, and α-amylase [248, 

250, 251]. Hot water extract of mulberry leaves suppressed the digestive activities of 

sucrase and maltase bound on Caco-2 cell lines. This cell culture experiment found 

the decrease in glucose liberation in the apical chamber and the delay of glucose 

transportation to basal chamber through the Caco-2 cell monolayer [252].  

Effects of mulberry leaves on blood glucose level among various animal 

models are present in Table 6. The results suggested that mulberry leaves did not only 

reduce blood glucose after carbohydrate load, but it was also effective for glycemic 

outcomes in the long-term feeding studies. Moreover, mulberry leaves ameliorated 

insulin resistance in multiple pathways. The studies of Hamdy et al. [37] and Liu et 

al. [38] showed modulation of proteins regulating hepatic glucose metabolism 

including the suppressive effect on gluconeogenic enzymes: glucose-6-phosphatase 

(G6Pase) and phosphoenolpyruvate carboxykinase (PEPCK) by mulberry leaves 

water extract. Mulberry leaves also activated glucose uptake in skeletal muscle and 

adipose tissue by regulating phosphatidylinositol-3-kinase (PI3K)/protein kinase B 

(Akt) and glycogen synthase kinase-3β (GSK-3β) signaling pathways, leading to  

GLUT-4 translocation to the cell membrane [36, 39]. In addition, mulberry leaves 

could preserve β-cell morphology and function. Histological examination by 

Mohammadi et al. [40] and Saenthaweesuk et al. [41] showed the restoration of β-

cells to be closely to the normal condition in diabetic rats after the daily feeding of 

mulberry leaves extract. 
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2) Clinical trials 

 Glucose-lowering efficacy of mulberry leaves was extensively demonstrated 

in clinical studies [31-34, 255-259]. Experiments of carbohydrate challenge test 

concurrently with a single-dose administration of mulberry leaves aim to determine 

effect of mulberry leaves on the elevation of blood glucose after carbohydrate load. 

Investigation of the effective doses of mulberry DNJ was performed simultaneously; 

however, it was determined in few studies [31, 32, 34, 259]. Characteristics of the 

studies and the main findings are summarized in Table 7. The results revealed the 

significant reduction in PPG in the mulberry leaves-treated group when compared 

with the control group regardless of participant characteristics (non-diabetic-, 

prediabetic-, and type 2 diabetic patients) and carbohydrate sources (disaccharides 

and complex carbohydrate). These indicated efficacy of mulberry leaves on 

postprandial hyperglycemia. Furthermore, the study of Chung et al. [31] also found 

that order of administration of mulberry leaves (30-min before and co-administered 

with carbohydrate) did not affect glucose-lowering efficacy of mulberry leaves. 

 With respect to the favorable effect on the elevated PPG, previous studies 

investigated efficacy of mulberry leaves on other glycemic indices including FPG and 

A1C in order to determine effects of daily supplementation of mulberry leaves on 

long term glycemic control [32, 34, 35, 260, 261]. The studies details are described in 

Table 8.  
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2.6.3 Lipid-lowering effect 

In this section, lipid-lowering effect includes anti-obesity and 

antihyperlipidemic properties. Anti-obesity refers to the effects of mulberry leaves on 

modulating lipid accumulation in adipocytes. Meanwhile, antihyperlipidemia is the 

effects of mulberry leaves on reducing blood lipids including cholesterols and TG. 

1) Preclinical studies 

Lipid-lowering effect of mulberry leaves were demonstrated in numerous in 

vitro and in vivo studies. Mulberry leaves exerted several effects on lipid metabolism 

including inhibiting lipogenesis and promoting lipolysis through multiple mechanisms 

of action.  

Being the α-glucosidase inhibitor was postulated as a plausible explanation of 

lipid-lowering effect of mulberry leaves. In hepatic cells, excess circulating glucose is 

converted to fatty acid, which is the substrate of TG. DNJ could lower glucose hepatic 

influx because it inhibits carbohydrate digestion and absorption, resulting in the 

decreased blood glucose [251]. 

An enzyme activity analysis of Tsuduki et al. [262] showed that mulberry 

leaves extract enriched with DNJ promoted the activities of PPAR-α in the 

transcription level by upregulating mRNA expressions of the PPAR-α target genes: 

carnitine palmitoyltranferase (CPT) and acyl-CoA oxidase (ACO). This leads to an 

increased lipolysis. Results in animal model consistently found a significant reduction 

in hepatic TG. Polyphenols also possessed the agonistic effect on PPAR-α. Kobayashi 

et al. [263, 264] suggested that polyphenol-rich extract of mulberry leaves 

upregulated the transcription of PPAR-α gene. In addition, the extract lowered mRNA 

expressions of β-hydroxy β-methylglutaryl-CoA (HMG-CoA) reductase, the rate-

limiting step of endogenous cholesterol synthesis. 

Ethanolic mulberry leaves extract containing quercetin, kaemferol, caffeic 

acid, and hydroxyflavin regulated expressions of several genes and proteins involved 

in lipid metabolism including sterol regulatory element-binding proteins (SREBPs), 

HMG-CoA reductase, fatty acid synthase (FAS), glycerol-3-phosphate acyltransferase 
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(GPAT), and liver X receptor (LXR) in hepatic cells and adipocytes [265-267]. 

Histological examination confirmed the decrease in lipid accumulation in the cells 

[265]. 

Inhibition on adipogenesis was also stated as the major anti-obesity 

mechanism of mulberry leaves. Ethanolic and water extracts of mulberry leaves 

suppressed expressions of SREBP-1 and PPARs, which are the transcriptional factors 

of adipocyte differentiation and maturation [265, 266, 268]. Mulberry leaves also 

promoted apoptosis in adipocytes [266]. These findings could explain the decreases in 

the numbers of mature and functional adipocytes [269, 270]. In addition, mulberry 

leaves containing the high content of DNJ stimulated mRNA expression level of 

adiponectin [262], a significant adipokine regulating metabolic pathways of glucose 

and fatty acid. 

Furthermore, the mixture of mulberry polyphenols and fiber showed efficacy 

on body weight and plasma lipids reduction in the recent study of Li et al. [271]. It 

was proposed that soluble fiber might potentiate lipid-lowering activity of mulberry 

leaves. Soluble fiber interferes dietary cholesterol absorption by binding with bile acid 

and delays gastric emptying time [272]. 

These mechanisms were the explanations of the induction of β-oxidation of 

FFA and the decrease in lipid accumulation in peripheral tissues. Mulberry leaves 

retarded body weight gain in high-fat diet-induced obese rats [265, 266, 273]. The 

final body weight of the mulberry  leaves-treated group was 7 to 10% lower than the 

control group [265]. Mulberry leaves feeding was also able to decrease fat to body 

ratio in obese mice induced by high-fat diet, reflecting the reduction in body fat mass 

[265]. This was in line with the finding from microscopic analyses. There were 

significant reductions in the amount of adipocytes as well as size and numbers of lipid 

droplets in the cells after mulberry leaves interventions [262, 265, 266, 268]. In 

addition to antiobesity effect, mulberry leaves exhibited favorable effect on plasma 

lipids. The marked reductions in TC, LDL-C, and TG and the increase in HDL-C in 

blood circulation were observed in hypercholesterolemic animals fed with mulberry 

leaves [263, 265, 266, 269, 274]. 
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2) Clinical studies 

Many clinical studies consistently reported potentials of mulberry leaves for 

improving lipid profiles in persons with known history of dyslipidemia. Patients with 

early-stage dyslipidemia (N = 23) defined by the baseline LDL-C concentration in the 

range of 140 – 189 mg/dL were recruited to the study of Aramwit et al. [275]. The 

study intervention was mulberry leaves tablets containing 0.367 mg of DNJ/tablet. All 

participants were assigned to take three tablets thrice daily before meals consecutively 

for 12 weeks. Results suggested that mulberry leaves significantly decreased TC (-

4.9%, p < 0.05), LDL-C (-5.6%, p < 0.05), and TG (-14.1%, p < 0.05), and increased 

HDL-C (19.7%, p < 0.05) compared with the baseline levels. The authors further 

suggested that lipid-lowering efficacy of mulberry leaves was superior to lifestyle 

modification alone. 

Banchobphutsa et al. [260] consistently found that mulberry leaves brewed tea 

was effective for lowering blood lipids in patients with dyslipidemia (N = 46) defined 

by TC ≥ 200, LDL-C 101 – 190, or TG ≥ 150 mg/dL. Daily consumption of 3 g 

mulberry leaves tea three times a day before meals was capable of reducing the 

concentrations of TC (-9.8%), TG (-14.9%), and LDL-C (-2.02%) after the 8-week 

intervention period in comparison with the baseline levels. 

The other 12-week within-person study of Kojima et al. [276] was conducted 

to determine efficacy of mulberry leaves capsules corresponding to 36 mg DNJ/day 

among patients with hypertriglyceridemia defined by the level of TG ≥ 200 mg/dL (N  

= 10). The authors found the moderate effect of mulberry leaves on plasma TG, which 

decreased from 312 ± 90 mg/dL at baseline to 252 ± 78 mg/dL at week 12 (p = 

0.058); however, no improvement in the other lipid outcomes was observed. 

Moreover, this study showed that mulberry leaves lowered very small, dense LDL 

particles, which are highly atherogenic.  

In addition, Andallu et al. [277] reported that mulberry leaves were effective 

for improving lipid profiles in patients with type 2 diabetes who had abnormal lipids 

levels (N = 24). Participants were randomly divided into two groups to take mulberry 

leaves capsules (500 mg/capsule) and 5 mg glibenclamide. There were the significant 

decreases in TC (-12%, p < 0.01), TG (-16%, p < 0.01), LDL-C (-23%, p < 0.01), 
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very low-density lipoprotein cholesterol (VLDL-C) (-17%, p < 0.01), and plasma 

FFA (-12%, p < 0.01) from baseline after the 4-week treatment period. The lipid-

lowering effect of mulberry leaves was comparable to glibenclamide. The authors also 

showed that mulberry leaves effectively reduced lipids on erythrocyte membrane, 

which are strongly associated with lipid peroxidation, vascular membrane rigidity, 

and atherosclerotic plaque formation. 

2.6.4 Antihypertensive effect 

Abnormally high systolic blood pressure, diastolic blood pressure, mean 

arterial pressure, and heart rate were normalized by mulberry leaves [278-280]. 

Investigation of vascular reactivity showed that mulberry leaves extract improved the 

responses of blood vessels to exogenous vasodilators and vasoconstrictors. 

Diminished dilatation and increased constriction of blood vessels significantly 

restored after long term mulberry leaves administration [279].  

It was proposed that mulberry leaves reduced blood pressure as well as heart 

rate of the animals treated with mulberry leaves extract via the inhibition of 

angiotensin-converting enzyme (ACE) .  In vitro studies observed the lower ACE 

activity after the cells were treated with mulberry leaf extract with the IC50 of 

29.8 mg/mL [278]. Additionally, the decline contraction in response to phenylephrine 

indicated the blockade of calcium channel by mulberry leaves extract [280]. 

Antihypertensive effect of mulberry leaves could be from -aminobutyric acid 

(GABA) content in the extract.  Results showed that the mean blood pressure in the 

mulberry leaves treatment group reduced in the similar trend as the group receiving 

pure GABA in a single administration study [278].  Moreover, published studies 

documented that antioxidative potentials of mulberry phenolics attenuated vascular 

dysfunction in hypertension [280].  

2.6.5 Antioxidative and anti-inflammatory effects 

Mulberry leaves were responsible for the significant increase in 1,1-diphenyl-

2-picrylhydrazyl (DPPH) radical scavenging activity; however, the effect was weaker 

than ascorbic acid and butylated hydroxytoluene (BHT) that used as positive controls 
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[254, 281].  Determination of peroxides formation observed the lower level of lipid 

peroxidation end-products by mulberry leaves treatment [254, 280, 282].  The 

thiobarbituric acid (TBA) assay showed the lower level of malondialdehyde (MDA) 

in the dose-dependent fashion [279, 281].  The findings indicated potentials of 

mulberry leaves against free radical formation and oxidative stress damage. Activities 

of enzymes involved in antioxidant defense system− including glutathione reductase 

(GR), glutathione peroxidase (GPx), glutathione-S-transferase (GST), and superoxide 

dismutase (SOD)—in diabetic rats fed with mulberry leaves extract were significantly 

elevated [283]. 

Phenolic compounds are well established as the excellent antioxidants [233, 

235].  Methanolic and ethanolic mulberry leaves extracts have the potent ability 

against oxidative stress because the extracts contain the great amount of phenolics. 

Quercetin, isoquercitrin, rutin, and chlorogenic acid were isolated and identified as 

antioxidants of mulberry leaves [281].  

Mulberry leaves were associated with the suppression of inflammatory process 

through signaling pathways of NF-κB, a crucial physiological part of macrophage 

activation-induced inflammation [284, 285]. Result found that the effects were due to 

the down-regulation of NF-κB transcription factors, resulting from the decreases in 

proinflammatory cytokines including iNOS, cyclooxygenase-2 (COX-2), TNF-α, IL-

1β, and IL-6 [284].  In addition, endothelial cell adhesion of monocyte induced by 

TNF-α significantly reduced by the treatment of mulberry leaves extract [285].  The 

results consistently revealed that anti-inflammatory effect of mulberry leaves was in a 

dose-response relationship [284, 285]. 

Antioxidative and anti-inflammatory effects of mulberry leaves have been 

investigated in human by measuring various surrogate markers.  A previous clinical 

trial suggested the significant reduction in 8-isoprostane, a surrogate marker of 

oxidative injury, in patients with mild dyslipidemia who supplemented with mulberry 

leaves tablet containing 0.367 mg of DNJ/ tablet for the duration of 12 weeks.  The 

improvement in GPx activities in erythrocytes was also observed.  Moreover, the 

results showed that mulberry leaves treatment ameliorated inflammatory process. The 

mean monthly level of CRP had a decreasing tendency in this study.  However, no 
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significant difference between the initial and the final levels of GPx activities and 

CRP was reported [286].  Lack of statistically significant change might be from the 

low baseline levels among study population.Also, determination of the end-products 

of lipid peroxidation found that mulberry leaves consistently reduced the level of 

peroxides in various biological samples including plasma, erythrocyte, and urine after 

four weeks of mulberry leaves treatment [277]. 

2.6.6 Anti-atherosclerosis 

Mulberry leaves treatment attenuated the development of atherosclerotic 

events. Benefits of mulberry leaves were observed both in the early- and the advanced 

stages of coronary atherosclerosis.  Besides the inhibitory effects on oxidative 

modification of LDL particles, the transfer of LDL through arterial wall and foam cell 

formation were dose dependently inhibited by mulberry leaves extract in in vitro 

models [287].  Furthermore, the extract was capable of inhibiting vascular smooth 

muscle cells (VSMC) proliferation and migration, which contributes to the progression 

of atherosclerosis, in rat aortic smooth muscle cell lines as shown in the growth curve 

assay [288, 289]. Analysis of intracellular lipid additionally revealed the decreases in 

TC and TG accumulation in the foam cells [287].  Also, the levels of numerous 

markers related to endothelial dysfunction including soluble vascular cell adhesion 

molecule-1 (sVCAM-1), fibrinogen, and nitric oxide were restored to the normal 

levels [290].  

Beneficial effects on atherosclerotic lesions were also demonstrated in animal 

studies.  Pathological analysis showed that the atherosclerotic plaque volume was 

significantly decreased.  Endothelial injury and the proliferation and migration of 

VSMCs were also inhibited by mulberry leaves extract in a dose-dependent fashion 

[291]. 

2.6.7 Cardioprotective effect 

Mulberry leaves preserved cardiac structure and function in various 

experimental models. After the daily treatment of mulberry leaves extract, histological 

studies showed the amelioration of damaged heart structure in isoproterenol ( ISO) -
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induced myocardial infarction rats.  Areas of myonecrosis and myocarditis were less 

distributed in the treatment group when compared to the non-treated group [280]. This 

was similar to hemodynamic and echocardiographic analyses since mulberry leaves 

extract treatment significantly reversed the defective heart development including left 

ventricular remodeling [292].  Also, mild infiltration of inflammatory cytokines and 

low fibrous tissues in myocardial cells were observed [280, 292].  In addition, the 

depression of abnormally high cardiac marker enzymes induced by ISO [280].  

2.6.8 Safety of mulberry leaves 

Mulberry leaves are considered a relatively safe medicinal plant regarding the 

traditional uses. Meanwhile, no report of toxicity and life-threatening adverse events 

of mulberry leaves was evident. The most common side effects of mulberry leaves are 

gastrointestinal symptoms including bloating, flatulence, loose stool, and constipation 

[32, 35]. These effects are explained by the major mechanism of action of mulberry 

DNJ.  Being the α-glucosidase inhibitor results in the production of the large amount 

of gas and osmotic pressure by intestinal bacterial fermentation of undigested 

carbohydrate remaining in large intestine [293]. Nonetheless, it was proposed that 

mulberry leaves may cause fewer abdominal flatulence than acarbose. An in vitro 

study showed that mulberry leaves extract possessed the weak inhibitory effect 

against pancreatic -amylase when compared with acarbose [250]. 

Clinical studies of Lown et al. [259] and Li et al. [293] found that the 

incidence rates of gastrointestinal symptoms of mulberry leaves in the early-period of 

the studies were approximately 50% among participants who receiving mulberry 

leaves. However, the severity and the numbers of persons suffering from the side 

effects subsequently reduced over time, suggesting the better tolerance to the side 

effects. There was no alteration in hematological and biochemical parameters from 

the baseline levels. The values remained in the normal range after receiving mulberry 

leaves in the long duration [35, 276]. 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER III 

MATERIALS AND METHODS 

 

 The present work was divided into three studies as follows; 

 Study I (Phase I clinical trial): to determine effect of a single administration of 

mulberry leaves on plasma glucose excursion in response to carbohydrate load among 

healthy persons and determining the effective dose with minimal adverse effects of 

mulberry DNJ 

Study II (Phase II clinical trial): to determine efficacy and safety of a long-

term supplementation of mulberry leaves on glycemic control in persons who had 

impaired glucose metabolism including obese persons with prediabetes and patients 

with early-stage type 2 diabetes 

Study III (proteomic analysis): to determine effect of the long-term 

supplementation of mulberry leaves on expressions of plasma proteins in persons who 

had impaired glucose metabolism including obese persons with prediabetes and 

patients with early-stage type 2 diabetes 

  

3.1 Study I (Phase I clinical trial) 

 The study protocol was reviewed and approved by the Research Ethics 

Review Committee for Research Involving Human Research Participants, Health 

Sciences Group, Chulalongkorn University (No. 121.1/59) (Appendix A). 

3.1.1 Study design¶ : A four-parallel group, randomized controlled trial 

3.1.2 Participants¶ : Healthy adults at Faculty of Pharmaceutical Sciences, 

Chulalongkorn University, Bangkok, Thailand who met eligibility criteria. 

1) Inclusion criteria 

a. Women and men aged 18 to 50 years 

b. No history of diabetes 
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c. FPG < 100 mg/dL 

d. BMI 18.5 - 22.9 kg/m2 

2) Exclusion criteria 

a. Allergic to mulberry leaves 

b. Aspartate aminotransferase (AST) and/or alanine aminotransferase 

(ALT) > 40 IU/L 

c. Serum creatinine (Cr) < 0.6 or > 1.2 mg/dL 

d. Blood urea nitrogen (BUN) > 20 mg/dL 

e. Had a history of gastrointestinal surgery or had abnormal conditions 

affecting digestion and intestinal absorption  

f. Presences of uncontrolled or life-threatening conditions  

g. Had a history of or diagnosed with hematological disorders, thyroid 

diseases, cardiovascular diseases, stroke, and chronic kidney disease 

h. Taking drugs, supplements, or herbs affecting blood glucose level: 

corticosteroids, second-generation antipsychotics, niacin, thiazide 

diuretics, and   β-blockers, within a month prior to study enrollment 

i. Women during pregnancy or lactation 

3) Sample size calculation 

Sample size for comparing means of continuous variables between 

independent samples was calculated by following equations; 

                           n/group           =    2 (Zα + Zβ)
2 Q2  

                               d2 

Regarding the previous study of Asai et al. [34], the results showed a 

significant reduction in the level of PPG at 30 min (PPG-30) who receiving a single 

dose of mulberry leaves after sucrose load when compared to control group. The 

values of PPG-30 were 121 ± 19 mg/dL and 145 ± 28 mg/dL in the treatment group (n 

= 10) and the control group (n = 10), respectively (p < 0.05). 
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Zα (0.05, 2-tailed) =  1.96 

Zβ (0.20, 2-tailed) =  0.84 

Q2 =  (n1 - 1) S1
2 + (n2 - 1) S2

2 

                n1 + n2 – 2 

=  (10 – 1)(192) + (10 – 1)(282)  =  572.5 

                10 + 10 - 2 

d =  A critical difference of PPG-30 between groups 

=  121 – 145 = -24 mg/dL 

    n/group  =  2 (1.96 + 0.84)2 (572.5)   ≈  16  

                                      (-24)2      

 Assuming a 20% dropout rate; n/group  =       16       =    20 

                 1 – 0.2  

 Therefore, this study required total participants at least; N  =  4 (20)  = 80   

3.1.3 Documents and interventions 

1) Documents 

a. Clinical record forms (Appendix B) 

− General information  

− Clinical outcomes 

− Adverse events and Naranjo’s algorithm 

b. Participants information sheet 

c. Informed consent form 

2) Mulberry leaves powder  

Mulberry leaves product used in this study was in the form of dried powder 

with no solvent extraction. Fresh leaves of white mulberry (M. alba L.; variety 

Sakonnakhon) were from Chiang Mai, Thailand. Young leaves (aged 50 to 70 days) 

from the top shoot to two feet below were harvested.  
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Foreign substances were removed, and the leaves were gently cleaned with tap 

water. Next, raw mulberry leaves were soaked in cold water (4oC) for 30 min. The 

leaves were then dried by microwave oven at 600 Watts until completely dry and 

ground to fine powder by blender. In addition, aluminum sieve (size No.70) was used 

to grade the powder size at 200 μm and smaller and to remove undesirable 

contaminations. The dried powder was sterilized by gamma radiation with the 

standard radiation dose of 25 kGray for 30 min thereafter. Mulberry leaves powder 

was kept avoiding from light, heat, and moisture throughout the preparation 

processes. A single-meal ration of mulberry leaves powder at the weight equivalent to 

the desired dose of DNJ was packed in light- and moisture-protection sachets and 

stored at room temperature until dispensing. Figure 6 shows the mulberry leaves 

products used as the intervention in this study.  

 

Figure 6 Mulberry leaves intervention: (a) fresh mulberry leaves; (b) dried mulberry 

powder; (c) a single-meal ration of mulberry leaves powder in a light- and moisture-

protection sachet; and (d) mulberry leaves powder in warm water 

Phytochemicals in mulberry leaves powder were determined using liquid 

chromatography coupled to mass spectrometry (LC/MS) and LC-system coupled with 

a Maxis Impact Ultra High-Resolution Time-of-flight mass spectrometry (TOF-MS) 

(Appendix C). The content of DNJ in the samples was 2.6 mg/g (0.26% DNJ). 
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Furthermore, stability of DNJ in mulberry leaves powder were also analyzed. The 

content of DNJ in our mulberry leaves product was stable after the 10-hour exposure 

of heat (80oC) and light (220 Volt; 50 Hz). The most optimal condition providing the 

highest DNJ content in the products was room temperature.  

3.1.4 Randomization 

Each participant was assigned a participant number based on the chronological 

order of study enrollment in order to identify their corresponding sequences for the 

study interventions and to protect their personal identity. The method of block 

randomization (block size of four) was used for random allocation to receive one of 

the following test beverages containing different doses of mulberry DNJ as described 

below: 

Group 1: 50 g of sucrose in 150 ml of warm water (sucrose solution) 

Group 2: Sucrose solution mixed with 2.3 g of mulberry leaves powder 

(equivalent to DNJ 6 mg)  

Group 3: Sucrose solution mixed with 4.6 g of mulberry leaves powder 

(equivalent to DNJ 12 mg) 

Group 4: Sucrose solution mixed with 6.9 g of mulberry leaves powder 

(equivalent to DNJ 18 mg)  

3.1.5 Study protocol 

Printed advertisements were used to announce a research recruitment. 

Purposes and methods of the study were informed before enrollment by the 

researcher. Individuals who met eligibility criteria were then asked to sign inform 

consent voluntarily. 

Baseline characteristics of study participants were collected a week before 

experiment day. First, participants were asked to complete general information record 

forms for demographic data, health status, and current medications by themselves. 

Weight, height, BMI, blood pressure, and heart rate were measured. In addition, 12-

hour fasting blood sampling was performed for biochemical tests including FPG, 
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A1C, AST, ALT, BUN, and Cr by registered nurse. Participants were requested to 

maintain regular diets as well as physical activity and avoid taking medications, 

supplements, or herbs affecting blood glucose level until the experiment day. 

 At the experiment visit, sucrose loading test was held at 7.00 AM. Participants 

were asked to take a whole glass of the assigned beverage within a five-minute 

period. After that, postprandial glucose excursion was measured by collecting 

capillary blood glucose. Blood samples were drawn five min before and at 30, 60, 90, 

120, and 180 min after taking the test beverages. The brief protocol of the experiment 

is shown in Figure 7. Any foods and beverages, smoking, and heavy physical 

activities were prohibited throughout the three-hour experiment. Adverse events 

according to mulberry leaves ingestion and the study protocol were closely monitored 

over the session. Those who cannot tolerate the adverse events or did not well comply 

with the study protocol were withdrawn from the study. Moreover, participants in 

group 2, 3, and 4 were asked to self-monitor and report side effects of mulberry leaves 

for seven days after the experiment. 

 

Figure 7 Experimental protocol of study I 
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3.1.6 Outcome measurement 

 1) Anthropometric data 

 Participants were asked to remove outer clothing, accessories, things in 

pockets, and shoes. Weight (in kg) was measured by digital-scale equipment and 

height (in cm) was measured by height meter. The measures of weight and height 

were to the nearest of 0.1 kg and 0.1 cm, respectively. BMI (in kg/m2) was then 

calculated based on body weight in kg divided by the square of height in m. 

 2) Vital signs 

 Systolic and diastolic blood pressure and heart rate were measured by digital 

sphygmomanometer after participants took a rest and relaxed for at least 10 - 15 min. 

3) Biochemical parameters 

Six mL of 12-hour fasting blood were obtained from the median cubital vein 

by registered nurse for the tests of FPG, A1C, AST, ALT, BUN, and Cr. The 

concentration of FPG was determined using glucose oxidize method, whereas the 

percentage of A1C was analyzed via high-performance liquid chromatography 

(HPLC). AST, ALT, BUN, and Cr were measured by colorimetric method using the 

Hitachi Model 7170 analyzer (Hitachi Ltd., Tokyo, Japan). 

Meanwhile, capillary blood glucose was consecutively measured over three 

hours using blood glucometer (Accu-Chek® Performa: Roche Diagnostics, Manheim, 

Germany). Participants’ fingers were sterilized by alcohol before collecting 300 μL of 

the blood with disposable needles. 

 4) Adverse events 

 Participants were asked to self-monitor and report adverse events, including 

abdominal pain, diarrhea, constipation, allergic reaction, etc. during seven days after 

the experiment by completing a questionnaire. Probabilities of adverse reactions was 

evaluated by Naranjo’s algorithm. 
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3.1.7 Statistical analysis 

 Per-protocol analysis was performed. The Kolmogorov-Smirnov test was used 

for normality test. To compare baseline characteristics of the four groups of 

participants, one-way analysis of variance (ANOVA) followed with Bonferroni post-

hoc test was used for continuous variables and chi-square test or Fisher’s exact test for 

categorical variables. 

 Also, one-way ANOVA with Bonferroni post-hoc test was performed to 

compare the values of PPG at individual time point and the AUC 0-180 min of glucose 

following carbohydrate load among the four groups. Repeated measures ANOVA was 

also used for analysis the alteration in PPG over time within the same group.  

A value of p < 0.05 was considered significant difference. All of statistical 

analyses were run on the Statistical Package for Social Scientists (SPSS) version 22.0 

(SPSS. Co., Ltd, Bangkok Thailand). 

 

3.2 Study II (Phase II clinical trial) 

The study protocol was reviewed and approved by Institutional Review 

Boards of the Royal Thai Army Medical Department, Phramongkutklao College of 

Medicine (No. Q038h/60) (Appendix E).  

3.2.1 Study design¶ : A 12-week, two-parallel group, randomized controlled 

trial 

3.2.2 Participants 

 1) Inclusion criteria 

            a.  Women and men aged 20 to 65 years 

b. Had one of the two characteristics as follows; 

− Obese (defined by BMI ≥ 25 kg/m2) and had prediabetes (defined 

by FPG 100 to 125 mg/dL and/or 2-hour PPG 140 to 199 mg/dL) 
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− Newly diagnosed with type 2 diabetes by physicians within six 

months before study enrollment and had no history of taking oral 

antidiabetic drugs and insulin  

c.  Well communicate in the Thai language 

2) Exclusion criteria 

a. Allergic to mulberry leaves  

b. Had indications for antidiabetic drugs and/or insulin (defined by FPG ≥ 

180 mg/dL and/or A1C ≥ 8.0%) 

c. Presences of significant diabetic complications 

d. Elevated AST and/or ALT ≥ three times the upper limit of normal  

e. Cr ≥ 2.0 mg/dL 

f. Had a history of gastrointestinal surgery or had abnormal conditions 

affecting digestion and intestinal absorption  

g. Presences of uncontrolled or life-threatening conditions  

h. Diagnosed with hematological disorders, thyroid diseases, 

cardiovascular diseases, stroke, and chronic kidney disease 

i. Taking drugs, supplements, or herbs affecting blood glucose level: 

corticosteroids, second-generation antipsychotics, niacin, thiazide 

diuretics, and β-blockers, within one month prior to study enrollment 

j. Women during pregnancy or lactation 

3)  Sample size calculation 

       Sample size was calculated by the following equations to compare means of 

continuous variables between the two groups of independent samples. 

                           n/group       =    2 (Zα + Zβ)
2 Q2  

                               d2 

The study of Kim et al. [35] reported that the AUC 0-2 hour of PPG of the 

mulberry leaves-treated group was significantly lower than the control group after a 4-
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week supplementation period. The values of AUC 0-2 hour were 269.80 ± 38.17 

mg/dL.hour and 309.50 ± 45.79 mg/dL.hour in treatment group (n = 19) and control 

group (n = 19), respectively (p < 0.05). 

Zα (0.05, 2-tailed) =  1.96 

Zβ (0.20, 2-tailed) =  0.84 

Q2 =  (n1 - 1) S1
2 + (n2 - 1) S2

2 

                n1 + n2 – 2 

=  (19 – 1)(38.17)2 + (19 – 1)(45.79)2  =  1,776.84 

                         19 + 19 – 2 

d =  A critical difference of AUC 0-2 hour of PPG   

between groups 

=  309.50 – 269.80 =  39.70 mg/dL 

     n/group  =  2 (1.96 + 0.84)2 (1,776.84)   ≈  18  

                                                  (39.70)2      

 Assuming a 30% dropout rate; n/group   =       18        =   26 

                  1 – 0.3  

 Therefore, this study required total participants at least; N = 2(26) = 52 

3.2.3 Documents and interventions 

 1) Documents 

a. Clinical record forms (Appendix F) 

− General information 

− Clinical outcomes  

− Food diary  

− Compliance  

− Self-report questionnaire for monitoring adverse events 

b. Participants information sheet 
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c. Informed consent form 

2) Mulberry leaves powder 

Mulberry leaves powder was prepared by the methods as described previously. 

According to the results of study I, 12 mg of mulberry DNJ was the effective dose for 

suppressing the elevated PPG after carbohydrate load with minimal adverse effects; 

hence, the powder at the weight equivalent to 12 mg of DNJ was used as the study 

intervention.  

The powder was packed in light- and moisture-protection sachets in a single-

meal ration. Participants in the treatment group were instructed to mix one sachet of 

the powder with 120 mL of warm water and then take thrice daily immediately before 

meals. They were also asked to rinse the glass with water and drink to ensure that the 

whole given powder was taken. Participants were also informed the proper condition 

for storage of the products to maintain the stability of DNJ in the products throughout 

the study period. The adequate amount of the test product was dispended monthly to 

participants and they were asked to return the remaining packets to assess % 

compliance every visit. 

 3) Diet control program 

 Diet control program was mainly conducted by a licensed dietitian. The 

program aimed at educating participants how to improve eating habit, which is the 

fundamental approach for the target population of the present study.  

First, face-to-face diet counseling including review and discussion of usual 

eating habit and introduction to the food exchange method was performed to develop 

an individualized eating pattern. All participants were asked to maintain the modified 

eating pattern throughout the study period to minimize interfering effects of foods on 

clinical outcomes of interest. 

In addition, participants were instructed how to record a food diary. They were 

assigned to record all items, portions, and cooking methods of foods, snacks, and 

drinks that they consumed in a represent day. The portion sizes were estimated using 

the standard household measuring cups and spoons. Individual total caloric intake and 

percentage of carbohydrate, protein, and fat consumed were calculated by Thai 
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Nutrisurvey® software (developed by Faculty of Tropical Medicines, Mahidol 

University). Individual interview was also performed at every visit to ensure the 

compliance of the participants. 

3.2.4 Randomization 

Similar to study I, the recruited participants were assigned participants’ 

number based on the chronological order of study enrollment in order to identify their 

corresponding sequences for the study interventions and to protect their personal 

identity. Participants were randomly assigned to one of the two groups including 

treatment group (mulberry leaves ingestion and diet control) and control group (diet 

control alone) by the method of block randomization (block size of four). 

3.2.5 Study protocol 

This study was divided into three periods: screening and recruitment, run-in 

period, and experimental period. Schematic flow of the study was shown in Figure 8. 

 

Figure 8 Schematic flow of study II 
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1) Screening and recruitment 

 Printed advertisements were used to announce a research recruitment. Medical 

records of outpatients who went to the Department of Family Medicine and the 

Department of Medicine, Phramongkutklao Hospital were also reviewed for 

screening. Individuals who met eligibility criteria were informed purposes and 

research methods. After making voluntary decision, they were asked to sign inform 

consent and participated in the two consecutive study periods: a 2-week run-in period 

followed by a 12-week experimental period. 

2) Run-in period (week -2 to week 0) 

 Aims of the run-in period were to allow participants become acquainted with 

the diet control program and lower the dropout rate. On the first day, participants were 

asked to complete general information record form and then attend diet counseling. 

They were asked to maintain the modified eating habit and the usual physical activity 

over the period. Non-prescription drugs, supplements, or herbs that affecting clinical 

outcomes were prohibited. 

 Compliance to the diet control program was evaluated based on the food diary 

and individual interview at the end of this period. Those who well comply with the 

study protocol as assessed by dietitian were allowed to participate in the further 

period. 

3) Experimental period (week 0 to week 12) 

Baseline levels of anthropometric outcomes and vital signs were measured on 

the first day. Fasting blood was drawn for the analysis of blood glucose (FPG and 

A1C), insulin (FPI), lipids (TC, TG, HDL-C, and LDL-C), AST, ALT, and Cr. After 

that, OGTT was carried out to determine the ability in glucose clearance of insulin 

target tissues. Participants were assigned to ingest a 75-g glucose solution. The levels 

of PPG were then measured at 30, 60, 90, and 120 min thereafter. All of the outcomes 

were measured and collected by the same procedures at the end of study. 
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Appointments were held every four weeks during the period, in which fasting 

blood was collected to monitor blood glucose level. Mulberry leaves were dispensed 

to participants in the treatment group. In addition, adverse events and compliance 

were also evaluated. A monthly review of treatment regimens and concomitant 

medications of participants was done using online medical records to avoid 

confounding effects. Scheduled activities for each follow-up visit are summarized in 

Table 9. Like the run-in period, all participants were assigned to maintain the intensity 

of physical activity and avoid taking non-prescription drugs, supplements, or herbs. 

Table 9 Scheduled activities for each follow-up visit 

Visit 1 2 3 4 5 

Week -2 0 4 8 12 

Signed inform consent ⚫     

Completed record forms for demographic data, 

health status, current medications, eating habits, 

and physical activity 

⚫     

Face-to-face diet counseling ⚫     

Dispensing of mulberry leaves (treatment group)  ⚫ ⚫ ⚫  

Measurements      

     Weight, height, BMI, and waist circumference  ⚫   ⚫ 

     Blood pressure and heart rate  ⚫   ⚫ 

PPG following 75-g OGTT  ⚫   ⚫ 

FPG  ⚫ ⚫ ⚫ ⚫ 

A1C  ⚫   ⚫ 

FPI  ⚫   ⚫ 

HOMA-IR  ⚫   ⚫ 

Lipids (TC, LDL-C, HDL-C, and TG)  ⚫   ⚫ 

AST, ALT, and Cr  ⚫   ⚫ 

     Adverse events monitoring (treatment group)   ⚫ ⚫ ⚫ 

     % Compliance (treatment group)   ⚫ ⚫ ⚫ 

     Total caloric intake   ⚫   ⚫ 

     % Carbohydrate, % protein, and % fat   

consumed 
 ⚫   ⚫ 

     Protein expression  ⚫   ⚫ 

Review of treatment regimen and concomitant 

medications 
 ⚫ ⚫ ⚫ ⚫ 

BMI: body mass index FPG: fasting plasma glucose; PPG: postprandial glucose; OGTT: 

oral glucose tolerance test; A1C: glycated hemoglobin; FPI: fasting plasma insulin; 

HOMA-IR: homeostasis model assessment of insulin resistance; TC: total cholesterol; 
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LDL-C: low density lipoprotein-cholesterol; HDL-C: high density lipoprotein-cholesterol; 

TG: triglycerides; AST: aspartate aminotransferase; ALT: alanine aminotransferase; Cr: 

creatinine 

3.2.6 Outcome measurement 

 1) Anthropometric data 

Participants were asked to remove outer clothing, accessories, things in 

pockets, and shoes. Weight (in kg) was measured using digital-scale equipment and 

the nearest 0.1 kg was recorded. Height (in cm) was measured using height meter and 

reported to the nearest 0.1 cm. BMI (in kg/m2) was then calculated based on body 

weight in kg divided by the square of height in m. Waist circumference (in cm) was 

measured using measuring tape. The tape was placed parallel to the floor at the 

midline between the lowest rib and the top of the hip bone. The measure was done to 

the nearest of 0.1 cm. 

 2) Vital signs 

 Systolic and diastolic blood pressure, and heart rate were measured using 

standard autonomic device after at least 10 min relax. 

 3) Biochemical parameters 

Participants were asked for 12-hour fasting overnight before appointments. 

Blood samples were collected from the median cubital vein by registered nurse. At 

week 0 and week 12, there were two experimental stages: fasting blood collection and 

followed by a 2-hour, 75-g OGTT. The total of nine mL of fasting blood was firstly 

obtained for analyzing FPG, A1C, FPI, TC, LDL-C, HDL-C, TG, AST, ALT, and Cr. 

A catheter with normal saline lock was inserted into the vein and then still placed for 

the next blood sampling until a 2-hour OGTT was completed. Participants were 

subsequently instructed to drink a solution of 75 g of glucose. To determine the 

concentration of 2-hour PPG, blood samples were collected every 30 min thereafter. 

Foods and heavy activities were not allowed during the test. Meanwhile, two mL of 

fasting blood was obtained to analyze FPG at the follow-up visits at week 4 and week 

8. 
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An enzymatic UV test (hexokinase method) using the Olympus AU 400 

Analyzer was employed to analyze the values of FPG and PPG. The percentage of 

A1C was measured by using HPLC. The concentration of insulin was determined by 

radioimmunoassay technique. Then, the HOMA-IR was calculated from FPG (in 

mg/dL) multiplied by FPI (µIU/mL), and divided by 405. Lipids, concentration were 

measured by enzymatic method. AST, ALT, and Cr were determined by colorimetric 

analysis using the Hitachi Model 7170 analyzer (Hitachi Ltd., Tokyo, Japan). 

 4) Adverse events 

A 5-scale questionnaire was used to evaluate adverse events of interest 

from mulberry leaves ingestion including abdominal pain, flatulence, loose stool, 

constipation, and allergic reactions. Participants in the treatment group were asked to 

rate the events by severity (0 = none to 5 = worst). If any, other possible adverse 

events were welcome to be recorded in the document.  

 5) Compliance 

Compliance of mulberry leaves ingestion was assessed on the same basis as 

pill count method. Numbers of the remaining sachets were counted and the percentage 

of compliance (% compliance) was calculated by the following equation. 

              % Compliance = (No. of dispensed sachets – No. of remaining sachets) x 100 

                         No. of dispensed sachets 

 6) Total caloric intake and percentage of carbohydrate, protein, and fat 

consumed  

 All participants were requested to complete the food diary and returned to 

dietitian at the first week of experimental period (baseline) and at week 12. Individual 

total caloric intake and % carbohydrate, % protein, and % fat consumed were 

calculated by the Thai Nutrisurvey® program. 

3.2.7 Statistical analysis 

 Per-protocol analysis was performed. The Kolmogorov-Smirnov test was used 

for normality test. One-way ANOVA and the chi-square or the Fisher’s exact test 

were performed to compare the differences in baseline characteristics of participants 
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in the treatment group and the control group for continuous variables and categorical 

variables, respectively. 

 For the analyses of clinical outcomes, both between-group and within-group 

comparisons were performed to evaluate the effects of daily administration of 

mulberry leaves. One-way ANOVA was carried out for between-group comparison, 

whereas paired t-test was used for within-group comparison of clinical outcomes. In 

addition, repeated measures ANOVA was performed to analyze the change in 

adherence to the study intervention in each group throughout the study. A value of p < 

0.05 was considered significant difference. All of statistical analyses were run on the 

SPSS version 22.0 (SPSS. Co., Ltd, Bangkok Thailand). 

 

3.3 Study III (Proteomic analysis) 

A semiquantitative proteomic analysis was performed as part of our phase II 

study. The study protocol was approved by Institutional Review Boards of the Royal 

Thai Army Medical Department, Phramongkutklao College of Medicine (No. 

Q038h/60) (Appendix E).  

3.3.1 Study design¶ : A prospective, single-group, experimental study 

3.3.2 Participants¶ : The participants who enrolled the clinical study II were 

considered as the selected cases for the determination of protein expression using 

proteomic analysis. The selection criteria are described below. Table 10 shows 

characteristics of the selected participants whose plasma protein expression were 

analyzed. 

 1) Participants who were assigned to the treatment group (mulberry 

leaves + diet control) 

 2) The top 12 persons who had the greatest reduction in A1C at the end 

of study  
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Table 10 Characteristics of the selected participants for proteomic analysis (N = 12) 

 
Participant 

ID 

A1C (%) 

Before a After b 
∆ A1C                   

(after-before) 

1 37 6.0 5.1 -0.9 

2 35 6.9 6.5 -0.4 

3 46 6.2 5.8 -0.4 

4 49 6.2 5.9 -0.3 

5 39 5.9 5.6 -0.3 

6 33 6.0 5.8 -0.2 

7 17 5.8 5.6 -0.2 

8 7 5.6 5.4 -0.2 

9 11 5.6 5.4 -0.2 

10 22 5.5 5.3 -0.2 

11 34 6.7 6.6 -0.1 

12 1 6.0 5.9 -0.1 

3.3.3 Sample collection and preparation 

At the time of blood collection at week 0 and week 12 of the study II, three 

mL of the blood specimen was obtained from each participant into an anticoagulant 

vacutainer (the lavender-top tube containing ethylenediaminetetraacetic acid; EDTA) 

and kept refrigerated intermediately. Then, the whole blood was centrifuged and the 

plasma fraction was carefully collected and stored frozen at -80oC until the analysis.  

Plasma samples obtained from the 12 selected cases were divided into three 

groups (n = 4/group) and the samples were pooled in order to lower the individual 

variance of proteins within the study. Each of the pooled samples were considered as 

independent replicate and analyzed separately. 

3.3.4 Wet-lab experiments 

 1) Protein separation by gel electrophoresis 

Concentration of total proteins in the pooled samples was determined using 

Bradford protein assay (Bio-Rad®, USA).  Protein separation was conducted in one-

dimensional sodium dodecyl sulphate-polyacrylamide gel electrophoresis (1D SDS-

PAGE) consisting of 4% stacking and 12% separating parts in the gel electrophoresis 
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unit (Bio-Rad®, USA). Each pooled sample were subjected to the gel in the 

individually parallel lanes before running the gel with the constant voltage at 120 Volt 

for 80 min. The protein gel was stained with Coomassie Blue-R for 10 min and then 

incubated in destaining solution containing 30%  methanol and 10%  acetic acid for 

three hours.  Then, the gel was washed and incubated in distilled water for 15 min 

thereafter. Images of the gel were taken by the gel documentary (Bio-Rad®, USA). As 

shown in Figure 9, each excised section was cut and divided into 12 pieces before 

storing separately in -20°C until the further processes. 

 

Figure 9 Protein separation using 1D SDS-PAGE and the excised sections for protein 

identification¶ (M: markers; B01-B03: before-treatment pooled samples 1-3; A01-A03: 

after-treatment pooled samples 1-3) 

2) In-gel tryptic digestion 

The gel pieces were first dehydrated in 50% acetonitrile (Merck®, USA) in 

water (HPLC grade, Merck®, USA). The proteins were reduced in 7 mM DTT in 50 

mM ammonium bicarbonate (NH4HCO3) for 15 min at 60°C and alkylated in 250 mM 

iodoacetamide for 30 min at room temperature under the light-protection condition. 

Next, 7 mM DTT in 50 mM NH4HCO3 were added for quenching the alkylation 

reaction. Then, the solutions were removed before gel dehydration using 100% 

acetonitrile and drying at room temperature for one hour. In order to reduce the 

complexity of the proteins to peptides, the complex molecules of the samples were 

digested by trypsin in 50 mM NH4HCO3 at 37°C for 16 hours. The supernatants 
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containing the digested peptides were subsequently collected and centrifuged at 

10,000 X g at room temperature for 15 min before drying by CentriVap Vacuum 

Concentrators (Labconco, USA) at 40°C until completely dried. 

3) Label-free proteomic analysis for protein identification  

Identification of the peptide sequences (protein fractions) was performed using 

MS analysis. The dried samples were dissolved in 0.1% formic acid. The label-free 

proteomic analysis was performed using the UltiMate® 3000 Nano-LC systems 

(Dionex, UK) with column Acclaim PepMap RSLC C18 75 μm x 15 cm (Thermo 

Scientific, USA) as stationary phase. The pump flow rate was 300 nl/min. Mobile 

phase A was 0.1% formic acid and mobile phase B was 80% acetonitrile in 0.1% 

formic acid. The initial mobile phase was maintained at 4% solution B for 5 min. 

After that, the peptide mixtures were eluted using gradient condition from 4% to 50% 

solution B for 30 min and held for 5 min. Subsequently, the condition was followed to 

the initial step for 10 min. The eluates containing peptides were further subjected into 

the positive electrospray ionization system couple with microTOF-Q II (Bruker, 

Germany) to identify peptide spectra. The MS and MS/MS spectra were set covering 

the range of m/z 400-2000 and m/z 50-1500, respectively.  

3.3.5 Computational analysis 

 First, the Data Analysis software (version 3.4) was used for conversion of the 

acquired MS/MS spectra to the mascot generic files. Second, identification of the 

peptide sequences was performed on November 2, 2020 using the Mascot Daemon 

program version 2.3.02 (Matrix Science, London, UK) and the SwissProt database 

specific to Homo sapiens species. Methionine oxidation and carbamidometylation of 

cysteines were considered as fixed modification and variable modification, 

respectively. Third, semiquantitative determination of protein expression level was 

determined by Exponentially Modified Protein Abundance Index (emPAI) [301], 

which is the parameter for estimation of absolute protein abundance in the samples 

based on the number of sequenced peptides per protein. Furthermore, the fold change 

in expression of individual protein was determined by the ratio of the protein 
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abundance of the two samples following the equation: fold change = emPAIafter 

/emPAIbefore. 

Regarding scope of the present study, the proteins that expressed differentially 

in response to the assigned treatment were included in the result interpretation. 

Specifically, the differentially expressed proteins refer to the ones which their 

expression levels changed after receiving the intervention (at week 12) in comparison 

with the baseline profile (at week 0). The differential expressions of proteins are 

classified as up-expression () and down-expression (). Definitions of the up-

expressed and down-expressed proteins in this work are described below. 

Up-expressed proteins (i) Proteins with fold change ≥ 1.50 or 

(ii) Proteins that uniquely present in the after- 

treatment sample 

Down-expressed proteins (i) Proteins with fold change ≤ 0.67 or 

(ii) Proteins that uniquely present in sample the 

before-treatment sample 

Fourth, UniProt database (www.uniprot.org) searching against gene ontology 

(GO), including molecular function, biological process, and cellular component, was 

performed in December 2020 to obtain biological information of the differentially 

expressed proteins (n = 523 entities). The GO enrichment analysis was subsequently 

conducted using the following searching keywords to specifically focus on the 

proteins that closely linked to pathophysiology and pathogenesis of insulin resistance 

and type 2 diabetes.  
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− Glucose/carbohydrate 

− Lipid/fat/cholesterol/triglycerides 

− Immune 

− Inflammation 

− Tumor necrosis factor 

− NF-κB 

− Microparticle 

− Ceramides/diacylglycerol 

− Surface protein 

 

− Extracellular matrix  

− Focal adhesion 

− Chemoattractant 

− Insulin 

− Apoptosis/apoptotic bodies 

− Complement system 

− Acute phase reactant 

− Cytokine/interleukin/adipokine 

− Unfolded/misfolded protein 

− Exosome 

− Endothelial dysfunction 

− Collagen/hyaluronan/laminin/ 

fibronectin/integrin 

− Extracellular matrix remodeling 

− Intermediate filament 

− Inflammasome 

In this regard, 311 proteins were excluded, whereas the other 212 proteins 

were submitted to the further analysis. Fifth, to explore the functional relationships 

among the proteins of interest, the functional enrichment analysis was performed 

using STRING database (www.string-db.org) specific to Homo sapiens species. Next, 

the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was 

carried out (n = 212 entities) at the level of biological pathways. Finally, the candidate 

KEGG pathways and the matching proteins belonging to each pathway were 

considered for the evaluation of molecular effects of the given intervention on plasma 

protein expression. The summary of procedures of proteomic analysis are shown in 

Figure 10.  
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Figure 10 Procedures of proteomic analysis 
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CHAPTER IV 

RESULTS 

 

4.1 Study I (Phase I clinical trial)¶: To determine effect of a single administration of 

mulberry leaves on plasma glucose excursion in response to carbohydrate load among 

healthy non-diabetic persons and determining the effective dose with minimal adverse 

effects of mulberry DNJ 

 Study I was carried out from September 2016 to April 2017 at the Department 

of Pharmacy Practice, Faculty of Pharmaceutical Sciences, Chulalongkorn University, 

Bangkok, Thailand. Description of algorithm for study enrollment and data collection 

is shown in Figure 11. Ninety volunteers were enrolled to this study. Four persons 

were excluded at the screening visit due to abnormal laboratory tests, whereas another 

was not able to comply with the study protocol. Therefore, 85 healthy adults were 

recruited into randomization, and then allocated into group 1 (n = 21), group 2 (n = 

21), group 3 (n = 21), and group 4 (n = 22) for analysis. 

 

Figure 11 Algorithm for study enrollment and data collection of study I 
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4.1.1 Participants characteristics 

 Of 85 participants, 68 persons (80.0%) were female. University students were 

the majority (85.9%) of study population. Overall, the mean age of the enrolled 

participants was 23.31 ± 6.94 years. The mean body weight and BMI were 54.29 ± 

6.89 kg and 20.36 ± 1.40 kg/m2, respectively. Blood glucose concentration of 

participants were averaged at 83.06 ± 5.92 mg/dL for FPG and 5.1 ± 0.3% for A1C. 

In addition, the values of hepatic enzymes, BUN, and Cr were in the normal ranges, 

indicating the absence of hepatic and renal dysfunction in the included participants. 

There was no difference in demographic data and clinical outcomes at baseline among 

the four groups as shown in Table 11. 
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4.1.2 Efficacy of mulberry leaves in lowering postprandial hyperglycemia 

in response to carbohydrate load 

 Table 12 shows the mean concentrations of PPG at individual time points and 

AUC 0-180 min of glucose after receiving the test beverages in the four groups of 

participants. As seen in the control group, ingestion of 50-g sucrose resulted in an 

elevation of blood glucose and the level of PPG sharply increased in the early period 

(p < 0.001 at 30 min, p < 0.001 at 60 min, and p = 0.003 at 90 min vs. FPG). Time 

observed the peak level of blood glucose was at 30 min. After that, the concentration 

of PPG continuously declined and returned to the baseline level within 120 min (p = 

0.287 vs. FPG). There was no episode of hypoglycemia throughout 180 min of the 

experimental period. These findings represent blood glucose excursion after 

carbohydrate load without mulberry leaves administration in healthy non-diabetic 

adults. 

 Co-administration of sucrose and mulberry leaves caused the declines in PPG 

at specific time points. The significant differences in PPG levels among the groups 

were found at 30 min (p < 0.001) and 60 min (p < 0.001) as analyzed by one-way 

ANOVA. In addition, post-hoc analysis found effects of the different doses of 

mulberry DNJ on postprandial glucose excursion as demonstrated in Figure 12. When 

compared with the control group, all of the three doses of DNJ effectively suppressed 

the levels of PPG-30 (p < 0.05 for DNJ 6 mg, p < 0.001 for DNJ 12 mg, and p < 0.001 

for DNJ 18 mg). Moreover, at the same time point, the glucose-lowering effects of 

DNJ 12 mg and DNJ 18 mg also differed from DNJ 6 mg (p < 0.05 and p < 0.001, 

respectively).  
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Figure 12 Postprandial glucose excursion over 180 min following co-administration 

of 50-g sucrose and the different doses of mulberry DNJ: control (●), DNJ 6 mg (■), 

DNJ 12 mg (♦), and DNJ 18 mg (▲).¶ (* p < 0.05, ** p < 0.001 vs. control and # p < 

0.05, ## p < 0.001 vs. DNJ 6 mg, analyzed by one-way ANOVA and followed with 

Bonferroni post-hoc test) 
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There were the significant suppressive effects on PPG-60 by DNJ 12 mg (p < 

0.05) and DNJ 18 mg (p < 0.001) in comparison with the control group. The results 

suggested that mulberry leaves effectively reduced PPG at 30 min and 60 min after 

carbohydrate ingestion in the dose-dependent fashion. Meanwhile, no effect of the 

three doses of mulberry DNJ was observed on PPG-90, PPG-120, and PPG-180.  

In addition to the suppressive effect of mulberry leaves on PPG at individual 

time points, mulberry leaves containing DNJ 12 mg and DNJ 18 mg significantly 

decreased the AUC 0-180 min of blood glucose (p < 0.05 and p < 0.001, respectively) 

when compared with control as shown in Figure 13.  

 

Figure 13 The AUC 0-180 min of blood glucose following co-administration of 50-g 

sucrose and the different doses of mulberry DNJ¶ (* p < 0.05, ** p < 0.001 vs. control) 

 

4.1.3 Adverse events of a single administration of mulberry leaves 

containing 6, 12, and 18 mg of DNJ 

 Regarding the assessment by Naranjo’s algorithm, probable adverse events of 

a single administration of mulberry leaves containing the three doses of DNJ are 

summarized in Table 13. There were significant differences in the numbers of 

participants experiencing bloating and flatulence among the groups (p = 0.002). 
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Furthermore, persons who received mulberry leaves containing DNJ 18 mg were 

more likely to develop bloating and flatulence when compared with those who 

ingested mulberry leaves containing DNJ 12 mg (p = 0.064). On the other hand, no 

difference in frequencies of loose stool (p = 1.000) and nausea (p = 0.304) caused by 

the study intervention among the four groups was observed in this study. Nonetheless, 

participants well tolerated to the events. The symptoms gradually resolved with no 

need for any treatment within few days. In addition, no serious adverse effect was 

reported during the experiment and seven days thereafter.  

Table 13 Adverse events of the different doses of mulberry leaves 

Adverse events 

Numbers of participants (%) 

 Group 1 

(Control) 

Group 2 

(DNJ 6 mg) 

Group 3 

(DNJ 12 mg) 

Group 4 

(DNJ 18 mg) 

Bloating and 

flatulence 
0 (0) 0 (0) 1 (4.8) 7 (31.8) 

Loose stool 0 (0) 0 (0) 0 (0) 1 (4.5) 

Nausea 1 (4.8) 0 (0) 0 (0) 2 (9.1) 

Data are reported as numbers (%) 

 

4.1.4 The effective dose with minimal adverse effects of mulberry DNJ 

 The effective dose of mulberry DNJ with minimal adverse effects was 

determined in study I. As described in the section 4.1.2, the strongest effective dose 

suppressing postprandial hyperglycemia in response to carbohydrate load was 18 mg 

and followed by 12 mg of DNJ. There were small differences in the significance 

levels between the two effective doses. In the meantime, in terms of safety, 

administration of DNJ 18 mg caused the high incidence of bloating and flatulence and 

the rate tended to be higher than DNJ 12 mg (p = 0.064). This however indicated the 

clinical meaning of the findings. Also, it could be possible to observe the statistical 

difference between the groups when the large sample size is included to the further 

study. As a result, DNJ 12 mg was considered the effective dose with minimal 

adverse effects of mulberry DNJ and was used in the study II. 
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4.2 Study II (Phase II clinical trial)¶: To determine efficacy and safety of a long-term 

supplementation of mulberry leaves on glycemic control in persons who had impaired 

glucose metabolism including obese persons with prediabetes and patients with early-

stage type 2 diabetes 

The study was conducted from February 2018 to February 2019 at the 

Department of Medicine, Phramongkutklao Hospital, Bangkok, Thailand. The first 

participant was recruited on February 23, 2018. The last participant was followed up 

and the study completed on February 14, 2019. 

Algorithm for study enrollment and data collection of study II is described in 

Figure 14. In the screening and recruitment period, 143 outpatients who had regular 

appointments at the Department of Family Medicine were informed the purposes and 

the methods of this study. Sixty persons declined to participate and 24 persons failed 

to meet the inclusion criteria. Therefore, a total of 59 persons were subsequently 

recruited into the run-in period and randomly allocated into the two groups: treatment 

group (n = 29) and control group (n = 30). 

 

Figure 14 Algorithm for study enrollment and data collection of study II 
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One person in the treatment group terminated research participation because 

he was not able to tolerate to side effects of mulberry leaves, including bloating and 

frequent belching and fart. Four participants in the control group withdrawn from the 

study according to loss of contact, relocation, changing treatment regimen for 

diabetes, and personal reason. Finally, 28 and 26 participants in the treatment group 

and the control group, respectively, were included to the per-protocol analysis. 

4.2.1 Participants characteristics 

Table 14 summarizes numbers of the study participants in each group 

regarding the categories of impaired in glucose metabolism. Most of participants 

(92.6%) were categorized as prediabetes including 26 persons (92.9%) in the 

treatment group and 24 persons (92.3%) in the control group. Meanwhile, two persons 

(7.1% in the treatment group and 7.7% in the control group) were newly diagnosed 

patients with type 2 diabetes.  

Table 14 Categories of impaired in glucose metabolism 

Categories 
Treatment group 

(n = 28) 

Control group 

(n = 26) 
P values 

Prediabetes 26  (92.9) 24  (92.3) 0.939 

IFG 21  (75.0)  21 (80.8) 0.610 

IGT 14 (50.0) 16 (61.5) 0.394 

Type 2 diabetes 2 (7.1) 2 (7.7) 0.939 

Data are reported as numbers (%) 

P values for between-group comparison analyzed by Chi-square (or Fisher’s Exact test) 

IFG: impaired fasting glucose; IGT: impaired glucose tolerance 

Thirty-nine (72.2%) of all participants were female. The mean age of 

participants was 52.59 ± 6.89 years. BMI was averaged at 30.81 ± 5.02 kg/m2. Table 

15 presents demographic data and the baseline levels of clinical outcomes of 

participants. Results showed that the baseline characteristics were comparable 

between the two groups.  
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Table 15 Baseline characteristics of participants of study II (N = 54)  

 
Treatment group 

(n = 28) 

Control group 

(n = 26) 
P values 

Demographic data      

Age (year) 53.14 ± 5.48 

(40 - 63) 

52.00 ± 8.22 

(38 – 65) 

0.548 

Gender     0.457 

Female 19 (67.9) 20 (76.9)  

Male 9 (32.1) 6 (23.1)  

Marital status     0.107 

Single 8 (28.6) 7 (26.9)  

Married 12 (42.9) 17 (65.4)  

Divorce and widow 8 (28.6) 2 (7.7)  

Education     0.535 

Under Bachelor’s degree 16 (57.1) 17 (65.4)  

Bachelor’s degree or over 12 (42.9) 9 (34.6)  

Occupation     0.482 

Government and state 

enterprise officers 

16 (57.1) 14 (53.8)  

Private employees 4 (14.3) 6 (23.1)  

Businesspersons 2 (7.1) 0 (0.0)  

Others 6 (21.4) 6 (23.1)  

Income     0.070 

None to 10,000 Baht 3 (10.7) 6 (23.1)  

10,001 to 20,000 Baht 6 (21.4) 10 (38.5)  

20,001 to 30,000 Baht 15 (53.6) 5 (19.2)  

Over 30,000 Baht 4 (14.3) 5 (19.2)  

Medical welfare     0.877 

Government and state 

enterprise officer 

19 (67.9) 15 (57.7)  

Universal coverage (30-

Baht) scheme 

2 (7.1) 2 (7.7)  

Social security scheme 6 (21.4) 8 (30.8)  

Own payment 1 (3.6) 1 (3.8)  

Health-related data      

Current smoking 2 (7.1) 0 (0.0) 0.491 

Current drinking alcohol 17 (60.7) 11 (42.3) 0.186 

Concomitant diseases       

Hypertension 15 (53.6) 13 (50.0) 0.793 

Dyslipidemia 23 (82.1) 18 (69.2) 0.599 

First-degree relatives to 

diabetes 

14 (50.0) 16 (61.5) 0.394 
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Table 15 Baseline characteristics of participants of study II (N = 54) (cont.) 

 
Treatment group 

(n = 28) 

Control group 

(n = 26) 
P values 

Clinical outcomes    

Anthropometric data    

Weight (kg) 78.06 ± 13.98 

(61.0 – 115.0) 

82.93 ± 20.79 

(57.8 – 165.5) 

0.314 

BMI (kg/m2) 30.06 ± 4.06 

(27.25 – 38.18) 

31.61 ± 5.85 

(25.35 – 54.02) 

0.261 

Waist circumference (cm) 100.52 ± 11.21 

(84.0 – 131.0) 

102.92 ± 15.67 

(85.0 – 165.0) 

0.517 

Vital signs    

SBP (mmHg) 127.89 ± 11.97 

(101 – 148) 

130.77 ± 17.29 

(94 – 161) 

0.478 

DBP (mmHg) 77.68 ± 10.54 

(54 – 95) 

77.00 ± 13.14 

(54 – 109) 

0.834 

HR (bpm) 79.82 ± 9.40 

(65 – 95) 

77.00 ± 10.01 

(59 – 97) 

0.290 

Blood glucose    

FPG (mg/dL) 107.04 ± 10.28 

(81 – 127) 

107.50 ± 9.09 

(78 – 119) 

0.864 

PPG-30 (mg/dL) 173.89 ± 17.52 

(133 – 208) 

172.04 ± 21.48 

(121 – 216) 

0.729 

PPG-60 (mg/dL) 186.61 ± 29.95 

(112 – 235) 

191.46 ± 31.96 

(131 – 271) 

0.567 

PPG-90 (mg/dL) 171.21 ± 33.19 

(99 – 252) 

177.46 ± 40.25 

(120 – 282) 

0.535 

PPG-120 (mg/dL) 141.14 ± 32.97 

(71 – 220) 

155.12 ± 37.53 

(96 – 264) 

0.151 

AUC 0-120 min (mg/dL.min) 331.83 ± 40.15 

(247 – 423) 

336.08 ± 52.28 

(250 – 458) 

0.738 

A1C (%) 5.8 ± 0.4 

(5 – 7) 

5.7 ± 0.3 

(5 – 7) 

0.180 

Insulin    

FPI (IU/mL) 13.55 ± 7.85 

(3.9 – 36.8) 

14.39 ± 6.02 

(6.2 – 28.5) 

0.668 

HOMA-IR 3.60 ± 2.18 

(1.1 – 9.5) 

3.84 ± 1.72 

(1.7 – 8.1) 

0.667 
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Table 15 Baseline characteristics of participants of study II (N = 54) (cont.) 

 
Treatment group 

(n = 28) 

Control group 

(n = 26) 
P values 

Lipids    

TC (mg/dL) 194.99 ± 35.53 

(125.4 – 270.9) 

200.66 ± 37.93 

(138.3 – 268.4) 

0.573 

TG (mg/dL) 131.63 ± 45.22 

(52.5 – 248.5) 

145.03 ± 59.99 

(76.8 – 314.5) 

0.356 

HDL-C (mg/dL) 54.89 ± 14.35 

(28.0 – 86.6) 

53.56 ± 9.82 

(36.9 – 69.1) 

0.694 

LDL-C (mg/dL) 139.06 ± 33.80 

(72.1 – 196.2) 

137.46 ± 34.25 

(73.0 – 193.3) 

0.864 

Hepatic and renal function    

AST (U/L) 21.93 ± 4.84 

(12.7 – 33.8) 

19.94 ± 5.19 

(12.7 – 33.2) 

0.151 

ALT (U/L) 23.22 ± 19.24 

(11.0 – 39.3) 

19.24 ± 7.05 

(7.2 – 34.5) 

0.055 

Cr (mg/dL) 0.81 ± 0.18 

(0.53 – 1.24) 

0.72 ± 0.19 

(0.48 – 1.42) 

0.078 

Data are reported as numbers (%) and mean ± S.D. with range (min – max) for 

categorical and continuous variables, respectively 

P values for between-group comparison analyzed by Chi-square (or Fisher’s Exact test) 

and one-way ANOVA for categorical and continuous variables, respectively 

kg: kilogram; BMI: body mass index; kg/m2: kilogram per square meter; SBP: systolic 

blood pressure; DBP: diastolic blood pressure; mmHg: millimeter of mercury; HR: 

heart rate; bpm: beat per minute; FPG: fasting plasma glucose; mg/dL: milligram per 

deciliter; PPG: postprandial plasma glucose; AUC: area under the curve; A1C: glycated 

hemoglobin; FPI: fasting plasma insulin; IU/mL: micro international unit per 

milliliter; HOMA-IR: Homeostatic Model Assessment of Insulin Resistance; TC: total 

cholesterol; TG: triglyceride; HDL-C: high-density lipoprotein cholesterol;  LDL-C: 

low-density lipoprotein cholesterol; AST: aspartate aminotransferase; ALT: alanine 

aminotransferase; U/L: unit per liter: Cr: creatinine 
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4.2.2 Effects of mulberry leaves on glycemic control 

Effects of mulberry leaves on blood glucose and insulin resistance were 

determined and reported as the mean concentrations and the mean changes of 

glycemic outcomes at baseline and week 12 in Table 16 and Table 17, respectively. 

1) PPG following 75-g OGTT 

At the end of study, postprandial glucose excursion following the standard 

OGTT did not differ between the groups. A significant reduction in PPG-30 by -10.75 

± 22.64 mg/dL (p = 0.018) when compared with the initial level was however 

observed in the treatment group at week 12. In addition, the AUC 0-120 min of glucose 

in the mulberry leaves-treated group tended to be lower than baseline by -8.81 ± 35.90 

mg/dL.min (p = 0.073). 

2) A1C 

 The levels of A1C of the treatment group and the control group was not 

different at week 12. There was a significant improvement in A1C among participants 

in the treatment group after receiving mulberry leaves. The mean A1C significantly 

reduced by -0.11 ± 0.22% (p = 0.011) in the treatment group, whereas no change in 

A1C was observed in the control group. 

3) FPG  

At baseline, week 4, week 8, and week 12, the mean values of FPG were 

107.04 ± 10.28, 102.75 ± 10.01, 101.43 ± 9.69, and 103.18 ± 9.45 mg/dL in the 

treatment group and were 107.50 ± 9.09, 106.73 ± 7.79, 107.73 ± 8.92, and 106.96 ± 

10.31 mg/dL in the control group, respectively. There was no difference in FPG 

between the groups at every time points of measurements, except at week 8. The 

mean FPG at week 8 of the treatment group significantly lower than the control group 

(p = 0.016). 

Figure 15 shows the significant alterations in FPG along the 12-week duration 

in the mulberry leaves-treated group. When compared with the baseline level, FPG of 

the treatment group significantly reduced by -4.29 ± 5.69 mg/dL (p < 0.001) at week 

4, -5.61 ± 8.47 mg/dL at week 8 (p = 0.002), and -3.86 ± 5.99 mg/dL (p = 0.002) at 
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week 12. On the other hand, no change in FPG was detected in the control group 

throughout the study. 

 

Figure 15 The alterations in FPG of the treatment group (●) and the control group (■) 

throughout the 12-week study period.¶ (* p < 0.05, ** p < 0.001 vs. the baseline level 

analyzed by repeated-measures ANOVA) 
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4) Insulin resistance 

 There was a specimen hemolysis during the procedure of blood collection in 

one sample; thus, the sample was excluded to avoid interference on the biochemical 

analysis. Finally, there were 27 and 26 blood samples remained in the treatment group 

and the control group, respectively, for the laboratory test of FPI.  

At the end of study, the values of FPI and HOMA-IR did not differ between 

the two groups. However, the mean HOMA-IR of the mulberry leaves-treated group 

tended to reduce from the initial level (p = 0.057) after the 12-week study period. 

5) Changes in the categories of impaired glucose metabolism 

Four persons in the treatment group and one person in the control group 

conversed from prediabetes to normal glucose metabolism at the end of study. No 

participant who diagnosed with prediabetes in the both groups developed type 2 

diabetes during the study period. Table 18 shows changes in the categories of 

impaired glucose metabolism in the treatment group and the control group from 

baseline. 

4.2.3 Effects of mulberry leaves on anthropometric outcomes and vital 

signs 

 Table 19 demonstrates anthropometric profiles and vital signs of participants 

in the treatment group and the control group at week 12 when compared with 

baseline. In this study, the anthropometric outcomes refer to body weight, BMI, and 

waist circumference. No difference in these outcomes between the two groups and no 

change from baseline in these outcomes were found at week 12. However, there was a 

trend of BMI reduction in both groups (p = 0.075 in the treatment group and p = 0.094 

in the control group vs. the baseline levels). 

 There was no effect of mulberry leaves administration on vital signs as seen in 

the level of blood pressure and heart rate in the treatment group at week 12. Similarly, 

no change in vital signs was found in the control group. 
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4.2.4 Effects of mulberry leaves on blood lipids 

 Table 20 demonstrates effects of mulberry leaves treatment on lipid profiles 

based on the per-protocol analysis (N = 54). After the 12-week treatment period, the 

mean TC of the treatment group was significantly lower than the control group by -

17.91 ± 36.50 mg/dL (p = 0.034). The value of TC also significant reduced by -13.42 

± 32.77 mg/dL (p = 0.002) when compared with the initial level. However, no effect 

of mulberry leaves on TG, HDL-C, and LDL-C was found. 

 Furthermore, to determine the effects of mulberry leaves on blood lipids in 

persons who had dyslipidemia only, the case selection analysis was additionally 

performed. In this analysis, participants who were diagnosed with dyslipidemia, met 

the criteria of dyslipidemia (TC ≥ 200, TG ≥ 150, HDL-C ≤ 60, and/or LDL-C ≥ 100 

mg/dL), or treated with drugs for dyslipidemia, including 25 persons in the treatment 

group and 20 persons in the control group, were included. However, two in the 

treatment group and two in the control group were subsequently excluded because 

treatment regimen for dyslipidemia was changed. Thus, 23 and 18 persons in the 

treatment group and the control group, respectively, left for the analysis. 

 As shown in Table 21, the treatment group had the lowered TC by -19.52 ± 

27.06 mg/dL (p = 0.024) in comparison with the control group at the end of study. No 

difference in TG, HDL-C, and LDL-C was observed between the two groups. 

Meanwhile, the results also showed the significant decreases in TC and LDL-C by            

-17.10 ± 19.93 mg/dL (p < 0.001) and -10.33 ± 22.45 mg/dL (p = 0.038) in the 

treatment group after the 12-week study period when compared with the baseline 

levels. In addition, the level of TG of the treatment group tended to reduce by -12.36 

± 30.78 mg/dL when compared with baseline with the borderline significant level (p = 

0.067).  
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4.2.5 Effects of mulberry leaves on hepatic and renal function 

 To determine undesirable effects of mulberry leaves on hepatic and renal 

function, the levels of AST, ALT, and Cr were measured and demonstrated in Table 

22. At week 12, no difference in these outcomes between the groups was observed. 

Moreover, at the end of study, the mean values of AST, ALT, and Cr of the two 

groups were in the normal ranges similar to the baseline levels.  

4.2.6 Self-reported adverse events of mulberry leaves 

Table 23 shows the numbers and frequencies of participants who experienced 

adverse events of mulberry leaves throughout the study. Severities of the events were 

generally acceptable by the study participants. Nonetheless, one participant could not 

tolerate to bloating and frequent belching and fart that considerably interrupt his daily 

life. He therefore terminated research participation at week 8.  

4.2.7 Compliance  

 Compliance to mulberry leaves ingestion of participants in the treatment group 

was assessed by the same basis as the pill count method. Results suggested no change 

in compliance throughout the study. At week 4, 8, and 12, the mean compliances were 

equal to 90.41 ± 8.35, 90.99 ± 7.78, and 91.81 ± 6.66 % (p = 0.239). 
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Table 23 Adverse events of daily administration of mulberry leaves reported by the 

study participants 

Adverse events 
Numbers of participants (%) 

Week 4 Week 8 Week 12 

Hypoglycemia 0 (0) 0 (0) 0 (0) 

Abdominal pain 0 (0) 2 (7.1) 1 (3.6) 

Bloating and flatulence 14 (50.0) 11 (39.3) 8 (28.6) 

Loose stools 7 (25.0) 6 (21.4) 2 (7.1) 

Constipation 6 (21.4) 4 (14.3) 5 (17.9) 

Data are reported as numbers (%) 

4.2.8 Total caloric and macronutrients intake 

The mean total caloric and macronutrients intake are presented in Table 24. 

There was no difference between the group at baseline and at the endpoint of study. 

Moreover, no change in the mean total caloric and macronutrients intake at the end of 

study when compared with the baseline levels in the both two groups. 
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4.3 Study III (proteomic analysis)¶: to determine effect of the long-term 

supplementation of mulberry leaves on expressions of plasma proteins in persons who 

had impaired glucose metabolism, including obese persons with prediabetes and 

patients with early-stage type 2 diabetes 

4.3.1 Participant characteristics 

 Twelve obese persons with prediabetes and patients with early-stage type 2 

diabetes who participating the phase-II clinical study were considered as the selected 

cases for proteomic analysis. Eight (66.7%) were female participants. Table 25 

presents clinical characteristics of the selected ones.  

4.3.2 Plasma protein profile 

Protein profiles in plasma of the selected cases at the time before (week 0) and 

after (week 12) receiving mulberry leaves together with diet control, was determined 

using LC-MS/MS coupled with the label-free proteomic analysis. A total of 1,291 

plasma proteins in the triple pooled samples were identified. Figure 16 shows that 309 

and 203 proteins were uniquely found in the before-treatment and the after-treatment 

samples, respectively, whereas 779 proteins were concomitantly observed in the both 

samples. When compared with the baseline profile, 523 of 1,291 proteins that 

expressed differentially after receiving the treatment, including 210 up-expressed 

proteins and 313 down-expressed proteins (Appendix H). According to biological 

roles, the 523 differentially expressed proteins were classified as the proteins that 

associated with cellular process, cell interaction and communication, structural 

constituents, defense system, glucose and lipid metabolism, signaling pathways, 

protein metabolism, ion transport, blood coagulation, and others; however, the 

functions of some proteins remain unknown as demonstrated in Figure 17.  
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Table 25 Baseline characteristics of participants of study III (N = 12)  

 At week 0 At week 12 

Weight (kg) 77.74 ± 10.64 

(63.0 – 96.1) 

76.80 ± 10.83 

(60.1 – 95.1) 

BMI (kg/m2) 30.23 ± 3.99 

(27.25 – 38.18) 

29.83 ± 3.81 

(27.55 – 37.05) 

Waist circumference (cm) 99.88 ± 8.58 

(89.0 – 122.0) 

99.54 ± 8.74 

(86.5 – 121.0) 

FPG (mg/dL) 108.10 ± 10.58 

(95 – 126) 

101.75 ± 10.15 

(92 – 116) 

PPG-120 (mg/dL) 145.25 ± 39.52 

(89 – 220) 

137.42 ± 38.13 

(110 – 195) 

A1C (%) 6.0 ± 0.4 

(5.5 – 6.9) 

5.8 ± 0.5 

(5.1 – 6.6) 

HOMA-IR 3.35 ± 1.67 

(1.6 – 5.6) 

3.27 ± 1.57 

(1.1 – 4.7) 

TC (mg/dL) 181.41 ± 27.97 

(125.6 – 221.4) 

168.05 ± 13.88 

(150.2 – 193.1) 

TG (mg/dL) 123.88 ± 36.65 

(61.0 – 172.0) 

116.74 ± 30.69 

(60.8 – 152.1) 

HDL-C (mg/dL) 54.71 ± 15.12 

(35.6 – 84.0) 

53.23 ± 10.39 

(38.0 – 77.3) 

LDL-C (mg/dL) 126.06 ± 31.46 

(74.4 – 187.1) 

118.23 ± 16.21 

(99.3 – 159.8) 

Data are reported as numbers (%) and mean ± S.D. with range (min – max) for 

categorical and continuous variables, respectively 

kg: kilogram; BMI: body mass index; kg/m2: kilogram per square meter; FPG: 

fasting plasma glucose; mg/dL: milligram per deciliter; PPG: postprandial plasma 

glucose; AUC: area under the curve; A1C: glycated hemoglobin; FPI: fasting 

plasma insulin; IU/mL: micro international unit per milliliter; HOMA-IR: 

Homeostatic Model Assessment of Insulin Resistance; TC: total cholesterol; TG: 

triglyceride; HDL-C: high-density lipoprotein cholesterol; LDL-C: low-density 

lipoprotein cholesterol 
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Figure 16 The numbers of identified proteins in the pooled plasma samples before 

and after receiving the interventions (n = 1,291) 

 

 

Figure 17 The differential expressed proteins categorized by biological functions  

(n = 523) 
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4.3.3 Identification of protein functions and the associated KEGG 

pathways 

Due to the large diversity of the identified proteins in the samples, the GO 

enrichment analysis was performed. Of the 523 proteins, 212 proteins were 

considered as the proteins that closely linked to pathophysiology and pathogenesis of 

insulin resistance and type 2 diabetes. According to the STRING database, the 

protein-protein interaction networks of 212 proteins were mapped (Appendix I). The 

protein map revealed the highly complicated relationships among the proteins of 

interest. As a result, the KEGG pathway analysis and the KEGG database were used 

in order to better identify the potential associated pathway based on protein function. 

The analysis showed that the proteins were associated with various biological 

pathways as described in Table 26. For ease of result interpretation, based on 

similarities and pathway linkage, the 13 potential pathways were further grouped 

together into four major categories: (i) metabolic regulation, (ii) ECM constituents 

and organization, (iii) immune response, and (iv) inflammatory response as 

demonstrated in Figure 18.  
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Figure 18 Functional categories of KEGG pathways 
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4.3.4 Expression of the candidate proteins in response to mulberry leaves 

treatment 

Lists of the candidate proteins, biological roles, and expressions in response to 

the study interventions were described in Table 27. 

Table 27 The candidate proteins, biological roles, and expressions in response to the 

study interventions regarding functional categories 

Category Proteins 

(Alternative names) 

Biological roles Expression 

Metabolic 

regulation 

Phosphatidylinositol 3-

kinase regulatory subunit β 

Protein kinase: 

regulation of glucose 

metabolism and cell 

growth and 

proliferation 

 

Insulin receptor Receptor of insulin  

Insulin receptor substrate 2 Mediator of insulin 

action 

 

Hexokinase domain-

containing protein 1 

Intermediate of 

glucose uptake in 

peripheral tissues 

 

Oxysterols receptor LXR-α  

(Liver X receptor-α; LXR-

α) 

Nuclear receptor: 

regulation of lipid 

metabolism 

 

Retinol-binding protein 4 Adipokine  
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Table 27 The candidate proteins, biological roles, and expressions in response to the 

study interventions regarding functional categories (cont.) 

Category Proteins 

(Alternative names) 

Biological roles Expression 

ECM 

constituents 

and 

organization 

Collagen alpha-1(II) chain ECM constituent  

Collagen alpha-3(IV) 

chain 

ECM constituent  

Collagen alpha-3(VI) 

chain 

ECM constituent  

Cartilage oligomeric 

matrix protein 

(Thrombospondin-5) 

ECM constituent  

Tripartite motif-containing 

protein 46 

(Tripartite, fibronectin 

type-III and C-terminal 

SPRY motif protein) 

ECM constituent  

Emilin-2 

(Elastin microfibril 

interface-located protein 2; 

Elastin microfibril 

interfacer 2) 

ECM constituent  

A disintegrin and 

metalloproteinase with 

thrombospondin motifs 12  

(ADAMTS-12) 

ECM constituent 

 

 

Integrin β-6 Cell surface protein  

Nucleotide-binding 

oligomerization domain-

containing protein 2 

Pathogen recognition 

protein 

 

Ficolin-3 

(H-ficolin) 

Pathogen recognition 

protein 

 
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Table 27 The candidate proteins, biological roles, and expressions in response to the 

study interventions regarding functional categories (cont.) 

Category Proteins 

(Alternative names) 

Biological roles Expression 

Immune 

response 

Pyrin 

(Marenostrin) 

Inflammasome  

NACHT, LRR and PYD 

domains-containing protein 

7 

(Nucleotide-binding 

oligomerization domain 

protein 12) 

Inflammasome  

Inhibitor of NF-kB kinase 

subunit α  

(IKK-α; IKK-1) 

Mediator of NF-kB 

activation 

 

NF-kB essential modulator  

(NEMO; IKK-γ) 

Mediator of NF-kB 

activation 

 

Inflammatory 

response 

TNF receptor superfamily 

member 1A 

(TNF receptor 1; p55; p60) 

Receptor of TNF-α   

Dual specificity mitogen-

activated protein kinase 

kinase 6  

(MAP kinase kinase 6; 

MAPKK-6) 

Mediator of MAPK 

and JNK activation 

 

Angiotensinogen  

(Angiotensin-II; Serpin A8) 

Positive acute phase 

reactant 

 

Alpha-1-acid glycoprotein 

2  

(AGP-2; Orosomucoid-2) 

Positive acute phase 

reactant 

 

Alpha-2-HS-glycoprotein 

(Alpha-2-Z-globulin; 

Fetuin-A) 

Positive acute phase 

reactant 

 

Haptoglobin 

(Zonulin) 

Positive acute phase 

reactant 

 

ECM: extracellular matrix; TNF: tumor necrosis factor; NF-κB: nuclear factor- κB: 

MAPK: mitogen-activated protein kinase; JNK: Jun N-terminal kinase: : up-

expression (vs. before treatment):  down-expression (vs. before treatment) 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER V 

DISCUSSION AND CONCLUSION 

 

5.1 Mulberry leaves powder 

Mulberry (M. alba L.) variety Sakonnakorn, one of the notable mulberry 

varieties distributed in the Northern and Northeastern parts of Thailand, was used as 

raw material of mulberry leaves product in this study. Evidences indicated that 

concentrations of phytochemicals in natural-derived product are considerably 

influenced by several factors such as plant species, planting areas, harvesting seasons, 

and manufacturing processes [234, 236, 294-296]. Thus, our product was prepared by 

standardized procedures of leaves collection, drying process, powdering, and storage 

in order to ensure consistency of chemical constituents in the final product. 

Quantitative determination using HPLC-MS/MS showed that DNJ constituted 

2.6 mg/g (0.26%) in the dried powder of mulberry leaves. The finding was consistent 

with prior researches. Vichasilp et al. [238], who examining DNJ concentration in 

young mulberry leaves in Thailand, found DNJ ranged 0.3 to 1.7 mg/g among 35 

mulberry varieties. Song et al. [236] and Hao et al. [239] also showed that Chinese 

mulberry leaves contained DNJ 1.389 to 3.483 mg/g and 0.401 to 5.309 mg/g dried 

leaves, respectively, whereas Bajpai et al. [240] demonstrated that DNJ constituted 

0.68 to 2.72 mg/g in the mulberry leaves samples collected from multiple areas in 

India. Many polyphenolic constituents: chlorogenic acid, rutin, isoquercitrin, 

quercetin, kaempferol, kaempferol-7-O-glucoside, quercetin-3-O-(6-malonyl)-β-D-

glucopyranoside, and kaempferol 3-O-β-D-(6''-O-malonyl)-glucoside, were also 

found in the dried mulberry leaves powder. This was in agreement with the prior data 

reporting that mulberry leaves are rich in active phytochemicals, including alkaloids, 

phenolic acid, flavonoids, and flavonol glycosides, exerting various biological 

properties [237, 297-299]. 

We realized that the mulberry leaves powder used in this study was not a 

purified form of DNJ. As a result, we cannot absolutely confirm that DNJ is the sole 

compound responsible for antihyperglycemic action. However, it could be postulated 
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that DNJ is the predominant antihyperglycemic constituent of mulberry leaves 

regarding the following evidences. First, since DNJ is an α-glucosidases inhibitor, 

modulation of postprandial hyperglycemia is an expected clinical outcome. The 

results of carbohydrate loading test in animals and human [31, 32, 34, 257] were 

directly explained by the mechanism of action of DNJ. Second, Vichasilp et al. and 

Yatsunami et al. further reported that the concentration of DNJ in mulberry leaves 

samples were positively correlated with the magnitude of α-glucosidases inhibition 

with r = 0.84 (p < 0.05) [238] and  0.90 (p < 0.001) [249]. In contrast, the correlation 

between other phytochemicals in mulberry leaves and the α-glucosidases inhibitory 

activity is poor understood at present. Third, few evidences have supported glucose-

lowering efficacy of the other phytochemicals, particularly in human. Future 

investigations should be performed to clarify their clinical efficacy. 

Interestingly, previous studies revealed that mulberry leaves extracts exhibited 

the stronger glucose-lowering effects in glucose uptake assay in Caco-2 cell and 

carbohydrate loading test than purified DNJ [252, 300]. A possible explanation might 

be from multiple effects of several compounds in the whole extracts on glycemic 

profiles. It is noteworthy that a combination therapy regimen provides synergistic 

benefits, improved desired outcomes, and lessen adverse effects. The data might 

support superiority of the whole mulberry leaves extract to the purified DNJ on 

achieving glycemic control with the lower undesirable effects. 

 

5.2 Study I (Phase I clinical trial)¶: To determine effect of a single administration of 

mulberry leaves on plasma glucose excursion following carbohydrate load among 

healthy non-diabetic persons and determining the effective dose with minimal adverse 

effects of mulberry DNJ  

This randomized controlled study found that mulberry leaves could be 

effective for management of postprandial hyperglycemia. Mulberry leaves at the 

weight equivalent to 6 to 18 mg of DNJ dose-dependently modulated the elevated 

PPG-30, PPG-60, and AUC 0-180 min of glucose in response to the 50-g sucrose 

ingestion in healthy non-diabetic persons (N = 85) without serious adverse effect. In 
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addition, 12 mg of mulberry DNJ was considered the effective dose with minimal 

adverse effects in our study. 

5.2.1 Efficacy of mulberry leaves in lowering postprandial hyperglycemia 

in response to carbohydrate load 

After the 50-g sucrose ingestion, the elevated postprandial glucose, including 

PPG-30, PPG-60, and AUC 0-180 min of glucose, were suppressed by mulberry leaves 

containing 6 to 18 mg of DNJ in the dose-response relationship. The significantly 

suppressive action of mulberry leaves that observed during the first hour after 

receiving the tested beverages was in accordance with pharmacokinetic profile of 

DNJ. Animal studies suggested that DNJ was poorly absorbed and rapidly excreted 

from the body [243, 244]. The favorable effects of mulberry leaves on PPG following 

the sucrose loading test were consistently reported in clinical researches [32, 33, 255, 

257, 258]. Besides sucrose, mulberry leaves were capable of lowering postprandial 

hyperglycemia regardless of carbohydrate foods, including maltose [31], maltodextrin 

[259], boiled white rice [34], and Japanese confections [255]. The findings indicate 

that antihyperglycemic efficacy of mulberry leaves is not affected by types and 

sources of carbohydrates. 

Effect of mulberry leaves on postprandial hyperglycemia is explained by the 

inhibitory effect against α-glucosidase activities of mulberry DNJ. Regarding the 

sugar-mimicking structure of DNJ, it competitively binds to the active sites of the 

carbohydrate digestive enzymes. Mulberry DNJ retards hydrolysis of polysaccharides 

and disaccharides into monosaccharide in the upper part of small intestine and leads 

to the delay of glucose absorption into blood circulation [30]. Kim et al. [250] early 

demonstrated that the inhibitory effect on carbohydrate digestion against rat α-

glucosidases of mulberry leaves was comparable to acarbose as measured by the IC50 

values (41.0 and 19.0 μg/mL for mulberry leaves extract and acarbose, respectively). 

Furthermore, Yatsunami et al. [249] showed the relevance between the presence of 

DNJ in mulberry leaves extract and its biological activity. The content of DNJ in 

mulberry leaves extract was positively correlated to the magnitude of α-glucosidases 

inhibition (r = 0.90, p < 0.001). This was in agreement with the study of Vichasilp et 
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al. [238], showing that the higher concentration of DNJ in mulberry leaves samples 

was correlated to the higher inhibitory effect on α-glucosidases (r = 0.84, p < 0.05). 

Postprandial hyperglycemia is the common metabolic defect found in the early 

stage of metabolic impairment even the FPG level remains in the normal range  [122]. 

Importance of management of postprandial hyperglycemia have been addressed. First, 

PPG is considered as another component, in addition to FPG, for achieving the 

optimal goal of A1C because the value of A1C is an integration of blood glucose 

during fasting and postprandial states in the 3-month duration [135]. Second, 

postprandial hyperglycemia is an independent risk factor for diabetic complications 

and cardiovascular events [122]. The 2-hour PPG, postprandial glucose peak, and 

AUC of postprandial glucose are the three strongest predictors for atherosclerotic 

risks when compared with FPG and A1C [125]. Asai et al. [34] and Nakamura et al. 

[255, 256] showed the significant suppression on glucose peak at 30 min and the 

AUC of blood glucose after carbohydrate load in the mulberry leaves-treated group in 

comparison with the control. This was in line with our findings as mentioned. We 

found that mulberry leaves significantly blunted the peak glucose level (PPG-30) and 

suppressed the AUC 0-180 min of glucose during postprandial state, suggesting that 

mulberry leaves administration may have potential for lowering the risks for diabetic 

complications and cardiovascular diseases. Third, the modulation of postprandial 

hyperglycemia reduces the excessive insulin secretion stimulated by glucose, which 

subsequently prevents insulin resistance and β-cell dysfunction. 

5.2.2 Adverse events of a single administration of mulberry leaves 

containing 6, 12, and 18 mg of DNJ 

A single administration of mulberry leaves mostly caused bloating and 

flatulence. The incidence was dependent upon the administered doses. Loose stools 

and nausea were also observed, but these side effects appeared not to be related to the 

doses of mulberry DNJ. Overall, the adverse events were tolerated and self-recovered. 

No toxicity, allergy, and serious side effect of mulberry leaves was found. 

Gastrointestinal side effects are the well-known adverse effects of α-

glucosidases inhibitors [134, 301]. Evidence suggested that the ideal administered 
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dose of α-glucosidases inhibitors is the one that allow all carbohydrates to be 

digested. Otherwise, the carbohydrates that escape digestion and absorption contribute 

to the unwanted outcomes [302]. The undigested carbohydrates remaining in the large 

intestine are substrates of bacterial fermentation, leading to formation of the large 

amount of gas and osmotic pressure in the gastrointestinal tract that cause bloating, 

flatulence, and loose stool [293]. In the meantime, one person in the control group 

complained of feeling nausea. A plausible explanation is that taking a lot of sugary 

beverage in the short period of time may rapidly raise osmotic pressure in the 

gastrointestinal system and stimulate Vagus nerve. This phenomenon promotes 

pyloric sphincter relaxation and accelerates stomach emptying [303]. 

5.2.3 The effective dose with minimal adverse effects of mulberry DNJ 

In this study, mulberry leaves containing 12 mg of DNJ was considered the 

most optimal dose because it exhibited clinically significant effect on PPG with the 

minimal rates of gastrointestinal symptoms. In other words, we suggested that 12 mg 

of DNJ was not only the effective dose for modulating postprandial hyperglycemia, 

but it was also safe and well tolerated. 

The suitable dose of mulberry DNJ was firstly extrapolated from an animal 

experiment. The results showed that 6-24 mg of mulberry DNJ could be capable of 

modulating postprandial hyperglycemia in human [34]. Kimura et al. [32] further 

supported that mulberry leaves containing DNJ 12 and 18 mg significantly reduced 

the elevated PPG during the sucrose loading test among healthy volunteers (N = 24) 

in comparison with placebo. Chung et al. [31] also found that mulberry DNJ at the 

dose of 9 and 18 mg were effective to attenuate hyperglycemia following maltose 

load in non-diabetic population (N = 50). Meanwhile, Asai et al. [34] supported that 

mulberry DNJ 6 and 9 mg lowered the level of PPG-30 after ingestion of boiled white 

rice in individuals with impaired glucose metabolism (N = 12).  

One of the major knowledge gaps nowadays is lack of the well-defined 

recommended dose of mulberry DNJ. Previously, the administered dose of DNJ was 

reported in the limited numbers of published studies [32, 34, 35]. Moreover, the 

recommended dose of DNJ was normally considered on the basis of clinical efficacy 
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on blood glucose reduction, whereas its safety and tolerability remained questionable. 

Thus, consideration of the optimal dose based on safety-efficacy balance strengthens 

our findings to be more practical.  

 

5.3 Study II (Phase II clinical trial)¶: To determine efficacy and safety of a long-term 

supplementation of mulberry leaves on glycemic control in persons who had impaired 

glucose metabolism including obese persons with prediabetes and patients with early-

stage type 2 diabetes 

This 12-week prospective randomized controlled study found that mulberry 

leaves containing 12 mg of DNJ slightly improved glycemic control and lipid profiles 

in obese persons with prediabetes and patients with newly diagnosed type 2 diabetes 

(N = 54). Long-term administration of mulberry leaves caused gastrointestinal 

symptoms; nonetheless, no serious side effect was observed throughout the study. 

5.3.1 Efficacy of daily administration of mulberry leaves on glycemic 

control 

The present study found the small but significant improvement in glycemic 

control after the 12-week daily administration of mulberry leaves in obese persons 

with prediabetes and patients with newly diagnosed type 2 diabetes. Although no 

difference in any glycemic outcomes between the treatment group and the control 

group was observed, the mean concentrations of PPG-30 following the 75-g OGTT, 

FPG, and A1C of the treatment group significantly lowered than the baseline levels. 

In addition, none of participant in the two groups developed type 2 diabetes during the 

study period. 

To the best of our knowledge, this is the first study investigating effects of 

mulberry leaves on postprandial glucose excursion following the standard OGTT. The 

75-g OGTT aims at identifying impaired glucose tolerance and determining ability of 

glucose uptake by insulin target tissues, which are strongly related to pathophysiology 

of prediabetes and the early-stage of type 2 diabetes [139]. We found a significant 

decrease in PPG-30 of the treatment group by -10.75 mg/dL (p = 0.018) from the 
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baseline level at the endpoint. However, we failed to observe changes in PPG at the 

other timepoints of measurement. Absence of the significant improvement in glucose 

tolerance may result from the insufficient study duration [9]. The optimal interval for 

evaluating the improvement in glucose tolerance and the reversion of prediabetic state 

to normal condition has been not clearly defined. Nonetheless, studies were 

commonly conducted for over one year with annually screening by the standard 

OGTT, for example, 3.2 years for the Finnish Diabetes Prevention study [11], 2.8 

years for the US DPP study [120], and 3.3 years for the STOP-NIDDM study [20]. In 

order to clarify the effects of mulberry leaves administration on glucose tolerance, 

further works should be performed in the longer study duration. 

The 12-week administration of mulberry leaves significantly reduced A1C by   

-0.11% (p = 0.011) from the initial level although no difference between the groups 

was detected. The result represents clinical relevance between postprandial glucose 

excursion and long term glycemic control because PPG is a variable affecting the 

value of A1C [135]. The reduction in A1C of the treatment group could be at least 

from the modulation on postprandial hyperglycemia by mulberry DNJ as described 

early. Also, it might be attributed to the decreased FPG throughout the study period. 

In comparison with the baseline level, the magnitude of reduction in FPG ranged from 

-3.86 to -5.61 mg/dL and the maximum reduction was reached at week 8. Although 

the result showed the small reduction in FPG, it is not unexpected to observe the 

slight effect of mulberry leaves on FPG concentration. Due to the inhibition on α-

glucosidases of DNJ, mulberry leaves administration could be more likely affect the 

concentration of PPG. The improvement in insulin resistance of peripheral cells in 

response to insulin action might be a plausible explanation for the reduction in FPG. 

Our findings did not differ from the study of Asai et al. [34], who showed that 

daily supplementation of mulberry leaves (6 mg DNJ; t.i.d.) for 12 weeks lowered 

A1C by -0.2% (p < 0.05) from baseline in persons with mild fasting hyperglycemia 

(FPG 100-140 mg/dL) (N = 65). The greater magnitude of reduction could result from 

excellent compliance to the study intervention of the participants: 99.4 ± 1.4% in the 

treatment group and 99.0 ± 1.8% in the placebo group. Riche et al. [261] consistently 

showed the trend of A1C reduction when compared with baseline (p = 0.098) in 
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patients with type 2 diabetes (N = 17) who taking mulberry leaves (1,000 mg of 

standardized mulberry leaves extract; t.i.d.) for 12 weeks. In contrast, Kim et al. [35] 

reported that no alteration in the concentrations of A1C and FPG was observed in 

prediabetic individuals who taking mulberry leaves (6 mg DNJ; t.i.d.) for four weeks. 

In comparison with acarbose, we observed the relatively small reduction in 

A1C and FPG by mulberry leaves. Previous evidence showed that acarbose decreased 

the levels of A1C by -0.58% (p < 0.001) and FPG by -13.1 mg/dL (p < 0.001) [304]. 

This may be attributed to the low baseline blood glucose of participants in our study. 

Blood glucose concentration is established as an important factor affecting efficacy of 

antihyperglycemic agents. In general, persons who had the higher baseline levels 

better respond to the medications than those with the lower degree of hyperglycemia 

[305]. In addition, the study duration appeared to be too short to detect the clinically 

significant reduction in A1C. Chiasson et al. [301] revealed that the maximum effect 

of acarbose on A1C was observed after six months of the treatment. Another plausible 

reason is that mulberry DNJ 12 mg was probably not sufficient to suppress the 

elevated PPG in response to the regular diets and the higher dose may be required for 

achieving the desirable effects. Although it was considered the effective dose 

regarding the results of study I, it should be noted that it was relied on the 50-g 

sucrose loading test. Regular diets generally contain complicated compositions other 

than digested carbohydrate such as fat, protein, and fiber that may interfere 

carbohydrate digestion and absorption. Furthermore, sources and quantity of the 

ingested carbohydrate itself are the key factors influencing postprandial glycemic 

responses in the different ways. For example, carbohydrate-rich meals and high 

glycemic index foods produce the high magnitude of postprandial hyperglycemia [14, 

25].  

5.3.2 Effects of daily administration of mulberry leaves on insulin 

resistance 

This is the first study evaluating effect of mulberry leaves on insulin resistance 

in human using the HOMA-IR method. We observed that the HOMA-IR of the 

treatment group tended to decrease from baseline with the borderline significant level 
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(p = 0.057) at the end of study. Since the reduction in HOMA-IR indicates the 

improvement of insulin sensitivity [140], our results suggest that daily administration 

of mulberry leaves may alleviate insulin resistance.  

The present study failed to observe the significant effect of daily 

administration of mulberry leaves on insulin resistance. It could be explained by the 

small sample size and the short treatment duration. However, we found that effect of 

mulberry leaves on insulin resistance index was comparable to other herbal extracts. 

Choi et al. [142] demonstrated that the HOMA-IR level in obese persons with 

impaired glucose metabolism (N = 136) did not alter from baseline (3.5 ± 0.2 vs. 3.1 ± 

0.2, p = 0.16) after supplementation of aloe vera gel for 8 weeks and the mean value 

of HOMA-IR in the treatment group was not different from the control group at the 

end of study. On the other hand, a 3-year clinical trial in individuals who met the 

criteria of prediabetes (N = 240) of Chuengsamarn et al. [144] showed that curcumin 

extract was capable of lowering HOMA-IR (3.60 vs. 3.22, p value was not mentioned) 

in the treatment group. Moreover, the study reported the significant difference in 

HOMA-IR between the groups (p < 0.001 vs. the placebo group) at the end of study. 

A slight but significant improvement in insulin resistance among persons with 

prediabetes and patients with newly diagnosed type 2 diabetes (N = 41) was also 

evident by Bang et al. [306]. The authors showed that Korean red ginseng 

supplementation significantly reduced HOMA-IR (1.81 ± 0.12 vs. 1.53 ± 0.12, p < 

0.05) at the end of 12-week study [306]. 

Benefits of mulberry leaves on insulin resistance could be a result of the 

decreased postprandial hyperglycemia. A prolonged high response of glucose 

excursion after meals aggressively provokes insulin secretion, eventually leading to 

impaired insulin sensitivity and β cell function. Therefore, the blunted PPG excursion 

may lessen stimulation of insulin release and preserve β cells. Another plausible 

explanation for alleviation in insulin resistance in the mulberry leaves-treated group 

was the reduction in BMI at week 12 (-0.26 ± 0.46 kg/m2, p = 0.075). Excess body 

weight is involved in the development of insulin resistance in several pathways [12, 

53]. Thus, the robust relationship between weight loss and insulin sensitivity was well 

evident [307].  
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In accordance with our work, preclinical studies suggested that mulberry 

leaves improved insulin sensitivity in insulin-target tissues via several mechanisms. 

The extracts modified expressions of genes and proteins involved in hepatic glucose 

homeostasis. Activities of gluconeogenic enzymes: G6Pase and PEPCK were 

suppressed [38], whereas activities of glycolysis enzymes: glucokinase, 

phosphofructokinase, and pyruvate kinase were promoted in a dose-dependent fashion 

by mulberry leaves treatment [308]. The extracts also activated PI3K/Akt and GSK-

3β signaling pathways [36] and elevated GLUT-4 translocation [39] in skeletal 

muscles and adipose tissues. In addition, mulberry leaves increased circulating 

adiponectin, which is an endogenous insulin sensitizer, in rat plasma [309]. In the 

meantime, mulberry leaves also reduced the level of circulating leptin, contributing to 

modulation of leptin resistance [309]. It was postulated that phenolic acids and 

flavonoids in the extracts were responsible for benefits of mulberry leaves on insulin 

resistance [38, 309].  

By contrast, effects of mulberry leaves and the relevant mechanisms on 

alleviating insulin resistance were not widely elucidated in human studies. Kim et al. 

[35] investigated effects of mulberry leaves administration on postprandial insulin 

response in human in order to clarify whether mulberry leaves decreased the PPG 

concentration by stimulating insulin secretion or not. The results showed the higher 

AUC of postprandial plasma insulin during carbohydrate tolerance test in the control 

group when compared with the mulberry leaves-treated group (p < 0.05). The 

favorable effect was consistent with postprandial response of C-peptide. The findings 

indicate that mulberry leaves can decrease blood glucose with no effect on insulin 

secretion. Prolonged stimulation of insulin secretion aggravates β-cell exhaustion and 

dysfunction as described [52]. As a result, one of the desired antihyperglycemic 

actions is lowering blood glucose without enhancing pancreatic insulin release. This 

could suggest that mulberry leaves could be a desired agent for treating 

hyperglycemia.  
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5.3.3 Effects of daily administration of mulberry leaves on blood lipids 

In the present study, mulberry leaves possessed the significant lowering effect 

on TC, but it did not affect the values of TG, HDL-C, and LDL-C. At the endpoint, 

the significant difference between the groups (-17.91 mg/dL; p = 0.034) and the 

significant change from the baseline level (-13.42 mg/dL; p = 0.002) were detected in 

the treatment group. It is important to note that the above results were relied on the 

mean values of blood lipids from all participants (N = 54) including those who had 

blood lipids in the normal range and those with the abnormal lipid profiles.  

The case selection analysis was additionally performed to determine the effect 

of mulberry leaves on lipids only in persons with dyslipidemia (N = 41). Similarly, 

the results showed the significant difference in TC in the treatment group when 

compared with the control group (-19.52 mg/dL; p = 0.024) and the baseline level (-

17.10 mg/dL; p < 0.001). Moreover, the significant reduction in LDL-C from the 

initial level (-10.33 mg/dL; p = 0.038) was found in the treatment group. Although no 

improvement in TG and HDL-C by mulberry leaves treatment was observed in this 

study, the level of TG tended to lower from baseline (-12.36 mg/dL; p = 0.067).  

A similar pattern of results and degree of reductions in TC, TG, and LDL-C 

was obtained in the study of Aramwit et al. [275] that conducted in patients with 

early-stage dyslipidemia (N = 23). After 12 weeks of the treatment period, mulberry 

leaves significantly improved lipid profiles by reducing TC (-12.8 mg/dL; p < 0.05), 

TG (-19.1 mg/dL; p < 0.05), and LDL-C (-9.7 mg/dL; p < 0.05) from baseline. The 

study of Andallu et al. [277] also showed that the 4-week treatment of mulberry 

leaves significantly lowered TC (-23.4 mg/dL; p < 0.01), TG (-32.4 mg/dL; p < 0.01), 

and LDL-C (-23.4 mg/dL; p < 0.01) in comparison with the initial levels among 

patients with type 2 diabetes (N = 24). Furthermore, our findings were in agreement 

with Chiasson et al. [132] and Malaguarnera et al. [310], showing lipid-lowering 

efficacy of acarbose on TC and LDL-C. The studies proposed that the reduction in 

cholesterol levels resulted from the decreased lipogenic effect of insulin [310]. The 

relatively small reduction in blood lipids that found in this study could be explained 

by the severity of dyslipidemia. Individuals who have the markedly high blood lipids 

better respond to antihyperlipidemic agents than those with the lower baseline of 
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dyslipidemia [311]. In our study, the baseline lipid profiles of participants were not 

extremely high; therefore, the marked changes in blood lipids were not expected. 

There are several pathways associated with the lipid-lowering effect of 

mulberry leaves. First, it was proposed that mulberry leaves inhibited the function of 

HMG-CoA reductase [264], leading to the inhibition of endogenous cholesterol 

synthesis. Second, DNJ-rich mulberry leaves extract acted as a PPAR-α agonist [262-

264]. This could promote lipolysis in hepatic cells. Third, being the α-glucosidase 

inhibitor could be a possible explanation. Regarding the suppressive effect on PPG 

and insulin release, mulberry DNJ reduced blood glucose and hepatic glucose influx, 

leading to the reductions in TG and cholesterols [251]. Many phytochemicals, 

including DNJ, DNJ derivatives, and polyphenols were hypothesized to be the 

functional compounds responsible for lipid-lowering effect of mulberry leaves [262, 

263, 265-267]. Mulberry leaves also contain soluble fiber that interfere the absorption 

of dietary lipids by binding with bile acid and being excreted in feces [272].  

5.3.4 Effects of daily administration of mulberry leaves on 

anthropometric profiles 

Mulberry leaves did not exhibit anti-obesity effect in the current study, which 

was in agreement with previous clinical trials. No evidence has indicated ability of 

mulberry leaves in reducing body weight in human. Interestingly, we however found 

the trend of BMI reduction in the treatment group (p = 0.075 vs. baseline) after the 

intervention period even the numbers of caloric intake were maintained. We 

hypothesized that there might be unknown favorable effects of mulberry leaves on fat 

metabolism and fat accumulation. Other obesity-related markers such as body fat 

mass, lean body mass index, and adipokine level should be evaluated in the future 

work in order to obtain insight explanations of anti-obesity effect of mulberry leaves. 

In contrast to the clinical findings, mulberry leaves moderately reduced body 

weight in animals. After induction of obesity by high-fat diet feeding, Chang et al. 

[265] found that mice treated with mulberry leaves extract had the lower body weight 

and fat/body weight ratio than the control mice. Various mechanisms of anti-obesity 

action of mulberry leaves were proposed. Mulberry leaves significantly decreased 
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lipid accumulation in adipocytes as evaluated by histological examination [265, 266]. 

Chang et al. [265] and Peng et al. [312] consistently suggested that mulberry leaves 

inhibited adipogenesis, retarded adipocytes maturation, and promoted apoptosis of 

functional adipocytes, resulting in the reduction in mature adipocytes. In addition, it 

has further evident that mulberry leaves regulated activities of the key adipokines 

involved in energy metabolism and body weight regulation, including adiponectin and 

leptin [309]. Moreover, mulberry leaves modulated expressions of genes involved in 

adipogenesis, lipogenesis, and lipolysis [265, 266, 312]. Inconsistency between our 

finding and the animal researches might be from a major difficulty of conducting 

human studies. It is difficult to strictly control and completely avoid confounding 

variables that may influence anthropometric outcomes, for example, diet intake and 

physical activity in the real-world situation. Unlike, variables can be carefully 

controlled and monitored throughout the study period in the animal experiments. 

5.3.5 Safety of daily administration of mulberry leaves 

Daily administration of mulberry leaves was relatively safe without the 

occurrence of hypoglycemia and serious side effect. Biochemical analysis revealed no 

adverse effect on hepatic and renal function by mulberry leaves. Meanwhile, self-

report adverse events were gastrointestinal symptoms: bloating, flatulence, abdominal 

pain, loose stools, and constipation. The most prominent events occurring in 50% of 

participants in the treatment group at the first four weeks of administration were 

bloating and flatulence. The rates however declined to 39.3% at week 8 and 28.6% at 

week 12, suggesting recovery of the side effects over time. Meanwhile, the incidences 

of loose stools and constipation were approximately 2-7% and 4-6%, respectively, 

during the treatment period. Although the high proportion of participants who 

complained of gastrointestinal side effects were observed, the actual withdrawal rate 

was relatively low. Only 3.45% in the treatment group prematurely discontinued 

participation to the study, indicating that tolerability of mulberry leaves was good.  

As previously described, gastrointestinal symptoms were the most frequently 

reported problem of α-glucosidase inhibitors because the agents leads to the large 

production of gas and osmotic pressure in the digestive tract [293]. We found that the 
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gastrointestinal side effects from long-term mulberry leaves administration were in 

line with the prior studies [34, 35]. Nonetheless, when compared with acarbose, 

mulberry leaves appeared to cause the lower rates of gastrointestinal symptoms and 

study withdrawal regarding the relevant side effects. Chiasson et al. [301] showed that 

acarbose was more likely to cause gastrointestinal side effects than placebo: 73.2% vs. 

39.0% for bloating, 43.6% vs. 20.3% for diarrhea, and 25.0% vs. 8.8% for abdominal 

cramp. Similarly, these were the main reasons for study withdrawal in the study of 

Holman et al. [313], which found the over 50% drop-out rate among the patients 

taking acarbose because of flatulence and diarrhea. A plausible explanation is that 

acarbose exhibited the potent inhibitory effect on both α-glucosidase and α-amylase 

enzymes [250]. This could result in the higher amount of undigested carbohydrates 

remaining in the gastrointestinal tract by acarbose. The findings indicate that mulberry 

leaves could be more well-tolerated than the synthetic drug. 

5.3.6 Diet control 

We postulated that eating patterns of study participants could not be the 

confounder affecting clinical outcomes because we found no change in total caloric 

intake and portions of macronutrients intake along the study period. However, 

limitations of the evaluation methods are acknowledged. First, measures of caloric 

and macronutrients intake by the food diary can cause recording and measurement 

biases. Participants were asked to estimate serving sizes of foods using the standard 

household measures. The method could be complicated for some participants, 

especially in those who are not familiar with weighing food and household tools. 

Second, respondents may intentionally alter or not report their actual eating patterns. 

These can be the results of underreport and misinterpretation in types and amount of 

the consumed diets.  
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5.4 Study III (proteomic analysis)¶: to determine effect of the long-term supplementation 

of mulberry leaves on expressions of plasma proteins in persons who had impaired 

glucose metabolism, including obese persons with prediabetes and patients with early-

stage type 2 diabetes 

As far as our knowledge, this is the first work incorporating clinical study and 

proteomic analysis for investigating effects of mulberry leaves administration in 

human. The longitudinal changes in expression of plasma proteins in response to the 

12-week mulberry leaves administration among the selected participants who enrolled 

in the study II (N = 12) was determined using LC-MS/MS coupled with the label-free 

proteomic technique. Type 2 diabetes is the multifactorial disease associated with 

multi-organ dysregulation. Regarding the advantages of proteomics, the results reveal 

the comprehensive view of multiple proteins that linked to the ongoing cellular 

modification. Plasma specimen was used. Blood is a connective tissue traveling 

throughout the body, suggesting that the proteins that secreted or leaking from the 

different tissues are present in the blood circulation. It has been addressed that the 

label-free strategy is suitable for quantitative determination of proteins in blood-based 

specimen, which is the highly dynamic biological system, because of the wide-range 

detectable capacity of the technique [173]. In addition, blood collection procedure is 

relatively minimally invasive and convenient. Accordingly, blood-based specimen 

was considered the optimal option of our study. 

Following the 12-week treatment period, we found the differential expression 

of numerous proteins in the after-treatment samples when compared with the before-

treatment ones. In other words, the changes in protein expression reflected biological 

modification at the cellular level in response to the treatment. The results showed that 

the candidate proteins are functionally involved in metabolic regulation, ECM 

constituents and organization, immune system, and inflammatory response.  

5.4.1 Proteins involved in metabolic regulation 

 After the 12-week supplementation of mulberry leaves, expressions of the 

following proteins that involved in metabolic regulation changed from baseline. 

− Phosphatidylinositol 3-kinase regulatory subunit β () 
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− Insulin receptor () 

− Insulin receptor substrate 2 () 

− Hexokinase domain-containing protein 1 () 

− Oxysterols receptor LXR-α () 

− Retinol-binding protein 4 () 

Phosphatidylinositol 3-kinase regulatory subunit β (PI3K-β) is a component of 

PI3Ks. It is one of the downstream proteins of insulin receptor and IRS-1 and 2 and it 

serves as the signaling protein of PI3K/Akt signaling pathway. In response to elevated 

blood glucose, the binding of insulin and insulin receptor mediates signal transduction 

through IRS and subsequently facilitates the interaction between IRS and PI3Ks. This 

leads to the activation of phosphatidylinositol 3,4,5-trisphosphate (PIP3), which is the 

key intermediate promoting glucose transport and glycogenesis in the peripheral cells 

[314]. Also, hexokinase domain-containing protein 1, a protein belonging to the 

hexokinase family, is closely associated with glucose uptake in liver cells via GLUT-

2 translocation [315]. Dysregulation of the mentioned proteins therefore contributes to 

hyperglycemia and the subsequent insulin resistance because of the defects in 

peripheral glucose utilization. 

The down-expression of PI3K-β, insulin receptor, and hexokinase was 

observed in the samples. Our findings differ from the studies of Hamdy et al. [37] and 

Liu et al. [39] showed that mulberry leaves water extract promoted expression of 

proteins that regulate hepatic glucose metabolism, including G6Pase and PEPCK. 

However, the results reflect metabolic dysregulation in the study population. In other 

words, this suggests that mulberry leaves supplementation seemed not to have effect 

on peripheral glucose uptake via the modulation of the mentioned proteins.  

Published data demonstrated that activity of PI3K, IRS, and hexokinases 

dramatically decreased in various models of insulin resistance and type 2 diabetes 

[315, 316]. The crucial roles of the proteins that involved in the PI3K/Akt signaling 

pathway were clarified in experimental studies. Suppression of PI3K activity inhibited 

the translocation of GLUT-4 to the cell membrane, leading to the reduction in glucose 
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uptake into the cells [317-319]. PI3K inhibitor, wortmannin, also blunted insulin 

action and caused energy imbalance and impaired lipid metabolism [319]. 

Consistently, transgenic PI3K- and IRS-deficient animals exhibited glucose 

intolerance, excessive fat accumulation in adipocytes, and loss of body weight control 

when compared with the wild-type controls [318, 319]. The impaired glucose 

tolerance following the OGTT was also observed in mice with down-expressing 

HKDC1, which is the encoding gene of hexokinase domain-containing protein 1 [315, 

320]. Moreover, depletion of HKDC1 gene appeared associated with insulin 

resistance since it resulted in the reduction in TG clearance [320]. On the other hand, 

pharmacological treatments that increased the expression of the mentioned proteins 

led to the improvement in insulin-resistant conditions [321, 322].  

Meanwhile, oxysterols receptor LXR-α (LXR-α) is the protein regulating 

cholesterol, lipid, and carbohydrate metabolism in liver and adipose tissue [323]. 

Studies showed that the up-regulated LXR-α mediates reverse cholesterol transport by 

HDL particles, lowers intestinal fat absorption, and enhances TG synthesis [324, 325]. 

LXR-α agonists alleviated hyperglycemia and glucose intolerance in animal models 

since the interventions decreased gluconeogenesis and increased GLUT-4 expression 

[326, 327]. The activated LXR-α also enhanced insulin production and secretion from 

β cells [328]. By contrast, transgenic down-expression of LXR-α in mice exhibited 

the significantly impaired functions of HMG-CoA reductase, SREBP, and fatty acid 

synthase, which are the key enzymes responsible for cholesterol and fatty acid 

metabolism [329]. 

In this analysis, we found the up-expression of LXR-α, reflecting the 

modulation of metabolic regulation related to LXR-α activity. This brought us to 

assume that the reductions in plasma lipid of those in the treatment group might be 

associated with the modulation of LXR-α expression by mulberry leaves treatment. 

Also, we assumed that the up-expressed LXR-α might exert favorable effects on 

glycemic outcomes and insulin resistance profile. Besides metabolic regulation, 

evidences suggested that LXR-α modulated inflammation through many mechanisms: 

lowering local lipid accumulation, inhibiting unsaturated FFA formation, and 

suppressing gene expression of proinflammatory cytokines [323, 325]. These might 
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be another reflection of the reversed inflammation-induced insulin resistance in the 

study participants. However, Ann et al. [266] reported the controversial finding from 

ours. Ethanolic mulberry leaves extract promoted adipocyte apoptosis by the 

suppression of LXR-α expression [266]. 

Next, the down-expression of retinol-binding protein 4 (RBP-4) by mulberry 

leaves treatment might be also associated with the favorable outcomes of the phase-II 

study. RBP-4 is considered a novel adipocytokine. The protein impaired the activation 

of IRS-1 and PI3K/Akt signaling pathway and increased hepatic gluconeogenesis, 

leading to hyperglycemia [330, 331]. These findings indicated that the over-

expression of RBP-4 possesses deleterious effects on glucose-insulin homeostasis 

[331]. Furthermore, the significant elevation of serum RBP-4 in various models of 

insulin resistance, glucose intolerance, and obesity [330-333]. Similarly, the 

concentration of circulating RBP-4 in type 2 diabetic patients was higher than that of 

non-diabetic controls [332], which was consistent with the gene expression level in 

visceral adipose tissue collected from diabetic persons [334]. RBP-4 is also positively 

associated with various components of metabolic syndromes such as high BMI, waist-

to-hip ratio, and TG level [331]. Conversely, studies revealed that suppression of 

RBP-4 activity by fenretinide and pioglitazone was capable of improving insulin 

sensitivity and reversing glucose intolerance [330, 335], which was in line with the 

effect of mulberry leaves in our study. For these reasons, we suggested that mulberry 

leaves might modify RBP-4 expression and it might be subsequently associated with 

the improvement in glycemic control and insulin resistance in the study population. 

5.4.2 Proteins involved in ECM constituents and organization  

After the treatment of mulberry leaves, we found the differential expression of 

eight proteins as summarized below. All of these are classified as the ECM 

constituents, except integrin β-6, which is the cell surface receptor of collagens. 

− Collagen alpha-1(II) chain () 

− Collagen alpha-3(IV) chain () 

− Collagen alpha-3(VI) chain () 
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− Cartilage oligomeric matrix protein () 

− Tripartite motif-containing protein 46 () 

− Emilin-2 () 

− A disintegrin and metalloproteinase with thrombospondin motifs 12 

() 

− Integrin β-6 () 

ECM remodeling is known as another result of uncontrolled hyperglycemia 

and excessive lipid accumulation [57]. The alterations in ECM constituents and 

organization, particularly in adipose tissue, liver, and skeletal muscle, are linked to 

insulin resistance and type 2 diabetes [58-60]. The expression of ECM proteins 

increases several folds in obesity and type 2 diabetes [57]. Also, several encoding 

genes of ECM constituents highly expressed in insulin-resistant condition when 

compared with the controls [60]. In contrast to the prior reports, we observed the 

down-expression of ECM proteins: collagen alpha-1(II) chain, collagen alpha-3(IV) 

chain, collagen alpha-3(VI) chain, cartilage oligomeric matrix protein, tripartite motif-

containing protein 46, emilin-2, and a disintegrin and metalloproteinase with 

thrombospondin motifs 12 in the samples. We assumed that this could reflect the 

modulating effects of mulberry leaves on ECM remodeling towards metabolic 

disturbance. This assumption is supported by the published evidences. The 

overexpressed ECM proteins were attenuated by various interventions. The gene 

expression of collagens significantly decreased in diabetic skeletal muscle after 

physical training [336]. Also, relaxin treatment was capable of reducing hepatic 

collagen induced by high-fat diet intake, resulting in the subsequent alleviation of 

hepatic insulin resistance [337]. 

In addition, we found the only cell surface protein, integrin β-6, in the 

samples. Expression of integrin proteins in relation to insulin resistance has been 

controversially reported among the studies. William et al.[338] showed that integrin-

deficient mice exhibited the improved glucose uptake and insulin signaling in obese 

mice fed with high-fat diet. However, Kang et al. [339] showed that genetic depletion 

of integrins exacerbated insulin resistance and impaired hepatic glucose output in 
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high-fat diet-induced insulin-resistant mice. On the other hand, the overexpression of 

integrins was observed in hepatocytes isolated from mice fed with high-fat diet [338]. 

The up-regulated integrin genes: ITGBL1, ITGA4, and ITGA5 were also reported in 

various models of obesity, insulin resistance, and type 2 diabetes [66, 340]. The 

studies further suggested that it might be a consequence of the excessive ECM 

deposition in the cells [66]. According to our findings, we suggested that the up-

expressed integrin β-6 might reflect the early compensation feedback in response to 

the decreased expression of ECM proteins. 

5.4.3 Proteins involved in immune response 

 The analysis showed that there were four proteins that involved in immune 

system expressed differentially when compared with the baseline profile as shown 

below. The two first proteins are the members of pattern recognition proteins family, 

whereas the latter ones serve as inflammasome and the component of inflammasome 

complex, respectively. 

− Nucleotide-binding oligomerization domain-containing protein 2 () 

− Ficolin-3 () 

− Pyrin () 

− NACHT, LRR and PYD domains-containing protein 7 () 

It has been proposed that the interactions of specific pathogens and pattern 

recognition proteins together with inflammasome, are the major triggers of immune 

response that closely linked to metabolic inflammation in the peripheral tissues [63]. 

Du et al. [341]  found that the overexpression of nucleotide-binding oligomerization 

domain-containing protein 2 (NOD-2) resulted in the impaired glucose uptake and 

insulin signaling. Meanwhile, Schertzer et al. [64] demonstrated that NOD2 knockout 

mice were protected from lipid accumulation and insulin resistance induced by high-

fat diet feeding. The protective effect of NOD2 depletion against tissue inflammation 

induced by hyperglycemia was also reported [64]. Meanwhile, ficolin-3 is one of the 

proteins belonging to the ficolin family and is highly specific to carbohydrate derived 

from bacteria and metabolic products [342]. Serum ficolin-3 concentration of persons 
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with prediabetic and type 2 diabetic statuses was higher than that of healthy controls 

[165, 343]. The expression of ficolin-3 was also in accordance with the increased 

values of FPG, TC, and TG [343]. Nonetheless, the study of Liu et al. [343] found 

that the up-regulated ficolin-3 was suppressed after receiving exercise intervention 

and its expression among those in the treatment group was significantly lower when 

compared with that of the non-treated one at the end of the study [343].  

These findings were in agreement with ours, suggesting the favorable effects 

of the down-expression of NOD-2 and ficolin-3 in response to the given treatment. 

Moreover, ficolin-3 is the major activator of lectin-complement system [165], which 

is the hallmark of low-grade inflammation including insulin resistance [344]. We 

proposed that the decreased expression of ficolin-3 could further reflect another 

benefit of mulberry leaves on inflammation-induced insulin resistance. By contrast, 

the controversial results regarding the down-expression/depletion of the proteins were 

reported. Denou et al. [345] showed that transgenic NOD-2-deficient mice exhibited 

inflamed adipose tissue and liver, leading to the exacerbation of insulin resistance. 

To date, little is known about the specific roles of pyrin and NACHT, LRR 

and PYD domains-containing protein 7 (NLRP7) in metabolic diseases. Furthermore, 

the certain expression of pyrin and NLRP7 in relation to insulin resistance and type 2 

diabetes remains poorly understood. To the best of our knowledge, this is the first 

study reporting the detection of pyrin and NLRP7 in persons with impaired glucose 

metabolism. According to the existing data, inflammasomes are up-regulated during 

hyperglycemic and hyperlipidemic conditions [62, 63] and it is associated with the 

increased risk of insulin resistance [67]. For these reasons, we suggest that the over-

expression of pyrin and NLRP7 could indicate hyperglycemic and hyperlipidemic 

states in the study participants and mulberry leaves treatment seemed not link to the 

modification of inflammasome expression.  

5.4.4 Proteins involved in inflammatory response 

In this work, we observed the down-expression of eight proteins that 

associated with inflammatory response, including IKK/NF-κB signaling pathway, 

JNK signaling pathway, and acute-phase reactants as follows. 
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− IKK/NF-κB signaling pathway: TNF receptor superfamily member 1A 

(), inhibitor of NF-κB kinase subunit α (), and NF-κB essential 

modulator () 

− JNK signaling pathway: dual specificity mitogen-activated protein 

kinase kinase 6 () 

− Acute-phase reactants: angiotensinogen (), haptoglobin (), α-1-

acid glycoprotein 2 (), and α-2-HS-glycoprotein () 

First, TNF receptor superfamily member 1A (TNF-R1) is the major receptor 

of TNF-α. The interaction of TNF-α and TNF-R1 mediates transcription factor of NF-

κB. Second and third, inhibitor of NF-κB kinase subunit α (IKK-α) and NF-κB 

essential modulator (NEMO/IKK-γ) are the two of the three subunits of the IKK 

complex, which serves as the distinct activator of NF-κB [78]. The robust association 

between the overexpression of IKK/NF-κB signaling pathway and peripheral insulin 

resistance has been well established [61, 79]. Previous cross-sectional studies 

observed that the up-expression of TNF-R1 in subcutaneous adipose tissue isolated 

from obese adults when compared with the controls [79]. Also, TNF-R1 serum level 

in Thai obese persons tended to be higher than that of the lean controls [93].  

In addition to IKK/NF-κB cascade, JNK signaling pathway also takes the 

crucial part in metabolic inflammation. The only differentially expressed protein 

associated with the JNK pathway we found was dual specificity mitogen-activated 

protein kinase kinase 6 (MAPK kinase 6). The protein is established as the key 

element mediating signal transduction via p38 MAPK, which is the upstream activator 

of the JNK inflammatory pathway [61, 76]. The up-regulated MAPK kinase 6 

moderately impaired insulin signal transduction in adipocytes due to the dramatic 

reductions in IRS-1 and IRS-2 expressions and PI3K/Akt activity in in vitro model 

[346]. The overexpression of MKK6, the encoding gene of MAPK kinase 6 

expression, was detected in white adipose tissue of obese adults [347]. MAPK kinase 

6 is considered the promising target of various inflammatory conditions to date. 

Many evidences suggested that the decreased expression of TNF-R1, IKK-α 

NEMO/IKK-γ, and MAPK kinase 6 ameliorates inflammation-induced insulin 
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resistance. Diet-induced obesity animals treated with TNF-R1 antagonist exhibited the 

reversion of insulin resistance as well as the decreased fat accumulation and body 

weight [348, 349]. The treatment also alleviated the overexpression of TNF-α [349]. 

Consistently, TNF-R1 knockdown mice exhibited the improved glucose intolerance 

and the increased insulin secretion following the intraperitoneal glucose tolerance test 

[350]. Deficiency of NEMO gene exerted the protective effect against obesity-induced 

insulin resistance and glucose intolerance in transgenic mice [351]. Meanwhile, 

MKK6 deficient mice were protected from diet-induced obesity and insulin resistance 

[347]. These findings were consistent with ours, showing the down-expression of 

TNF-R1, IKK-α NEMO/IKK-γ, and MAPK kinase 6 after receiving the intervention. 

Therefore, we suggested that mulberry leaves supplementation could have favorable 

effects against metabolic impairments through the modulation of IKK/NF-κB and 

JNK signaling responses. 

Besides, we found that the expression of angiotensinogen, haptoglobin, α-1-

acid glycoprotein 2, and α-2-HS-glycoprotein, were lower than the baseline. All of the 

four proteins are classified as positive acute-phase reactants, meaning that their 

expression levels significantly increase during the inflammatory period. Scientific 

studies supported that the over-expressed angiotensinogen, haptoglobin, α-1-acid 

glycoprotein 2, and α-2-HS-glycoprotein were linked to metabolic dysregulation. The 

hyperactivated angiotensinogen suppressed IRS-1 activity and led to insulin resistance 

in insulin-target tissues and endothelial cells [132]. Likewise, transgenic 

overexpression of α-2-HS-glycoprotein gene (AHSG) resulted in adipocyte 

dysfunction and impaired insulin signaling [352]. Meanwhile, patients with 

prediabetes and type 2 diabetes exhibited the elevated expressions and levels of 

haptoglobin and orosomucoids in serum [85, 165, 353]. The increased orosomucoids 

and α-2-HS-glycoprotein blunted the capacity of glucose clearance and insulin 

secretion following the standard glucose tolerance test among prediabetic persons [88, 

353-355]. Conversely, the decreased expression of angiotensinogen modulated insulin 

resistance and lowered diabetic risk [356]. Haptoglobin gene (HP) knockout mice 

exhibited the improved glucose intolerance, insulin secretion, insulin action, and 

adiponectin expression [357]. According to the consistency between these reports and 
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our results, this could reflect the alleviation of inflammatory reactions that underlying 

insulin resistance by mulberry leaves intervention. 

As far as our knowledge, this is the first proteomic study investigating the 

effects of mulberry leaves on metabolic impairment. Hence, our novel observation 

could suggest the advanced benefits of mulberry leaves beyond the well-known 

mechanism of action, which is inhibition of α-glucosidase activity. Limitations of the 

present analysis have been addressed, including the absence of controls (those who 

assigned to control the diets alone) as well as lack of non-diabetic controls, and small 

sample size. Moreover, there are a wide variation in proteomic data regarding the 

nature of the analysis. It is important to validate these preliminary findings by 

complementary techniques such as western blot analysis and enzyme linked 

immunosorbent assay (ELISA). 

In summary, proteomic analysis reveals the changes in expression of many 

plasma proteins in response to mulberry leaves supplementation. Interestingly, we 

observed the novel proteins in individuals who had metabolic impairment including 

NOD-2 and NLRP7. The findings further reflect the cellular modification in several 

biological pathways that strongly linked to pathophysiology and pathogenesis of type 

2 diabetes. We suggested that mulberry leaves exerted promising effects against 

insulin resistance and type 2 diabetes by modulating expression of LXR-α, RBP-4, 

ECM remodeling, pattern recognition protein expression, and inflammatory response 

via the JNK and IKK/NF-κB pathways, but the leaves seemed not to have effect on 

glucose utilization in peripheral tissues via PI3K/Akt signaling transduction. 

 

5.5 Limitations 

Study intervention 

− The whole of mulberry leaves product was prepared by the single 

batch production for the overall study period and lack of product 

stability testing. 

Study I 

− Open-label trial 
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− Lack of identical matching placebo 

− Lack of variety in carbohydrate source used in carbohydrate loading 

test: consideration of other carbohydrates (disaccharides and complex 

carbohydrates) might be more informative. 

Study II 

− Open-label trial 

− Lack of identical matching placebo 

− Insufficient study period to observe the significant improvements in 

glucose tolerance and insulin sensitivity 

− Lack of the measurement of physical activity intensity 

− No measurement of hemoglobin level at the time of the participant 

recruitment as well as throughout the study period: the 

misinterpretation of A1C might result from the abnormal hemoglobin 

homeostasis such as in patients with anemia. 

Study III 

− Within-group comparison 

− Lack of control group 

− Small sample size 

 

5.6 Conclusion 

 In conclusion, we suggest that mulberry leaves have promising metabolic 

potentials for the management of the early-stage metabolic impairment in type 2 

diabetes. First, daily supplementation of mulberry leaves containing 12 mg of DNJ 

effectively suppressed the elevation of PPG following the single administration of 50-

g sucrose solution. Moreover, the certain treatment regimen of mulberry leaves was 

capable of reducing postprandial glucose peak, A1C, and FPG, and improving blood 

lipid profile in obese persons with prediabetes and patients with early-stage type 2 

diabetes. Furthermore, it seemed to have favorable effects against insulin resistance. 

Second, mulberry leaves administration was relatively safe and well tolerated. There 

were no reports of hypoglycemia, adverse effects on renal and hepatic functions, as 
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well as life-threatening side effects following the mulberry leaves treatment. Last, 

regarding proteomic analysis, mulberry leaves might play the role in the modulation 

in expressions of plasma proteins that involved in metabolic regulation, ECM 

remodeling, immunity, and inflammatory response. 
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Appendix A 

Certificate of ethic approval (Study I) 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 200 

Appendix B 

Clinical record forms (Study I) 

แบบบนัทึกขอ้มูลทัว่ไป 

 

ค ำชี้แจง         

 แบบบนัทึกน้ีเป็นแบบบนัทึกขอ้มูลทัว่ไปของผูเ้ขา้ร่วมวิจยั เพื่อประเมินคุณสมบติัของท่าน

ในการคดัเขา้ในโครงการวิจยั รวมถึงเพื่อใชป้ระกอบการประเมินประสิทธิภาพและความปลอดภยั

ของผงใบหม่อนท่ีใชใ้นการศึกษาคร้ังน้ี จึงขอควำมร่วมมือทุกท่ำนกรอกแบบบนัทึกโดยเลือกหรือ

เติมขอ้ความในช่องวา่งท่ีเวน้ไว ้ ใหต้รงกบัความเป็นจริงของตวัท่าน 

1. วนัท่ี........../............/............       รหสัผูเ้ขา้ร่วมวิจยั................. 

2. เพศ   (  ) ชาย  (  ) หญิง  

3. อาย.ุ...............ปี       วนั/เดือน/พ.ศ.เกิด........../............/............ 

4. โรคประจ าตวั (หมายถึง โรคท่ีเป็นอยู่ในอดีตจนถึงปัจจุบัน เช่น เบาหวาน ความดันโลหิตสูง 

โรคหัวใจ โรคไต ภูมิแพ้ หอบหืด มะเร็ง ฯลฯ)  

 (  )  ไม่มี            

 (  )  มี โปรดระบุโรค…………………………………….………………………………… 

5. ยา สมุนไพร อาหารเสริมท่ีใชป้ระจ าในปัจจุบนั (ท่ีได้รับท้ังจากโรงพยาบาล คลินิกแพทย์                

ร้านยา หรือหาซื้อเองตามแหล่งอ่ืน) 

 (  )  ไม่มี             

 (  )  มี โปรดระบุช่ือ…………………….………………………………………………… 

6. ยา สมุนไพร อาหารเสริม ท่ีนอกเหนือจากยาประจ า รับประทานเป็นคร้ังคราวเพื่อบรรเทา

อาการใด ๆ *ในช่วง 2 สัปดาห์ท่ีผ่านมา* 

 (  )  ไม่มี    
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 (  )  มี โปรดระบุช่ือ…………………………………………………………………….… 

7. ประวติัการแพย้า/สมุนไพร/อาหารเสริม/สารเคมี   

 (  )  ไม่มี    

 (  )  มี โปรดระบุช่ือ…………………………………………………………………….… 

            อาการ....................................................................................................................... 

8. การสูบบุหร่ี 

 (  )  ไม่เคยสูบ         (  )  เคยสูบ แต่เลิกแลว้………ปี        (  )  ปัจจุบนัสูบ………มวน/วนั           

9. การด่ืมแอลกอฮอล ์

 (  )  ไม่เคยด่ืม           (  )  เคยด่ืม แต่เลิกแลว้……ปี            (  )  ปัจจุบนัด่ืม………แกว้/วนั   

10. การออกก าลงักาย 

 (  )  ไม่เคยออกก าลงักาย  

   (  )  ออกก าลงักายบา้งเป็นคร้ังคราว ชนิดกีฬา....................................................................

จ านวน...........คร้ัง/เดือน ระยะเวลา………ชัว่โมง/วนั  

       (  )  ออกก าลงักายเป็นประจ า ชนิดกีฬา..............................................................................

จ านวน...........คร้ัง/เดือน ระยะเวลา………ชัว่โมง/วนั  

 

 

ขอบคุณท่ีให้ความร่วมมือ 
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Appendix B 

Clinical record forms (Study I) 

ID………...  Date……..../………/……… 

Anthropometric profiles and vital signs 

Weight (kg)  

Height (cm)  

BMI (kg/m2)  

SBP (mmHg)  

DBP (mmHg)  

HR (bpm)  

Blood tests 

FPG (mg/dL)  

HbA1C (%)  

BUN (mmol/L)  

SCr (mg/dL)  

AST (U/L)  

ALT (U/L)  

ALK (U/L)  

Capillary blood glucose 

PPG-0 (mg/dL)  

Time for taking test beverage …...................... 

PPG-30 (mg/dL) (Time……………) 

PPG-60 (mg/dL) (Time……………) 

PPG-90 (mg/dL) (Time……………) 

PPG-120 (mg/dL) (Time……………) 

PPG-180 (mg/dL) (Time……………) 
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Appendix B 

Clinical record forms (Study I) 

แบบบนัทึกการเกิดอาการไม่พึงประสงคจ์ากการรับประทานผงใบหม่อน 

ส่วนท่ี 1 วันท่ีท าการศึกษา (ส าหรับผู้วิจัย) 
เวลา อาการไม่พึงประสงคท่ี์พบ การด าเนินการ / การรักษา 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

ผลการประเมินการเกิดอาการไม่พึงประสงค ์  
 (  )  เกิดจากผงใบหม่อน              (  )  ไม่ไดเ้กิดจากผงใบหม่อน                  (  )  ไม่แน่ใจ 

 หมายเหต ุ 

…………………………………………………..…………………………………………

……………………………..…………………………………….………………………… 

                                                                                               

(…………………………………….) 

                                                                                   แพทย์ผู้ประเมิน / ผู้วิจัย 
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ส่วนท่ี 2 การติดตามอาการไม่พงึประสงค์ 7 วันหลังวันท่ีท าการศึกษา (ส าหรับผู้เข้าร่วมวิจัย) 
ค ำชี้แจง         

 แบบบนัทึกน้ีใชส้ าหรับรายงานการเกิดอาการไม่พึงประสงคจ์ากการรับประทานผงใบหม่อน
ในช่วง 7 วนัหลงัวนัท่ีท าการศึกษา เพื่อประเมินความปลอดภยัของผงใบหม่อนท่ีใชใ้นการศึกษาคร้ัง
น้ี หากท่านพบอาการผิดปกติซ่ึงสงสัยวา่อาจเกิดจากการรับประทานผงใบหม่อน โปรดกรอกแบบ
บนัทึกโดยเลือกหรือเติมขอ้ความในช่องวา่งท่ีเวน้ไวใ้ห้ 

อำกำรไม่พงึประสงค์ท่ีพบ วัน/เดือน/ ปี เวลำ 

(  )  น ้ำมูกไหล คัดจมูก จำม            

       รายละเอียดเพิ่มเติม (ถา้มี)……………………………………… 

       …………………………………….…………………………… 

  

(  )  ผ่ืนท่ีผิวหนัง 

      รายละเอียดเพิ่มเติม (ถา้มี)……………………………………… 

       …………………………………….…………………………… 

  

(  )  ปวดเกร็งท้อง 

          รายละเอียดเพิ่มเติม (ถา้มี)……………………………………… 

       …………………………………….…………………………… 

  

(  )  ท้องอืด 

       รายละเอียดเพิ่มเติม (ถา้มี)……………………………………… 

       …………………………………….…………………………… 

  

(  )  อ่ืน ๆ โปรดระบุ………………………………………………… 

      รายละเอียดเพิ่มเติม (ถา้มี)……………………………………… 

       …………………………………….……………..……………. 

  

โปรดส่งคืนผู้วิจัยเมื่อครบ 7 วันหลังท่ีท าการศึกษา ขอบคุณท่ีให้ความร่วมมือ 
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Appendix B 

Naranjo’s algorithm 

อาการไม่พึงประสงค…์…………………………………………….........................................  
ค าถาม ใช่ ไม่ใช่ ไม่ทราบ คะแนน 

1. เคยมีสรุปหรือรายงานการปฏิกิริยาน้ีมาแลว้หรือไม่ +1 0 0  

2. อาการไม่พึงประสงคน้ี์เกิดขึ้นภายหลงัจากไดรั้บยาท่ีคดิ
ว่าเป็นสาเหตหุรือไม่ 

+2 -1 0  

3. อาการไม่พึงประสงคน้ี์ดีขึ้นเม่ือหยดุยาดงักล่าว หรือเม่ือ
ให้ยาตา้นท่ีจ าเพาะเจาะจง (specific antagonist) หรือไม่ 

+1 0 0  

4. อาการไม่พึงประสงคด์งักล่าวเกิดขึ้นเม่ือเร่ิมให้ยาใหม่
หรือไม่ 

+2 -1 0  

5. ปฏิกิริยาท่ีเกิดขึ้นสามารถเกิดจากสาเหตุอ่ืน 
(นอกเหนือจากยา) ของผูป่้วยไดห้รือไม่ 

-1 +2 0  

6. ปฏิกิริยาดงักล่าวเกิดขึ้นอีก เม่ือให้ยาหลอกหรือไม่ -1 +1 0  

7. สามารถตรวจวดัปริมาณยาไดใ้นเลือด (หรือของเหลว
อื่น) ในปริมาณความเขม้ขน้ท่ีเป็นพิษหรือไม่ 

+1 0 0  

8. ปฏิกิริยารุนแรงเกิดขึ้น เม่ือเพ่ิมขนาดยาหรือลดความ
รุนแรงลงเม่ือลดขนาดยาหรือไม่ 

1 0 0  

9. ผูป่้วยเคยมีปฏิกิริยาเหมือนหรือคลา้ยคลึงกนัน้ีมาก่อน 
ในการไดรั้บยาคร้ังก่อน ๆ หรือไม่ 

+1 0 0  

10. อาการไม่พึงประสงคน้ี์ ไดรั้บการยืนยนัโดยหลกัฐานท่ี
เป็นรูปธรรม (objective evidence) หรือไม่ 

+1 0 0  

                                                        รวม     

 
ระดบัคะแนน คะแนนมากกว่าหรือเท่ากบั 9  Definite  ใช่แน่ 
  คะแนนเท่ากบั  5-8   Probable ใช่ 
  คะแนนเท่ากบั  1-4   Possible  อาจจะใช่ 
  คะแนนนอ้ยกว่าหรือเท่ากบั 0  Doubtful น่าสงสัย 
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Appendix C 

Chemical analysis of phytochemicals in mulberry leaves powder 

 

A. Quantitative determination of DNJ 

(1) Liquid chromatographic condition 

Analytical 

column: 

Inertsil NH2, 75 x 2.1-mm, 3-μm 

Guard column: Inertsil NH2, 10 x 2.1-mm, 3-μm 

Mobile phase: Mixture of 5 mM ammonium formate and 0.1% formic 

acid in acetonitrile, gradient 

Autosampler 

temperature: 

15oC 

Column oven 

temperature: 

40oC 

 

Flow rate: 0.4 mL/min 

Injection volume: 1 μL 

Run time: 8 min 

 

(2) Mass spectrometric condition 

MS mode: Positive electrospray ionization (ESI+) mode 

Multiple reaction monitoring (MRM), m/z 164.05 → 

110.15 

Result of analysis:  

Phytochemicals                     

(Chemical formula) 
Categories 

Concentration                           

(mg/g in dried leaves) 

DNJ (C6H13NO4) Alkaloids 2.60 ± 0.78 

 

B. Quantitative determination of phytochemicals 

(1) Liquid chromatographic condition 
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Analytical 

column: 

Zorbax RRHD Eclipse Plus C18 column from Agilent                        

(100 × 2.1 mm, particle size: 1.8 μm)  

Mobile phase: Acetonitrile (B) and 0.01% formic acid in water (A) 

Column oven 

temperature: 

45oC 

 

Flow rate: 0.4 mL/min 

Injection volume: 2 μL 

Gradient profile: 0/5, 3/5, 7/40, 11/80, 11.5/100, 13.5/100, 14/5, 16/5 

min/B% 

(2) Time-of-flight mass spectrometer condition 

MS mode: Positive ion electrospray ionization (full scan mode at 

50-800 m/z; spectra rate at 4 Hz) 

MS parameters: Nitrogen nebulizer gas pressure, 3 bar; drying gas flow 

rate, 12 L/min; End plate offset, 500 V; capillary 

voltage, +4500 V; dry temperature, 200 °C; funnel 1 RF 

and funnel 2 RF, 300 Vpp; CID energy, O eV; hexaploe 

RF, 50 Vpp; quadrople ion energy, 5 eV and low mass 

filtering at 50 m/z 

Collision cell 

parameters: 

Collision energy, 3 eV; collision RF, 500 Vpp; transfer 

time 50 µS and pre pulse storage at 6 µs 

Data analysis: Bruker software (Daltonics, Bremen, Germany) 

Result of analysis:  

Phytochemicals                     

(Chemical formula) 
Categories 

Concentration                           

(mg/g in dried leaves) 

Chlorogenic acid 

(C16H18O9) 
Phenolic acid 1.59 ± 0.06 

Quercetin (C15H10O7) Flavonoids NQ 

Kaempferol (C15H10O6) Flavonoids NQ 

Rutin (C27H30O16) 
Flavonol 

glycosides 
0.82 ± 0.05 
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Isoquercitrin (C21H20O12) 
Flavonol 

glycosides 
0.58 ± 0.05 

Kaempferol 7-glucoside 

(C21H20O11) 

Flavonol 

glycosides 

NQ 

Kaempferol 3-O-β-D-(6''-O-

malonyl)-glucoside 

(C24H22O14) 

Flavonol 

glycosides 

NQ 

Quercetin 3-(6”-malonyl-

glucoside) (C24H22O15) 

Flavonol 

glycosides 

NQ 

Data are expressed as mean ± S.D. 

NQ: cannot be quantified 
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Appendix E 

Certificate of ethic approval (Study II) 
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Appendix F 

Clinical record forms (Study II) 

แบบบนัทึกขอ้มูลทัว่ไป 
ค ำชี้แจง         

 แบบบนัทึกน้ีเป็นแบบบนัทึกขอ้มูลทัว่ไปของผูเ้ขา้ร่วมวิจยั เพื่อประเมินคุณสมบติัของท่าน
ในการคดัเขา้ในโครงการวิจยัเร่ือง ประสิทธิศักย์และควำมปลอดภัยของใบหม่อนในกำรควบคุมระดับ
น ้ำตำลในเลือดในผู้ท่ีมีภำวะอ้วนและผู้ป่วยเบำหวำนชนิดท่ี 2 รวมถึงเพื่อใช้ประกอบการประเมิน
ประสิทธิภาพและความปลอดภยัของใบหม่อนท่ีใช้ในการวิจยัคร้ังน้ีเบ้ืองตน้ จึงขอความร่วมมือทุก
ท่านกรอกแบบบนัทึกโดยเลือกหรือเติมขอ้ความในช่องว่างท่ีเวน้ไวใ้ห้ตรงกบัความเป็นจริงของตวั
ท่านเฉพาะในส่วนท่ี 1 ของแบบบนัทึกน้ี 

ส่วนท่ี 1 
11. เพศ   (  ) ชาย  (  ) หญิง 

12. อาย.ุ...............ปี       วนั/เดือน/พ.ศ.เกิด........../............/............ 

13. โรคประจ าตวั ท่ีนอกเหนือจากโรคเบาหวาน (หมายถึง โรคท่ีเป็นอยู่ในอดีตจนถึงปัจจุบัน เช่น 
ความดันโลหิตสูง ไขมันสูง โรคหัวใจ โรคกระเพาะอาหาร โรคไต ภูมิแพ้ หอบหืด มะเร็ง ฯลฯ)  

 (  )  ไม่มี            
 (  )  มี โปรดระบุโรค…………………………………….……………………………….. 

14. ประวติัการผา่ตดัทางเดินอาหาร    
 (  ) ไม่เคย  
 (  ) เคย โปรดระบุรายละเอียด…………………….……………………………………..… 

15. ยา สมุนไพร อาหารเสริมท่ีใชป้ระจ าในปัจจุบนั (ท่ีได้รับท้ังจากโรงพยาบาล คลินิกแพทย์ ร้าน
ยา หรือหาซื้อเองตามแหล่งอ่ืน) 
 (  )  ไม่มี             
 (  )  มี โปรดระบุช่ือ…………………….…………………………………………….…… 

16. ยา สมุนไพร อาหารเสริม ท่ีนอกเหนือจากยาประจ า รับประทานเป็นคร้ังคราวเพื่อบรรเทา
อาการใด ๆ *ในช่วง 1 เดือนท่ีผ่านมา* 
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 (  )  ไม่มี    
 (  )  มี โปรดระบุช่ือ………………………………………….…………………………… 

17. ประวติัการแพย้า/สมุนไพร/อาหารเสริม/สารเคมี   
 (  )  ไม่มี    
 (  )  มี โปรดระบุช่ือ………………………………………………………….…………… 
            อาการ....................................................................................................................... 

18. การสูบบุหร่ี 

 (  )  ไม่เคยสูบ    
 (  )  เคยสูบ แต่เลิกแลว้เป็นระยะเวลา………....................(โปรดระบุจ านวนเดือน หรือ ปี)     
 (  )  ปัจจุบนัสูบ…………………มวนต่อวนั           

19. การด่ืมแอลกอฮอล ์เช่น เหลา้ เบียร์ ไวน์ เหลา้ขาว ยาดอง 
 (  )  ไม่เคยด่ืม           
 (  )  เคยด่ืม แต่เลิกแลว้เป็นระยะเวลา……….....................(โปรดระบุจ านวนเดือน หรือ ปี)     
   (  )  ปัจจุบนัด่ืม…………แกว้ (โปรดระบุความถ่ี ไดแ้ก่ ต่อวนั สัปดาห์ เดือน หรือ ปี) 

20. การออกก าลงักาย 
 (  )  ไม่เคยออกก าลงักาย  
              (  )  ออกก าลงักายบา้งเป็นคร้ังคราว ชนิดกีฬา.......................................................................

จ านวน...........คร้ัง/เดือน ระยะเวลา……………ชัว่โมง/วนั 
(  )  ออกก าลงักายเป็นประจ า ชนิดกีฬา.................................................................................

จ านวน...........วนั/สัปดาห์ ระยะเวลา……….…ชัว่โมง/วนั  
 

ขอบคุณท่ีให้ความร่วมมือ 
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ส่วนท่ี 2 (ส าหรับผูว้ิจยั เพื่อการคดักรองผูเ้ขา้ร่วมงานวิจยั) 

(   ) ไม่เคยได้รับกำรวินิจฉัยว่ำเป็นเบำหวำนมำก่อน 

Height………cm   Weight……kg   BMI…..…kg/m2   (เม่ือวนัท่ี.............................) 

(   ) ได้รับกำรวินิจฉัยว่ำเป็นเบำหวำนชนิดท่ี 2 

1. ไดรั้บการวินิจฉยัเม่ือวนัท่ี……………………..……… 

2. ระยะเวลาท่ีไดรั้บการวินิจฉยัวา่เป็นเบาหวานชนิดท่ี 2 นาน……ปี….…เดือน 

3. FPG....................mg/dL   (เม่ือวนัท่ี.....................................) 

4. 2-hour PPG after 75-g OGTT…………..…mg/dL   (เม่ือวนัท่ี.....................................) 

5. HbA1C……………...%   (เม่ือวนัท่ี.....................................) 

6. การรักษาเบาหวานชนิดท่ี 2 ท่ีเคยท่ีไดรั้บ 

 (  ) ไม่เคย  

 (  ) อ่ืน ๆ ระบุ................................................................................................ 

7. Height……cm Weight……kg BMI……kg/m2 (เม่ือวนัท่ี.................................) 

8. AST…..U/L ALT….…U/L    (เม่ือวนัท่ี.....................................) 

9. Cr.........mg/dL BUN….…mg/dL   (เม่ือวนัท่ี.....................................) 

(   ) Signs and symptoms of hyperglycemia    

(   ) Diabetic complications    

(   ) Pregnancy / lactation  
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Appendix F 

Clinical record forms (Study II) 

ผลการตรวจรา่งกายและผลตรวจทางหอ้งปฏิบติัการ 

Outcomes 

Experimental period 

Week  

0 

Week  

4 

Week  

8 

Week 

12 

Date     

Height (cm)     

Weight (kg)     

BMI (kg/m2)     

Waist circumference (cm)     

SBP (mmHg)     

DBP (mmHg)     

HR (bpm)     

FPG (mg/dL)     

PPG-30 (mg/dL)     

PPG-60 (mg/dL)     

PPG-90 (mg/dL)     

PPG-120 (or 2-hour PPG) (mg/dL)     

A1C (%)     

FPI (µIU/mL)     

HOMA-IR     

TC (mg/dL)     

TG (mg/dL)     

HDL-C (mg/dL)     

LDL-C (mg/dL)     

AST (U/L)     

ALT (U/L)     

Cr (mg/dL)     
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Appendix F 

Clinical record forms (Study II) 

แบบบนัทึกการบริโภคอาหาร 

ค ำชี้แจง 

วิธีกำรบันทึก  

1) จดบนัทึกอาหารทุกชนิด ซ่ึงรวมถึงขนมและเคร่ืองด่ืมท่ีรับประทานทั้งในม้ือหลกัและ

ม้ือของว่างในวนัใดวนัหน่ึงในช่วง 1 สัปดาห์ก่อนวนันัดคร้ังต่อไป ทั้งน้ีไม่แนะน าให้ท าในวนั

พิเศษ เช่น วนัท่ีไปงานแต่งงาน จดังานเล้ียงวนัเกิด หรือวนัท่ีไม่สบาย เป็นตน้ 

2) ควรบนัทึกทนัทีท่ีบริโภคในแต่ละคร้ังเพื่อป้องกนัการลืม 

3) บนัทึกส่วนประกอบอาหารต่าง ๆ อยา่งละเอียด ดงัน้ี  

ก. ชนิด เช่น ไข่เป็ด ไข่ไก่ ก๋วยเต๋ียวเส้นใหญ่ บะหม่ี 

ข. วิธีการปรุง เช่น ดิบ ตม้ น่ึง ทอด 

ค. ยีห่อ้ เช่น มนัฝร่ังทอดกรอบเลย ์ บะหม่ีก่ึงส าเร็จรูปตราไวไว   

ง. รสชาติ เช่น นมสดพลาสเจอไรซ์รสจืด โยเกิร์ตรสผลไมร้วม 

จ. ลกัษณะพิเศษ เช่น โคก้ซีโร่   

ฉ. ขนาด เช่น ตบัหมูขนาด กวา้ง ยาว หนา  

ช. เคร่ืองปรุงรส 

4) ระบุปริมาณส่วนประกอบอาหารต่าง ๆ อย่างละเอียด เช่น ถว้ย ชอ้นชา ชอ้นโต๊ะ ทพัพี 

ช้ิน ห่อ ขวด 

5) โปรดส่งคืนแบบบนัทึกน้ีใหก้บันกัก าหนดอาหารในนดัคร้ังต่อไป (วนัท่ี.......................) 
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ตัวอย่ำงกำรบันทึกกำรบริโภคอำหำร 

วันท่ีบันทึก.....1.....เดือน....ตุลาคม......พ.ศ....2560....  (   )  วนัจนัทร์-ศุกร์    (   )  วนัเสาร์-อาทิตย ์   

มื้ออำหำร/เวลำ 
ชนิดอำหำรท่ีรับประทำนและ

ส่วนประกอบ 
ปริมำณ 

 (เช่น ถ้วย, ชิ้น, ช้อนชำ, ฯลฯ) 

เช้ำ 
เวลา...8.00...น. 

 
 
 

ขา้วตม้หมูสับ 
- ขา้วขาว 
- หมูสับ 
- ตบัหมูหัน่บาง 
- น ้าตาลทราย 
- น ้าปลา 
- น ้าส้มสายชู 

น ้าเตา้หู ้หวานนอ้ย ใส่เมด็แมงลกั 
- เมด็แมงลกั 
- น ้าตาลทรายแดง 

 
- 2 ทพัพี ไม่รวมน ้า 
- 5 ช้ิน 
- 3 ช้ิน 
- 2 ชอ้นชา 
- 1 ชอ้นชา 
- 2 ชอ้นชา 
1 ถุง  
- 1 ชอ้นโต๊ะ 
- 1 ชอ้นชา 

ของว่ำงช่วงเช้ำ 
เวลา...10.30..น. 

ส้มเขียวหวาน 2 ผล 

เท่ียง 
เวลา...12.30..น. 

ขา้วกลอ้ง 
ปลาดุกผดัเผด็ 

- ปลาดุก  
- มะเขือกรอบ (แบ่ง 4 ส่วน/ลูก) 
- ถัว่ฝักยาว (ยาวประมาณคร่ึงน้ิว) 

ไข่เจียว 
โอเล้ียง (ชาตน้พะยอม) 

2 ทพัพี 
 
- 4 ช้ิน 
- 2 ช้ิน 
- 4-5 ช้ิน 
1 ฟอง 
1 แกว้ 

เย็น 
เวลา...18.30..น. 

เกาเหลาลูกช้ินหมูน ้าใส 
- ลูกช้ินหมู  
- หมูสับ 
- ถัว่งอก  
- ผกับุง้ 

 
- 4 ลูก 
- 2 ชอ้นโต๊ะ 
- 1 ทพัพี 
- 1 ทพัพี 

วันท่ีบันทึก............เดือน.....................พ.ศ..................    (   )   วนัจนัทร์-ศุกร์    (   )   วนัเสาร์-อาทิตย ์     
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มื้ออำหำร/

เวลำ 
ชนิดอำหำรท่ีรับประทำนและส่วนประกอบ 

ปริมำณ 

 (เช่น ถ้วย, ชิ้น, ช้อนชำ, ฯลฯ) 
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Appendix F 

Clinical record forms (Study II) 

แบบบันทึกควำมร่วมมือในกำรปฏิบัติตำมแผนกำรวิจัย 

ส่วนท่ี 1 ความร่วมมือในการควบคุมอาหาร  

 Experimental period 

Week 0 Week 4 Week 8 Week 12 

Date     

Total energy intake (kcal)     

Total fat intake (%)     

Total carbohydrate intake (%)     

Total protein intake (%)     

ส่วนท่ี 2 ความร่วมมือในการรับประทานผงใบหม่อน (เฉพาะกลุ่มทดลอง) 

 Experimental period 

Week 0 Week 4 Week 8 Week 12 

Date     

จ านวนซองท่ีไดรั้บจากนดัคร้ังก่อน     

จ านวนซองท่ีเหลือในนดัคร้ังน้ี     

% Compliance     
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Appendix F 

Clinical record forms (Study II) 

แบบสอบถำมกำรเกดิอำกำรไม่พงึประสงค์จำกกำรรับประทำนใบหม่อน 

ค ำชี้แจง แบบบนัทึกน้ีใชส้ าหรับรายงานการเกิดอาการไม่พึงประสงคจ์ากการรับประทานผงใบ

หม่อน เพื่อประเมินความปลอดภยัของผงใบหม่อนท่ีใชใ้นการศึกษาคร้ังน้ี ขอใหท้่านระบุอาการไม่

พึงประสงคท่ี์เกิดขึ้น พร้อมทั้งประเมินระดบัความรุนแรงจากนอ้ยไปมาก โดยการใหค้ะแนนตั้งแต่ 

0 ถึง 5  

อำกำรไม่พงึประสงค์ท่ีพบ 

ระดับควำมรุนแรง 

ไม่มี 

 

นอ้ย

มาก 

นอ้ย ปาน

กลาง 

มาก มาก

ท่ีสุด 

อาการจากภาวะน ้ าตาลในเลือดต ่ า  เช่น  หัว

ใจเตน้เร็ว เวียนศีรษะ สายตาพร่า มือสั่น เหง่ือ

ออกมาก หิวบ่อย อ่อนเพลีย คล้ายจะหน้ามืด 

เป็นลม 

รายละเอียดเพิ่มเติม (ถา้มี)…………………….…… 

(0) (1) (2) (3) (4) (5) 

ปวดเกร็งทอ้ง  

รายละเอียดเพิ่มเติม (ถา้มี)………………………….. 
(0) (1) (2) (3) (4) (5) 

ทอ้งอืด มีแก๊สในทอ้งมาก 

รายละเอียดเพิ่มเติม (ถา้มี)………………………….. 
(0) (1) (2) (3) (4) (5) 

ถ่ายเหลว 

รายละเอียดเพิ่มเติม (ถา้มี)…………………………. 
(0) (1) (2) (3) (4) (5) 

ทอ้งผกู 

รายละเอียดเพิ่มเติม (ถา้มี)………………….……… 
(0) (1) (2) (3) (4) (5) 

อ่ืน ๆ รายละเอียดเพิ่มเติม …………………………. (0) (1) (2) (3) (4) (5) 
 

ขอบคุณท่ีให้ความร่วมมือ  
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Appendix G 

Clinical outcomes (Study II) 

(i) Anthropometric profile and vital signs 
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1 1 96.1 95.1 37.54 37.15 103 103 138 131 80 77 76 72 

4 1 87.95 88 36.14 36.16 110 110 139 131 83 85 85 82 

6 1 64.5 65.2 26.85 27.14 84 84 141 128 91 88 89 82 

7 1 63 60.1 28.00 26.71 89 86.5 128 132 87 85 94 85 

8 1 62.4 60.65 27.37 26.60 85 84.5 129 129 87 95 68 57 

11 1 68.1 67.35 29.09 28.77 92 92 117 126 66 71 65 65 

14 1 79.85 79.9 34.56 34.58 103 103.5 122 139 92 91 73 72 

16 1 93.5 90.75 38.18 37.05 122 121 130 139 88 91 65 72 

17 1 61 58.7 25.39 24.43 91 89 109 109 64 67 82 90 

18 1 63.2 62.3 25.32 24.96 89 89 101 103 55 56 73 73 

22 1 68.8 68.35 27.56 27.38 94 93 124 129 74 79 93 81 

23 1 90 89.36 34.29 34.05 118 118.5 143 155 95 106 90 97 

28 1 63.7 63.75 26.51 26.53 94 94 131 128 68 73 83 76 

29 1 77 77 26.03 26.03 100 100 113 119 78 71 84 96 

31 1 79 78 30.86 30.47 103.5 104 127 138 80 70 66 63 

33 1 85 84.25 28.08 27.83 104 104 129 133 80 84 86 82 

34 1 84.2 84 29.48 29.41 98 98 127 121 83 84 95 77 

35 1 70.9 68 31.51 30.22 99 99 148 147 83 85 89 87 

37 1 76.9 77.75 27.25 27.55 101.5 101.5 143 146 91 95 91 79 

39 1 65 64.8 27.41 27.32 104 105 105 115 54 50 86 78 

41 1 93.45 92.35 31.59 31.22 111 111 123 108 74 63 79 77 

42 1 115 115.35 37.55 37.67 130.5 130.5 132 110 71 71 76 86 

46 1 67.1 66.5 25.25 25.03 92 92 136 126 70 67 82 91 

47 1 76.45 75 27.74 27.22 99 99 123 130 77 75 82 80 

49 1 77.75 77.25 31.95 31.74 102 102 138 139 72 70 72 75 

53 1 81.5 82.2 28.88 29.12 102 102.5 128 127 76 72 73 69 

56 1 68.5 69.2 26.76 27.03 90 90.5 142 144 85 83 68 68 

57 1 105.9 107 34.58 34.94 115 115 115 120 71 71 70 69 

2 2 73.4 72.2 30.16 29.67 103 101 94 113 54 67 75 72 

3 2 65.8 65.4 28.67 28.49 86 86 130 141 80 75 80 72 

5 2 70.5 69.5 27.54 27.15 96 95.5 142 148 83 77 71 77 

10 2 82.2 82.5 30.94 31.05 102.5 102 128 124 74 69 78 78 

13 2 89.35 91.9 30.56 31.43 110 109 110 118 78 81 79 67 

15 2 85 82 33.62 32.44 102 102 132 145 65 67 63 82 
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19 2 71.2 71.9 32.07 32.39 94 94.5 123 127 71 77 76 81 

20 2 90.35 90.25 36.65 36.61 114 114.5 100 110 60 63 70 70 

21 2 75.9 76.5 28.92 29.15 95 96.5 145 118 90 84 63 102 

24 2 83 83.7 30.49 30.74 96 94.5 140 146 79 97 79 57 

25 2 85 86 34.05 34.45 106 107 113 115 62 63 73 73 

26 2 85.5 86.4 32.98 33.33 105 107 158 149 87 87 63 69 

27 2 72.55 73.3 28.70 28.99 101 99.5 130 116 81 74 65 78 

30 2 72.15 71.8 26.83 26.70 93 93 120 122 70 71 82 79 

32 2 92.3 92 34.74 34.63 109 109 139 131 82 72 81 84 

36 2 57.8 58 25.35 25.44 95 95 137 145 74 80 69 77 

38 2 69.3 69 25.45 25.34 92.5 93 141 139 91 90 84 88 

40 2 67.05 67.5 26.86 27.04 91 91 128 122 66 65 97 92 

43 2 107.3 105.3 38.02 37.31 111 111 122 124 66 68 78 81 

44 2 80 79.55 33.30 33.11 101 100.5 134 103 86 60 84 89 

45 2 89.1 89.5 27.50 27.62 112 112.5 161 139 88 88 89 85 

48 2 110 111.5 38.06 38.58 122.5 123 159 149 109 101 95 95 

50 2 72.55 73 26.65 26.81 99.5 99 143 140 94 95 74 76 

54 2 76.6 77 31.48 31.64 96.5 96.5 102 110 57 67 59 61 

55 2 165.45 114.65 54.02 37.44 165 134 140 151 90 93 91 93 

58 2 66.9 67.35 28.21 28.40 85 85 129 125 65 69 84 81 
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Participants ID 

Assigned group 

FPG (mg/dL)-0 

FPG (mg/dL)-4 

FPG (mg/dL)-8 

FPG (mg/dL)-12 

PPG 30 (mg/dL)-0 

PPG 30 (mg/dL)-12 

PPG 60 (mg/dL)-0 

PPG 60 (mg/dL)-12 

PPG 90 (mg/dL)-0 

PPG 90 (mg/dL)-12 

PPG 120 (mg/dL)-0 

PPG 120 (mg/dL)-12 

AUC (mg/dL.min)-0 

AUC (mg/dL.min)-12 

A1C (%)-0 

A1C (%)-12 

FPI (µIU/mL)-0 

FPI (µIU/mL)-12 

HOMA-IR-0 

HOMA-IR-12 
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Participants ID 

Assigned group 

TC (mg/dL)-0 

TC (mg/dL)-12 

TG (mg/dL)-0 

TG (mg/dL)-12 

HDL-C (mg/dL)-0 

HDL-C (mg/dL)-12 

LDL-C (mg/dL)-0 

LDL-C (mg/dL)-12 

Cr (mg/dL)-0 

Cr (mg/dL)-12 

AST (U/L)-0 

AST (U/L)-12 

ALT (U/L)-0 

ALT (U/L)-12 

1
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Appendix I 

Protein-protein interaction networks (Study III) 

 

 

 

The protein-protein interaction networks of 212 proteins were investigated 

using the STRING database limited to Homo sapiens (https://string-

db.org/cgi/network?taskId=btEmDwQaxSlQ&sessionId=blMUWdLekXNg). The 

interacting proteins are represented as nodes and their biological relationships as line. 

 

 

https://string-db.org/cgi/network?taskId=btEmDwQaxSlQ&sessionId=blMUWdLekXNg
https://string-db.org/cgi/network?taskId=btEmDwQaxSlQ&sessionId=blMUWdLekXNg
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