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국문 초록 

약용 식물자원으로부터 인슐린의 작용을 증가시키는 화합물의 

분리 및 구조분석 

 

 

 응구엔 피 훙 

 지도교수: 오 원 근 

 약학대학 

 조선대학교 대학원 

 

2형 당뇨병, 대사증후군, 고혈압, 고지혈증과 같은 비만 관련된 질병은 

전세계에 걸쳐 주요한 질환 위험으로 나타나고 있다. 당뇨병과 인슐린 내성

증후군은 전세계 사망원인 중 수위를 나타내고 이다. 이러한 질환들은 순환계 

합병증, 신장기능 이상, 망막손실 및 관절부위 이상과 같은 합병증의 위험을 

증대시킨다. 당뇨병 중 2형 당뇨병이 가장 일반적이며 인간의 사망위험의  

증가 및 위험도와 관련이 있다. 2형 당뇨병은 췌장에서의 인슐린 분비 저하 

및 작용지점에서의 기능이상으로, 혈액에서의 당 농도 조절작용의 실패에  

기인한 혈중 당 농도가 증가하는 특징을 갖는다. 

탄수화물 식사 후 췌장으로부터 혈액으로 분비되는 호르몬인 인슐린은 

당을 근육, 지방세포 및 심장으로 저장을 증가시켜 혈중의 당 농도를 
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조절한다. 그러나, 당뇨병 환자에게 있어서는 췌장으로부터 충분한 인슐린을 

생산하지 못하거나 생산된 인슐린이 작용하지 못하는 특징을 갖는다. 즉, 

혈액속의 당 농도를 조절하지 못하는 인슐린 내성이 2형 당뇨병 환자에게 

있어서 가장 중요한 원인이다. 그리하여 인슐린 신호전달 과정에 작용하여 

인슐린 작용을 개선시키는 천연물질 및 합성 저분자 물질의 개발이 시도되고 

있다. 그러나, 현재까지 임상시도 되고 있는 약물은 심장에서의 부작용과 

낮은 활성으로 인하여 인슐린과 같은 효율적인 약물의 개발은 성공하지 

못하고 있다.  

최근의 많은 증거는 heterotrimeric serine/threonine kinase의 일종인 

AMPK 효소가 인슐린 작용을 증가시키는 것으로 알려지고 있다. AMPK 

효소는 세포 및 신체 전반에 걸쳐 에너지 상태를 조절하는 주요한 작용을 한다. 

활성화된 AMPK 효소는 ATP를 생산하는 대사통로를 활성화하고 ATP를 

소모하는 대사계를 불활성화 시키는 것으로 알려져 있다. AMPK 효소는 많은 

관련 하위 조절자들을 통제하여, 즉 근육에서의 glucose uptake를 촉진하고 

간에서는 글루코스 생산을 억제하며, 말초 지방조직에서는 극소적인 지방 

축적을 저해하여 신체 전체에 걸쳐 인슐린 민감도를 개선하는 것으로 알려지고 

있다. 그러므로 AMPK 효소는 현재 비만과 당뇨를 치료하는 좋은 약물 목표로 

각광받고 잇다.  

약용식물로부터 항 당뇨물질을 개발하기 위한 계속적인 연구목표로 두 

종류의 Morinda 속 식물인 (M. longissima and M. citrifolia)가 분화된 3T3-
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L1 지방세포에서 강하게 glucose uptake를 증가시키는 것으로 관찰하였다. 

이러한 약용식물로부터 화학적 구성성분을 크로마토그래픽적인 방법 (silica 

gel, RP-C18, MPLC와 preparative HPLC system)을 사용하여 신규 화합물 

9개 (10, 42, 47, 49, 51-53, 57와 59)를 포함하여 59개의 물질을 분리하였다. 

분리한 화합물 각각의 화학구조는 분광학적인 방법 (1H, 13C, COSY, HSQC, 

HMBC, NOESY와 MS) 및 이화학적인 방법 (IR, UV, CD, and [α]D)으로 

결정되었으며 기지물질은 또한 기존의 문헌값들과 비교를 통하여 확인하였다. 

얻어진 물질들을 화합물의 골격에 따라 나누어 보면 21개의 안트라퀴논 

(anthraquinones, 1-21), 2개의 코마린 (coumarinoids, 23 과 26), 12개의 

페닐프로파노이드와 카페인산  (phenylpropanoid and caffeic acid derivatives, 

22-35), 2개의 프라보노이드 (flavonol and flavonol glucoside, 40 와 41), 

3개의 이리도이드 (iridoids, 36-38), 1개의 트리터페노이드 (triterpenoid, 39) 

와 18개의 리그난 및 네오리그난 (lignans and neolignans, 42-59)으로 구별될 

수 있다.  

분리된 모든 화합물 (1-59)의 분화된 3T3-L1 지방세포에서 glucose 

uptake 작용의 효과를 측정하였다. 최종농도 10 mM의 농도에서 몇몇 화합물 

들은 강한 2-NBDG 시약을 이용한 실험에서 glucose uptake를 증가시키는 

것으로 확인되었다. 안트라퀴논 화합물 (1-21) 중에서는 화합물 2, 8, 그리고 

10이 특히 강한 glucose uptake를 증가시켰으며 몇몇 다른 화합물은 보통의 

증가효과를 보였다. 그리하여 우리는 화합물 2, 8 및 10번 화합물을 이용하여 
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세포내에서 형광물질의 존재를 측정하는 방법을 사용하여 2-NBDG의 

화합물에 의한 효과를 보다 정밀하게 분석하였다. 노니로부터 분리된 화합물 

(22-59)을 이용하여 2-NBDG의 glucose uptake 효능을 측정한 결과 

7,9':7',9-diepoxylignan과 3',7-epoxy-8,4'-oxyneolignan이 가장 강한 

활성을 보였으며, 주 화합물 가운데 화합물 39 (ursolic acid, at 20 µM)에서 

양성 대조군인 rosiglitazone (400 µM)보다 강한 저해활성을 갖음을 또한  

확인하였다. 

계속적인 연구로 화합물들의 AMPK 효소 활성화 작용을 검토 하였다. 

분화된 근육세포에서 AMPK (Thr172)에서의 인산화 증가활성을 화합물 

최종농도 10 mM과 양성대조군인 AICAR (1 mM)로하여 측정한 결과 화합물 

8이 강한 활성화 작용이 있으며, 화합물 10과 20은 중간 정도의 활성화 

작용이 있음을 확인하였다. 분리된 리그난 계열의 화합물 중 9,7'α-

epoxylignano-7α,9'-lactone (48)과 triterpenoid (39)과 가장 강한 활성을 

보여 주었다. 이러한 결과는 분리돤 화합물 (2, 8, 10, 20, 39, 42, 44, 45와 

48)의 높은 glucose uptake 활성이 AMPK 효소의 활성증가와 관련될 수 

있음을 나타낸다.  

결론적으로 우리의 결과는 Morinda 속 식물인 (M. longissima와 M. 

citrifolia) 로부터 분리된 화합물 중 안트라퀴논 (anthraquinones)과 ursolic 

acid, 7,9':7',9-diepoxylignans들 특히 9,7'α-epoxylignano-7α,9'-lactone이 

2-NBDG uptake를 증가시키는 과정에서 중요한 화합물임을 밝혔다. 앞으로 

이러한 화합물을 이용하여 추가적인 기전연구 및 효능평가가 필요한 것으로 

사료된다. 
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Obesity associated diseases like type 2 diabetes, the metabolic syndrome, 

hypertension, and atherogenic dyslipidemia represent major health risks around the world. 

Diabetes mellitus (DM) and/or insulin resistance (IR) are ranked in the top ten causes of 

mortality worldwide. Both disorders often lead to disability through vascular complications, 

renal failure, blindness, and limb amputation. Of which, type 2 diabetes mellitus (T2DM) 

is the most common, prevalent and fastest growing form of the disease and the principal 

cause of morbidity and mortality in human. It is often complicated by obesity and 

characterized by high levels of glucose in the bloodstream, resulting from impairment at 

insulin release and its action.  

Insulin, a natural hormone which is secreted by the pancreatic β-cells into the 

bloodstream after the consumption of carbohydrate rich meals, causes skeletal muscle, 
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adipose, and heart, to increase their uptake of glucose for the production of ATP. In 

diabetes patients, however, either the pancreas cannot produces enough insulin for 

regulating blood glucose levels (Type 1), or the body cannot use insulin produced 

effectively (Type 2). Insulin resistance, resulting in loss of proper glucose homeostasis, is 

considered as the most important factor of type-2 diabetes and is generally due to defects 

in insulin-mediated signal transduction. Thus, a number of small molecular (including 

synthetic and natural products) materials affected in insulin signaling pathway are being 

investigated for improving insulin sensitivity and/or mimicking the action of insulin. 

However, clinical tests have shown that none of these compounds can replace insulin in the 

treatment of diabetes without causing adverse effects such as cardiac arrest.  

Recent some evidences have emerged that AMPK, a heterotrimeric serine/threonine 

kinase, could be responsible for increasing insulin sensitivity and indirectly inhibit 

preadipocyte differentiation by improving insulin action. AMPK is well established as a 

key sensor and regulator of intracellular and whole-body energy metabolism. Activated 

AMPK re-establishes the proper energy balance in the cell by switching off the ATP-

consuming anabolic pathways and switching on the ATP-generating catabolic pathways. 

Many downstream targets of AMPK have demonstrated the role of AMPK in glucose and 

lipid metabolism, such as stimulating glucose uptake in the muscle, suppressing hepatic 

glucose production in the liver, and reducing ectopic lipid accumulation for improving 

insulin sensitivity. Therefore, AMPK activators are considered as promising drugs for 

diabetes and obesity. 

As part of our ongoing investigation for discovering new anti-diabetes agents from 

medicinal plants, we found that the total extracts of two Morinda species (M. longissima 



7 

 

and M. citrifolia) showed in vitro glucose uptake effects on 3T3-L1 adipocytes. Thus, 

phytochemical investigation of these medicinal plants using chromatographic methods 

(silica gel, RP-C18, MPLC, and preparative HPLC system) led to the isolation of 59 natural 

products, comprising of 9 new compounds (10, 42, 47, 49, 51-53, 57, and 59) as active 

constituents. Their chemical structures were elucidated on the basis of spectroscopic 

(including 1H, 13C, COSY, HSQC, HMBC, NOESY, and MS) data interpretation and 

physicochemical (IR, UV, CD, and [α]D) data analyses, as well as comparison with those 

published in literatures. According to the structural skeleton, their structures were 

characterized to be 21 anthraquinones (1-21), 2 coumarinoids (23 and 26), 12 

phenylpropanoid and caffeic acid derivatives (22-35), 2 flavonol and flavonol glucoside 

(40 and 41), 3 iridoids (36-38), one triterpenoid (39), and 18 lignans and neolignans (42-

59). After structural elucidation, the isolates (1-59) were investigated for their stimulatory 

effects on glucose uptake in 3T3-L1 adipocytes. At the concentration of 10 mM, some of 

isolated compounds showed significant enhancing activity on glucose uptake with 2-

NBDG reagent. Among the anthraquinones (1-21), compounds 2, 8, and 10 were found to 

possess stronger stimulatory effect at the combination of isolated compounds and insulin 

than insulin, a positive control. The others showed increasing effect to a level comparable 

with insulin. Thus, we further confirmed the transportation efficacy of 2-NBDG into the 

cells of compounds 2, 8, 10, and 20 by measuring fluorescent signals induced after drug 

treatment. Comparing to control group, compounds 2, 8, and 10 showed higher levels of 

fluorescent signals from the adipocytes representing the inducement of 2-NBDG uptake 

into the cells. Among the compounds isolated from Noni (22-59), we found that the 

7,9':7',9-diepoxylignan and 3',7-epoxy-8,4'-oxyneolignan possessed strongest activity, and 
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the most major compound 39 (ursolic acid, at 20 µM) showed stronger activity than 

rosiglitazone, the positive control used at 400 µM. 

In progress, we investigated whether these 2-NBDG uptake inducers activate AMPK 

or not. In differentiated C2C12 cells, we observed increased phosphorylation of AMPK 

(Thr172) by our compounds at the concentration of 10 mM to a level comparable with 

AICAR, a positive control used at 1 mM. Anthraquinones 8 showed strongest activation, 

followed by compounds 10 and 20. Among the lignan type, 9,7'α-epoxylignano-7α,9'-

lactone (48) and triterpenoid (39) showed strongest activation. These observation suggest 

that the AMPK signaling pathway is likely responsible for the improvement of glucose 

uptake by these compounds (2, 8, 10, 20, 39, 42, 44, 45, and 48). Taken together, our 

results indicated that anthraquinones, ursolic acid, and 7,9':7',9-diepoxylignans, especially 

the 9,7'α-epoxylignano-7α,9'-lactone, may be important for 2-NBDG uptake activity in 

vitro. Additionally, 2-NBDG uptake effects by members of anthraquinones and neolignans 

have not been previously reported. Further confirmation of the anti-diabetes effects of 

these natural products and evaluation of their potential in vivo efficacy in a diabetic model 

are necessary. 
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I. INTRODUCTION 

1.1. Diabetes 

Diabetes mellitus (DM) is one of the most prevalent and serious metabolic diseases 

and the principal cause of morbidity and mortality in human. It is characterized by high 

levels of glucose in the bloodstream, resulting from impairment in insulin release and its 

action. The diabetes epidemic has struck worldwide. More than 285 million people across 

the world suffer from diabetes, 90% of whom have Type II Diabetes. It is estimated that 

438 million people will be inflicted with diabetes worldwide by the year 2030 (Fig. 1), 

profoundly increasing the need for treatment for type II diabetes. 

 

 

Figure 1: Worldwide prevalence of Diabetes 2000-2030 

 

Diabetes may be divided into three main types (Table 1). First, type 1 diabetes 

(previously known as insulin-dependent diabetes) is an auto-immune disease where the 

body’s immune system attacks and destroys the insulin-producing β cells in the pancreas, 
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and then the pancreas produces little or no insulin and the glucose stays in the blood 

instead, where it can cause serious damage to all the organ systems of the body. This type 

of diabetes, also known as juvenile-onset diabetes, accounts for 10-15% of all people with 

the disease. 

Second, type-2 diabetes, known as non-insulin-dependent diabetes mellitus (NIDDM), 

is the most common form among three types of diabetes, affecting 85-90% of all people 

with the diseases. The disease is strongly genetic in origin but lifestyle factors such as 

excess weight, inactivity, high blood pressure and poor diet are major risk factors for its 

development. Hyperglycemia is one of the characteristic pathogenesis, and it is clear that 

control of hyperglycemia can attenuate the development of chronic complications such as 

retinopathy and nephropathy.1 Therefore, therapy for type 2 diabetes relies mainly on 

several approaches to reduce the hyperglycemia itself: sulphonylureas (and related insulin 

secretagogues), which increase insulin release from pancreatic islets; metformin, which 

acts to reduce hepatic glucose production; peroxisome proliferator-activated receptor-γ 

(PPARγ) agonists (thiazolidinediones), which enhance insulin action; α-glucosidase 

inhibitors, with gut glucose absorption.2  

Third, gestational diabetes (GD) occurs during pregnancy. Although it usually 

disappears after delivery, the mother will more likely develop type-2 diabetes later. Self-

care and dietary changes are essential in treatment. 
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Table 1. Classification of diabetes 

Type 1 (IDDM) Type 2 (NIDDM) 

Distribution < 10% > 90% 

Cause Autoimmune disease Insulin resistance (obese) 

Insulin secretion defect (nonobese) 

Age < 30 (mainly 11 - 14) > 45 

Clinical Fast progress 

Hypoinsulinemia  

Ketonemia  

Slow progress 

Hyperinsulinemia (obese) 

Normal insulin level (non-obese) 

Treatment Injection of insulin  Die, Glucose-lowing agent, linsulin 
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1.2. Insulin and insulin resistance 

Insulin is a peptide hormone composed of 51 amino acids and has a molecular weight 

of 5,808 Da which is produced in the islets of Langerhans in the pancreas β-cells (Fig. 2). 

Insulin causes cells in the liver, muscle, and fat tissue to take up glucose from the blood, 

storing it as glycogen in the liver and muscle, and stopping use of fat as an energy source. 

Insulin increases glucose uptake in muscle and adipose tissue, and inhibits hepatic 

glucose production, thus serving as the primary regulator of blood glucose concentration.3 

Also, insulin stimulates cell growth and differentiation, and it promotes the storage of 

substrates in fat, liver and muscle by stimulating lipogenesis, glycogen and protein 

synthesis, and by inhibiting lipolysis, glycogenesis, and protein breakdown.4 By increasing 

the uptake of glucose by cells and reducing the concentration of glucose in the blood, 

insulin prevents or reduces the long-term complications of diabetes, including damage to 

the blood vessels, eyes, kidneys, and nerves.4 

 

   

Figure 2: The primary amino acid structure of human insulin: Insulin dimer, hexamer, and 

simplified insulin. As is shown, insulin consists of two peptide chains which are connected 

by disulfide bonds 
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Insulin resistance is a physiological condition where the natural hormone insulin 

becomes less effective at lowering blood sugars. The resulting increase in blood glucose 

may raise levels outside the normal range and cause adverse health effects, depending on 

dietary conditions. At insulin resistance state, the glucose uptake in muscle and fat cells are 

reduced, whereas insulin resistance in liver cells results in reduced glycogen synthesis and 

storage and a failure to suppress glucose production and release into the blood. High 

plasma levels of insulin and glucose due to insulin resistance are a major component of the 

metabolic syndrome.  

Up to recently, insulin is the only agent developed for the treatment of either type 1 or 

severe type-2 diabetes. A number of synthetic small molecules, such as zinc (II) complexes 

and vanadium compounds, have been shown to mimic the action of insulin in cell culture 

and animal models of diabetes. In addition, many natural products, such as antibiotics (e.g. 

anisomycin), fungal metabolites (e.g. L-783,281), plant extracts (e.g. leaf alcoholic extract 

from the tropical herbaceous perennial Catharanthus roseus) and animal constituents (e.g. 

dried chrysalis of the silkworm Bombyx batryticatus) also promote glucose uptake in cells. 

However, clinical tests have shown that none of these compounds or extracts can replace 

insulin in the treatment of diabetes. Thus, a need to search for new anti-diabetic agents that 

can mimic the effect of insulin is still remained. 

 

1.3. Fluorescent-tagged glucose bioprobes (6-NBDG and 2-NBDG) and their use in 

monitoring glucose utilization 

Glucose homeostasis is a fundamental aspect of life and its dysregulation is associated 

with important diseases such as cancer and diabetes. Glucose (C6H12O6, also known as D-
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glucose, dextrose, or grape sugar) is a monosaccharide and a pivotal carbohydrate in 

biology. It is the primary source of energy in organisms and an important metabolic 

intermediate.5 Therefore, the ability to effectively monitor glucose homeostasis is crucially 

important in many aspects of biological research and medicine. Currently, research on anti-

diabetic medicine have been focused on development and screening of compounds with 

potential insulin-mimetic effects to stimulate rate of cell glucose uptake. The first 

fluorescent-tagged glucose bioprobe, 6-deoxy-N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)-

aminoglucose (6-NBDG), was developed in 1985 by Professor Howard Kutcha’s 

laboratory in the University of Virginia. Hideaki Matsuoka s Laboratory at Tokyo 

University of Agriculture and Technology after eleven years on the development of 6-

NBDG synthesized 2-(N-(7-nitrobenz-2-oxa-l,3-diazol-4-yl)amino)-2-deoxyglucose (2-

NBDG).6 A rapid, follow-up study validated the intracellular fate of 2-NBDG. In bacteria, 

2-NBDG was shown to be phosphorylated after uptake, to produce fluorescent derivative 

(2-NBDG 6-phosphate), presumably by the glycolytic enzyme, hexokinase. 2-NBDG 6-

phosphate was then converted back into 2-NBDG by the enzyme glucose 6-phosphatase. 2-

NBDG was then rapidly degraded to non-fluorescent products by the glycolytic pathway. 

The cellular breakdown of 2-NBDG is a useful property, because 2-NBDG signal should 

indicate both the cellular glucose uptake rate and metabolic activity, although it should be 

noted that 2-NBDG may also accumulate as glycogen. Indeed, the usefulness and 

simplicity of 2-NBDG as a tracer for eukaryote cell viability was demonstrated in the same 

year.7   

The proven usefulness of NBDG for diabetes, neurological and cancer research 

appears to be a factor in the subsequent development of alternative fluorescent-tagged 
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glucose bioprobes.  
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Figure 3: Chemical structure of 6-NBDG and 2-NBDG 

 

1.4. Morinda citrifolia and Morinda longissima 

The genus Morinda (belong to Rubiaceae family) comprises approximately 80 species, 

distributed in all tropical regions of the world. These species may be trees, shrubs or vines 

bearing aggregated fruits (or syncarps) that can be fleshy or dry. The most popular species, 

Morinda citrifolia, commonly named “noni” has a long history of utilization throughout 

the Pacific Polynesia, South and Southeast Asia, Northeastern Australia and the Caribbean. 

It is deemed to be the second most important herb plant in the Hawaiian islands,8 and has 

been used to treat a wide variety of ailments. While applications have been reported for all 

parts of the plant, the leaves have the most prevalent traditional use and the plant is usually 

used topically.9 This contrasts with the current popular use where the fruit juice, and less 

commonly the leaves and roots, are primarily consumed orally. Morinda citrifolia L. is a 
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small evergreen tree or shrub, native to South Asia that currently grows throughout the 

tropics. The fruits of M. citrifolia are very distinct and easy to recognize. The white tubular 

flowers form in clusters on the young fruit. The syncarpous fruit grow to be about 5-10 cm 

long and turn from a greenish to a translucent yellowish-white colour when fully ripe. 

Responding to noni’s ethnobotanical and popular use, a substantial number of biological 

and chemical studies have been performed on this species dating back more than 100 years. 

Many secondary metabolites of noni have been established. These include iridoid 

glycosides and triterpenoids which are the major constituents of the fruit, and a number of 

anthraquinones, which primarily accumulate in the roots, but have also been found in trace 

quantities in the fruit. Lignans, neolignans, and polypropanoid derivative are also reported 

as active constituents from the fruits. There are currently two recognized varieties of M. 

citrifolia (M. citrifolia var. citrifolia and M. citrifolia var. bracteata) and one cultivar (M. 

citrifolia cultivar Potteri). The most commonly found variety, M. citrifolia var. citrifolia, 

has the greatest economic importance. It is morphologically diverse with both large and 

small fruits and its leaves exhibit a wide range in size and shape, being variously described 

as elliptical, long and strap-like, and ovate or rounded. M. citrifolia var. bracteata has 

smaller fruits subtended by bracts and is found in countries between the Indian and Pacific 

Oceans.10 In Vietnam, it has many different name belong to the local area where the tree 

located, such as Nhàu, Nhàu núi, Nhàu rừng, Ngao, or Grand Morinda. The root-bark has 

been used internally for hypertention, osteodynia, and lumbago. While the leaves have 

been used traditionally for treating furunculosis, and oedema, and the fruits are used for 

cough, coryza, and neuralgia. It is also used as supplier for stomachic and aperients.11 The 

extract of these plant was used orally for fever, dysentery and diarrhea in remedies. 
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The second, M. officinalis, is another agelong herb and was considered to be an 

effective tonic for promoting overall health in traditional herbal medicines. M. parvifolia 

and M. umbelllata are two other popular species displayed analgesic, hemostatic, 

antibacterial, and antiphlogistic activities.12 

 

 

Figure 4: Representative picture of Noni fruits, leave, and commercial noni products as tea, 

beverages and functional supplements 

 

Among these species, M. longissima is closely related to M. officinalis and M. 

citrifolia in phytotaxonomy, which is distributed at the mountain area of North Vietnam. 

The root has been used traditional for detoxification, inflammation, blood influence, 

stomachic and aperients. Crude extract of the root of M. longissima has shown 

hepatoprotective effects with major principle as emodin.13 However, phytochemical and 

pharmacological investigation associated with M. longissima have not been clarified. 

 

1.5. AMP-activated protein kinase (AMPK) 

AMPK was first described as an enzyme capable of phosphorylating and inactivating 
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hydroxymethylglutaryl-CoA (HMG-CoA) reductase and acetyl CoA carboxylase (ACC), 

key enzymes in the synthesis of cholesterol and fatty acids. It was later named as AMPK 

because its activity is highly dependent on the presence of 5′-AMP. The AMPK complex is 

a αβγ heterotrimer containing a catalytic α subunit (isoforms α1/α2) and regulatory 

subunits β (β1/β2) and γ (γ1/γ2/γ3) (Figure 4).14 Homologues of these subunits are found in 

all eukaryotic species where genome sequences have been completed. The β subunit 

anchors both the α and γ subunits to form a regulatory core, where the C-terminal 70 

residues of β interact via extensive hydrophobic contacts with the C-terminal 80 residues 

of α, and a short stretch of β-strand hydrogen bonding with residues 45–52 of γ (human 

isoform 1). The kinase domain at the N terminus of α is connected to the regulatory core 

via a linker region of approximately 60 residues. The β subunit is N-terminally 

myristoylated at Gly2 in both mammalian isoforms, and also contains a mid molecule 

carbohydrate-binding module (CBM) which is required for targeting the protein to 

glycogen (Glossary). Nucleotide sites (1 to 4) are numbered according to the CBS domain 

which contributes an Asp residue and hydrogen bonds to the ribose 20 and 30 hydroxyls 

(Figure 17D). Only three sites contribute to nucleotide regulation, and site 2 is unoccupied 

in all mammalian AMPK structures solved to date. Site 4 in mammalian AMPK γ has been 

assigned as an AMP non-exchangeable site. ATP, ADP and AMP are exchangeable at the 

other two sites (1 and 3), implicating them as key mediators of AMPK regulation.  
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Figure 5: AMPK domains and subunit structures. Domain organization of AMPK subunits 

and AMPK is composed of three subunits (α, β, and γ); there are two isoforms of the α and 

β subunits, and three γ subunit isoforms. Residue numbering refers to human α1, β1, and 

γ1, isoforms. (A) The α subunit consists of an N-terminal kinase domain, an autoinhibitory 

sequence (AIS) and a β-subunit interacting domain (β-SID). The C-terminal domain of the 

α subunit binds to the β and γ subunits. Three phosphorylation sites have been identified as 

Thr172 (T172), Thr258 (T258) and Ser485 (α1)/491 (α2) (S485/S491). (B) The β subunit is 

N-terminally myristoylated (myr) and contains a mid-molecule carbohydrate-binding 

module (CBM) and C-terminal αγ subunit-binding sequence (SBS). The C-terminal 

domain of the β subunit is involved in binding of the α and γ subunits, and a putative 

glycogen-binding domain has been identified between residues 72–151 in β1. (C) The γ 

subunits contain four copies of a cystathionine-β-synthase (CBS) domain, paired (1+2 and 

3+4) to form two Bateman modules, which appear to be involved in binding AMP. The 

location of the five missense mutations identified within γ2 that cause cardiac 

abnormalities, together with the missense mutation in γ3 that causes skeletal muscle 
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glycogen accumulation, are indicated by arrows. The mutation resulting in insertion of a 

leucine residue in γ2 is marked by a V. Two forms of γ2 protein are predicted, designated 

γ2L and γ2S. (D) Tetrad organization of CBS domains in the γ-subunit, colored as showing 

locations of nucleotide binding sites (black arrows). Structure of the mammalian AMPK 

regulatory core and kinase domain [PDB 2Y94: rat α1 (7–299)/(331–469)/(524–548), 

human β1 (198–272) (green), rat γ1 (23–326) (red)]; α-subunit regions are colored as in (a). 

AMP bound at γ site 3 is evident 

 

 

1.5.1. Role of AMPK in energy metabolism and glucose homeostasis 

AMPK activity is regulated by increases in the concentration of AMP (AMP: ATP 

ratio) through three separate mechanisms. AMP binds to the γ subunit, inducing a 

conformational change in the AMPK complex, which (1) allosterically activates the α 

catalytic subunits, (2) enhances phosphorylation of the Thr172 residue by upstream AMPK 

kinases AMPKK (known as LKB-1, CaMKK, TAK-1), and (3) inhibits the action of 

protein phosphatase 2C (PP2C) to dephosphorylate Thr172. These complex regulatory 

mechanisms allow AMPK activity to be exquisitely sensitive to small changes in 

intracellular AMP concentrations. Conditions that increase AMP:ATP ratio include 

exercise, starvation, diabetes mellitus, hypoxia, ischemia/reperfusion, oxidative stress, and 

heat shock (Fig. 5).15 AMPK is also activated in conditions that do not cause a detectable 

increase in the AMP:ATP ratio, such as hyperosmolar stress and metformin treatment.  

Binding of AMP to the γ subunit results in an allosteric activation and induces 

conformational changes exposing the α subunit to upstream kinases. Of these kinases, the 
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most important is considered to be the tumor suppressor LKB1. Different metabolic 

stresses that either inhibit ATP production such as hypoxia and hypoglycemia or increase 

ATP consumption (e.g., muscle contraction) lead to an activation of AMPK, which then 

turns on glucose uptake and various catabolic pathways (namely glycolysis and fatty acid 

oxidation) and switches off biosynthetic pathways (synthesis of glycogen, protein, and 

fatty acids). It thus activates pathways resulting in ATP production while turning off 

energy-consuming pathways both at a single cell and the whole-body level. Eventually, 

AMPK contributes to an increase in mitochondrial biogenesis in response to chronic 

energy depletion. AMPK is also involved in the regulation of food intake through its action 

on the expression of hypothalamic neuropeptides, with an activation of AMPK leading to 

increased food intake. Effects of AMPK activation further include modulation of cell cycle, 

tumor growth suppression, inhibition of proteosynthesis, stimulation of autophagy, ion 

channel regulation, and many other effects.17 In line with its function as a cellular energy 

sensor, AMPK has been involved in the metabolic effects of hormones such as leptin, 

ghrelin, adiponectin, glucocorticoids, insulin, glucagon as well as cannabinoids, all these 

hormones being involved in regulation of energy metabolism. Although AMPK is 

apparently present in all tissues, its activation and mode of action seem to be regulated in a 

tissue-specific manner. For example, leptin activates AMPK in adipose tissue, skeleton 

muscle, and liver but inhibits it in hypothalamus, while adiponectin and anti-diabetic drugs 

primarily activate the AMPK in the peripheral tissues. The role of AMPK in energy 

metabolism has been most intensively studied in SM, heart, adipose tissue, liver, beta cells, 

and hypothalamus, that is, tissues that are highly sensitive to changes in energy balance 

and also actively involved in its regulation. 
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Figure 6: Regulation of AMP-activated protein kinase (AMPK): AMPK is activated in 

response to environmental or nutritional stress factors, which deplete intracellular ATP 

levels including heat shock, hypoxia, glucose deprivation or prolonged exercise. AMPK is 

activated as described above after an increase in AMP level, allosteric modifications and 

Thr172 phosphorylation via upstream AMPK kinases.16 

 

The liver is one of the main metabolic tissues for controlling whole body glucose 

homeostasis. Hepatic AMPK has a central role in the metabolic adaptation to acute and 

chronic nutritional stress. AMPK influences hepatic lipid metabolism, where its activation 

leads to a reduction in lipogenesis and cholesterol synthesis and a simultaneous increase in 

fatty acid oxidation leading to a decreased hepatic lipid deposition.17 Liver AMPK controls 

glucose homeostasis mainly through the inhibition of gluconeogenic gene expression and 

hepatic glucose production. Liver AMPK also decreases hepatic lipogenesis. AMPK 

phosphorylates and inactivates acetyl-CoA carboxylase 1 (ACC1) and 3-hydroxy-3-

methylglutaryl-CoA reductase (HMG-CoA reductase), leading to inhibition of denovo 
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fatty acid and cholesterol synthesis.18 Phosphorylation of ACC2 by AMPK, on the other 

hand, causes increases of fatty acid oxidation.  

Both skeletal muscle and heart have wide fluctuations in energy demand from the 

extremes of rest and maximal exercise. Muscle AMPK is activated during contraction and 

may mediate multiple beneficial effects of exercise, which depletes ATP leading to an 

increase in the AMP/ATP ratio.17 As in the liver, acute muscle AMPK activation increases 

fatty acid oxidation by decreasing malonyl-CoA concentrations through inhibiting ACC 

and activating MCD.18 AMPK also increases SM glucose uptake by increasing the glucose 

transporter GLUT4 in the sarcolemma, a mechanism, which is distinct from the action of 

insulin that also stimulates GLUT4-mediated glucose uptake in muscle cells. AMPK was 

found to directly phosphorylate and thus activate PGC-1α, which has a crucial role in 

enhancing mitochondrial biogenesis in SM and brown adipose tissue (BAT). In parallel, 

AMPK increases cellular NAD(+) levels and enhances sirtuin 1 (SIRT1) activity, resulting 

in the deacetylation and activation of PGC-1α. Heart metabolism is also profoundly 

influenced by AMPK activation. GLUT4 translocation, glucose uptake, and fatty acid 

oxidation are stimulated AMPK is activated in the heart by exercise, by ischemia, and by 

the hormone ghrelin. The increased heart rate necessary to support increased energy needs 

of skeletal muscle during exercise, also requires increased oxidation of glucose and fatty 

acids. The utility of activation of AMPK during and following ischemia is not so 

straightforward, as increased fatty acid oxidation would result in increased oxygen 

requirements.18 
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Figure 7: Roles of AMP-activated protein kinase (AMPK) in the control of whole-body 

energy homeostasis. Activation of AMPK in many tissues switches off ATP-consuming 

processes while switching on catabolic processes that generate ATP. The adipocyte-

derived hormones leptin and adiponectin, as well as exercise, activate AMPK in skeletal 

muscle, stimulating fatty acid oxidation. Leptin’s activation of AMPK in skeletal muscle 

involves the hypothalamic-sympathetic nervous system (SNS) axis. Adiponectin also 

activates AMPK in liver, increasing fatty acid oxidation and reducing gluconeogenesis, 

and in adipocytes, where the downstream biologic pathway has not been studied. Resistin 

inhibits AMPK in liver. AMPK inhibits insulin secretion from pancreatic β cells. *Insulin 

inhibits AMPK activation in ischemic heart and hypothalamus, whereas it has no effect on 

AMPK in skeletal muscle or adipocytes. In hypothalamus, AMPK activity plays a role in 

regulation of food intake and body weight.17 
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AMPK is likely involved in regulation of insulin secretion in the pancreatic beta cell. 

AMPK activation suppresses glucose-induced increases in glycolysis, mitochondrial 

oxidative metabolism, Ca2+ influx, and insulin secretion. AMPK activation also inhibits the 

effect of glucose on the promoter activities of L-PK and preproinsulin (PPI).15 AMPK 

activation may also have adverse effects in pancreatic β cells by inducing β-cell apoptosis, 

as shown in MIN6 β cells. Accumulation of triacylglycerol in β cells causes reduced 

insulin secretion and β-cell apoptosis, which is considered an important mechanism of β-

cell loss in type 2 diabetes mellitus.  

A very exciting milestone in the AMPK field was the discovery that AMPK is 

involved in regulation of food intake. Activated AMPK in the hypothalamus increases in 

response to fasting and decreases in response to refeeding.18 Orexigenic peptides (ghrelin, 

agouti-related peptide) stimulate an increase in AMPK activity and anorexigenic peptides 

(leptin) and lipids (α-lipoic acid) decrease AMPK activity in this region of the 

hypothalamus. Thus, changes in hypothalamic neuropeptides expression may simply 

explain how AMPK regulates food intake.  

Adipose tissue has the function of converting excess carbohydrates and fatty acids 

into triglycerides and then releasing fatty acids and glycerol in times of nutrient paucity or 

increased energy need. AMPK activity has been reported to increase in epididymal fat pads 

in response to fasting, exercise, and cold exposure. This activation is accompanied by 

inactivation of ACC, activation of malonyl-CoA decarboxylase, and decrease in malonyl-

CoA. Glycero-phosphate acyl transferase (GPAT), the enzyme responsible for triglyceride 

synthesis, is also inhibited by AMPK phosphorylation.18 AMPK is activated in adipocytes 
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by beta-adrenergic agonists. Treatment of adipocytes with AICAR or induction of 

expression of constitutively active AMPK results in phosphorylation and inactivation of 

ACC and a decrease in lipolytic rate. A recent study showed stimulation of glucose uptake 

and GLUT4 translocation to the plasma membrane of 3T3-L1 adipocytes by both AICAR 

and dinitrophenol. Secretion of adipokines by fat cells may also be regulated by AMPK. 

TNF and interleukin 6 secretion decrease and adiponectin secretion by fat cells increases 

in response to incubation of adipocytes with AICAR.18 

 

1.5.2. Activation of AMPK by indirect activators 

A number of hormones and pharmacological agents have been reported to activate 

AMPK in vivo or upon treatment of cells and/or tissues (Fig. 8). While the detailed modes 

of action by which these agents activate AMPK are not fully delineated, they act in an 

indirect manner. Changes in mitochondrial coupling and cellular energy state could 

account for, at least in part, the mechanisms leading to cellular AMPK activation. Studies 

using these agents have aided our understanding of the role of AMPK in the regulation of 

cellular processes and whole-body energy homeostasis.  

Metformin is an anti-hyperglycemic agent with effects on suppressing hepatic glucose 

output by activating AMPK in hepatocytes, reducing ACC activity and inducing fatty acid 

oxidation. Correlative results were also observed with respect to metformin increasing 

AMPK activity in skeletal muscle of subjects with type-2 diabetes.19 TZDs are activators 

of PPARγ and function as insulin sensitizers. TZDs significantly increased 

phosphorylation of AMPK and ACC in rat muscle, paralleled by a transient increase in the 
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AMP/ATP ratio. However, the major effect of TZDs is likely to be on the release of 

adiponectin by adipocytes, leading to activation of AMPK in liver to reduce glucose 

production.20 Whereas leptin selectively stimulates phosphorylation and activation of the 

α2 catalytic subunit of AMPK in skeletal muscle. In addition to AMPK phosphorylation, 

leptin also induced PPARα gene transcription in C2C12 cells.21 

 

 

Figure 8: Activation of AMPK by indirect activators: Exercise and the agents listed have 

been shown to modulate the activity of AMPK 

 

Both endocannabinoids and ghrelin are potent appetite stimulators that increase 

AMPK activity in the hypothalamus and the heart while inhibiting AMPK in liver and 

adipose tissue, which may contribute to the well known effects of endocannabinoids and 

ghrelin on the metabolism of peripheral tissues, including the reduction in infact size in the 

myocardium, the enlargement in adipose tissue, and changes in carbohydrate and lipid 

metabolism.22 IL-6 is produced and released by skeletal myocytes in response to 

contraction. Basal IL-6 release from soleus was increased in AMPKα2 and AMPKα1 
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knockout mice, respectively, suggesting AMPK participates in the regulation of IL-6 

release from oxidative muscle. IL-6 also rapidly and markedly increased AMPK activity in 

myotubes, enhancing fatty acid oxidation as well as basal and insulin-stimulated glucose 

uptake. Berberine caused inhibition of mitochondrial function that increases the AMP/ATP 

ratio, which could explain the activation of the AMPK pathway by berberine as well as its 

beneficial effects in the treatment of diabetes and obesity in animal models.23 α-Lipoic acid 

(α-LA) is a cofactor of mitochondrial enzymes that play key roles in catalyzing the 

decarboxylation of α-keto acids. α-LA decreased hypothalamic AMPK activity and caused 

profound weight loss in rodents by reducing food intake and enhancing energy expenditure. 

In peripheral tissues, α-LA activated AMPK in skeletal muscle as well as endothelial cells. 

However, α-LA-stimulated glucose oxidation in rat hearts was independent of AMPK 

activation.24 

 

1.5.3. Activation of AMPK by direct activators 

As can be inferred from the discussions above, direct activators of AMPK that act 

without increasing cellular AMP/ATP ratios are being pursued as novel therapeutics. By 

definition, a direct activator should bind directly to the three subunits (α, β, or γ) of the 

AMPK enzyme. A-769662 is a recently identified thienopyridine family of AMPK 

activators. It acts by directly stimulation on partially purified liver AMPK and inhibition of 

fatty acid synthesis in primary hepatocytes.25a Similar to AMP, A-769662 activates AMPK 

both allosterically and by inhibiting dephosphorylation of AMPK on Thr172.25 Based on a 

previous report that inactive mammalian AMPKα1 catalytic subunit contains an auto-

inhibitory domain, screening of a chemical library with inactive human α1 (residues 1–



29 

 

394) led to the identification of a novel small molecule activator, PT1, which allosterically 

activated AMPKα1 (1–394), α1 (1–335), α2 (1–398), and α1β1γ1 in vitro and promoted 

phosphorylation of AMPK and ACC in L6 myotubes and HeLa cells without an increase in 

cellular AMP/ATP ratio.26 Studies revealed that PT1 may interact with AMPKα1 near the 

auto-inhibitory domain and directly relieve auto-inhibition. 

Given the aforementioned critical actions of AMPK on glucose and lipid metabolism 

and the encouraging data from indirect as well as direct activators of AMPK in preclinical 

setting, targeting AMPK activation appears to be an attractive therapeutic strategy for the 

treatment of T2DM and related metabolic disorders. 



30 

 

II. MATERIALS AND METHODS 

2.1. Materials 

2.1.1. Chemical, reagent, and chromatography 

Column chromatography was conducted on silica gel (63-200 μm particle size) and 

RP-18 (75-150 μm particle size) from Merck. TLC was carried out with silica gel 60 F254 

plates from Merck. HPLC was carried out using a Gilson System 321 pump equipped with 

a model UV/VIS-155 UV detectors and an Optima Pak C18 column (10 × 250 mm, 10 μm 

particle size, RS Tech Korea). Baker analyzed HPLC solvents Acetonitrile (MeCN) and 

Methanol (MeOH) were purchased from Mallinckrodt Baker, Inc. USA. Deuterated 

solvent for NMR analysis Me2CO-d6 , D2O, Chloroform, and Methanol-d4 were purchased 

from CIL (Cambridge Isotope Lab., USA). 

 

2.1.2. General experimental procedures 

The optical rotations were determined on an Autopol IV A7040–12 automatic 

polarimeter using a 100 mm glass microcell. The ultraviolet (UV) spectra were obtained in 

MeOH using an Optizen 3220UV spectrophotometer. The CD spectra were recorded in 

MeOH on a JASCO J-710 spectropolarimeter (CD/ORD spectropolarimeter). 1H nuclear 

magnetic resonance (NMR, 300 MHz) and 13C NMR (75 MHz) spectra were recorded on 

an YH300-OXFORD NMR spectrometer. The 1H NMR (500 and 600 MHz) and 13C NMR 

(125 and 150 MHz) spectra were measured on Unity INOVA 500 and 600 FT–NMR 

spectrometer with TMS as the internal standard at Korea Basic Science Institute (KBSI, 

Gwangju Center, Korea). Electron ionization (EI)-mass spectroscopy (MS) and high-
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resolution EI-MS spectra were recorded on a Micromass ESI–Tof II (Micromass, 

Wythenshawe, UK) mass spectrometer. Column chromatography was carried out using 

silica gel 60 (40–63 and 63–200 µm particle size) and RP-18 (75–150 µm particle size) 

from Merck. Precoated TLC silica gel 60 F254 plates from Merck were used for thin-layer 

chromatography. The spots were visualized using UV light or 10% sulfuric acid. The 

HPLC runs were carried out using a Gilson System LC-321 pump with an UV/vis–155 UV 

detectors, and an Optima Pak C18 column (10 × 250 mm, 10 µm particle size). J sphere 

ODS-H80 (20 × 150 mm, 4 µm particle size) RS Tech, Korea, and Shodex-C18M-10E (10 

× 250 mm, 10 µm particle size), and/or YMC-Pak ODS-AM (6.0 × 150 mm, 5 µm particle 

size) for semi-preparative runs. 

 

2.1.3. Plant material 

2.1.3.1. Morinda longissima 

The root of Morinda longissima was collected from Cao Bang province, Northern 

Vietnam in spring, 2007. The voucher specimen was identified by Bs Ngo Van Trai, 

Department of Botany at Vietnam Institute of Medicinal Materials, 1A-Quang Trung, Ha 

Noi, Vietnam. 

 

1.3.2. Morinda citrifolia (Noni) 

The dried powder of Morinda citrifolia (Noni) was purchased at Korean Food 

Institute, Republic of Korea. The sample was botanically authenticated by Prof. Oh Won 

Keun, and its voucher specimen has been deposited at the Department of Pharmacy, 

Chosun University, 375-Seoseuk dong, Dong-gu, Gwangju, Republic of Korea.  
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2.2. Methods 

2.2.1. Isolation of compounds from Morinda longissima 

The root of Morinda longissima (1 kg, dried material) was extracted with EtOAc (5 L 

× 3 time) at 50 oC, using sonication. After removing the solvent under reduced pressure, 

the residue (45 g) was chromatographed on a silica gel column (10 ´ 60 cm; 63-200 mm 

particle size, Merck) using a stepwise gradient of n-hexane/ethyl acetate (20:1 to 1:20) to 

yield for combined fractions according to their TLC profiles. Among them, fraction 1 

(ML-1) and fraction 3 (ML-3) were found to be the most active fractions. Thus, fraction 1 

(ML-1, ~10.5 g) was further subjected onto an open silica gel (SiO2) column 

chromatography (6.0 × 60 cm; 40-63 mm particle size), eluted with n-hexane/acetone 

(from 20:1 to 1:5) to afford four sub-fractions (ML-1.1 to ML-1.4) and compound 6 (2.0 

mg). Purification of sub-fraction ML-1.1 (153 mg) by an open silica gel column 

chromatography (2.0 ´ 80 cm, 40-63 mm particle size), using an isocratic solvent system 

of chloroform/methanol (25:1), afforded compounds 1 (5.9 mg) and 2 (4.6 mg), 

respectively. Similarly, compounds 3 (8.2 mg) and 7 (53.6 mg) were also purified from 

subfraction ML-1.2 (213 mg) using an open SiO2 (40-63 mm particle size) column 

chromatography (2.5 ´ 80 cm), eluted with an isocratic solvent system of 

chloroform/methanol (20:1). Subfraction ML-1.3 was also purified by an open silica gel 

column chromatography (2.0 ´ 80 cm, 40-63 mm particle size), using an isocratic solvent 

system of chloroform/methanol (20:1) to afford compounds 4 (22.6 mg) and 5 (34.5 mg). 

Further purification of subfraction ML-1.4 by semi-preparative Gilson HPLC [using an 

isocratic solvent system of 79% MeOH in H2O (flow rate 2 mL/min) over 40 min; UV 
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detections at 205 and 254 nm; RS Tech Optima Pak C18 column (10 × 250 mm, 10 μm 

particle size), resulted in the isolation of compounds 20 (5.0 mg; tR = 28.1 min) and 21 (4.0 

mg; tR = 35.5 min), respectively.  

Fraction 3 (ML-3, ~14 g) was also subjected to a silica gel column chromatography 

(6.0 × 60 cm; 63-200 mm particle size) and eluted with a stepwise gradient solvent system 

of n-hexane/acetone (from 15:1 to 1:5) to afford compound 8 (25.6 mg) and six sub-

fractions (ML-3.1 to ML-3.6). Further purification of subfraction ML-3.2 by semi-

preparative Gilson HPLC [using Shodex C18M-10E column (10 × 250 mm, 10 μm particle 

size); mobile phase MeOH/H2O (85:15), isocratic; flow rate 2 mL/min; UV-detections at 

205 and 254 nm], resulted in the isolation of compounds 9 (1.8 mg; tR = 17.8 min), 10 

(10.5 mg, tR = 20.5 min), and 11 (12.1 mg, tR = 23.9 min), respectively. Similarly, 

subfraction 3 (ML-3.3, 1500 mg) was also purified by Gilson HPLC system with same 

column, using an isocratic solvent system of 80% MeOH in H2O containing 0.1% formic 

acid, over 30 min, gave compounds 13 (4.2 mg, tR = 24.5 min), 15 (98.5 mg, tR = 27.1 min), 

and 16 (6.5 mg, tR = 19.5 min), respectively. Compounds 12 (2.5 mg), 14 (5.6 mg) and 18 

(62 mg) were isolated from sub-fraction ML-3.4 by semi-preparative Gilson HPLC 

systems [using J.sphere ODS-H80 column (20 × 150 mm, 4 μm particle size); mobile 

phase MeOH in water (MeOH:H2O = 75:25) for 35 min; flow rate 3 mL/min; UV-

detection at 205 and 254 nm]. Finally, compound 17 (12.9 mg) and compound 19 (550 mg) 

were isolated by repeated column chromatography over an RP-C18 (3.5 ´ 60 cm; 150 mm 

particle size, Merck) using a gradient solvent system of MeOH/H2O from 2:3 to 3:2, each 3 

L. 
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Extracted with EtOH
(10 L x 3 times)

EtOH extract (70 g)

OP-CC (10 x 60 cm); SiO2 (63~200 μm particle size)
Eluted with n-hexane:Acetone (20:1 – 0:20)

ML-1

OP-CC (3.5 x 60 cm)
ODS-A (150 μm )
Mobile phase: 
MeOH/H2O 
= 4:6 to 6:4

Each 3 L

Gilson HPLC
RP-C18 (10 x 250 mm,10 μm)
UVs: 205 & 254 nm

Mob.phase: MeOH in H2O
= 79/21 (over 40 min)

Flow rate = 2 mL/minCompound: 1
Compound: 2

Morinda longissima (root 1 kg)

OP-CC (2 x 80 cm)
SiO2 (40~63 μm )
CHCL3/MeOH = 

25:1

ML-2 ML-3 ML-4

OP-CC (6 x 60 cm); SiO2 (63~200 μm particle size)

Eluted with n-hexane:EtOAc (20:1 – 1:5)

ML-1.1 ML-1.2 ML-1.3 ML-1.4

Compound: 3

Compound: 7

Compound: 4
Compound: 5

Compound: 21

Compound: 22

OP-CC (2 x 80 cm)
SiO2 (40~63 μm )
CHCL3/MeOH = 

20:1

OP-CC (2 x 80 cm)
SiO2 (40~63 μm )
CHCL3/MeOH = 

20:1

ML-3.2 ML-3.3 ML-3.4 ML-3.5

OP-CC (6 x 60 cm); SiO2 (63~200 μm particle size)
Eluted with n-hexane:EtOAc (20:1 – 1:5)

Compound 8 ML-3.6

Gilson HPLC
Shodex-C18M-10E 
(10 x 250 mm, 10 μm)

UVs: 205 & 254 nm
Mobile: MeOH in H2O
= 85/15 (over 30 min)
Flow rate = 2 mL/min

Compound: 9

Compound: 10
Compound: 11

Gilson HPLC
Shodex-C18M-10E
(10 x 250 mm, 10 μm)

UVs: 205 & 254 nm
Mobile: MeOH in H2O
= 80/20 (over 27 min)
Flow rate = 2 mL/min

Compound: 13
Compound: 15
Compound: 16

Gilson HPLC
J.SphereODS-H80 
(20 x 150 mm, 4 μm)

UVs: 205 & 254 nm
Mobile: MeOH in H2O

= 70/30 (over 35 min)
Flow rate = 3 mL/min

Compound: 12
Compound: 14
Compound: 18

Compound: 17
Compound: 19

Compound 6

 

Scheme 1. The isolation scheme of isolated anthraquinones (1-22) from the EtOH-soluble 

extract of the root of Morinda longissima. 
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2.2.2. Isolation of compounds from fermented Morinda citrifolia 

The fermented noni powder (Morinda citrifolia) (Noni, 1.58 kg) was extracted with 

MeOH (5 L ´ 3 time) at room temperature using sonication for 5 h. After removing the 

solvent under reduced pressure, the residue (155 g) was successively partitioned with 

EtOAc (1.5 L ´ 4 time). The EtOAc-soluble fraction was then filtrated and concentrated to 

give a darkness residue (94.6 g). A part of this (90 g) was chromatographed on an open 

silica gel column (10 ´ 60 cm; 63-200 mm particle size, Merck) using a stepwise gradient 

of n-hexane/acetone (20:1 to 1:20) yielded compound 39 (1g, eluted with H:A = 15:1) and 

six combined fractions (MC-1 to MC-6) according to their TLC profiles. Fraction 3 (MC-3, 

~5 g) was further subjected onto an open reverse phase (RP) column chromatography (5.0 

× 60 cm; 75 mm particle size), eluted with MeOH:H2O (from 1:1 to 3:1, each 2.5 L) 

resulted in the isolation of compounds 22 (7.4 mg), 23 (17.6 mg), and 24 (5.5 mg). 

Similarly, fraction 4 (MC-4, ~10 g) was also subjected onto an open RP column 

chromatography (5.0 × 60 cm; RP-C18, 75 mm particle size), eluted with MeOH:H2O 

(from 4:6 to 6:1, each 3 L) afforded subfractions MC-4.1, MC-4.2, compound 26 (158 mg), 

subfraction MC-4.4 and compound 27 (10.4 mg). Further purification of sub-fraction MC-

4.2 by semi-preparative Gilson HPLC [using an isocratic solvent system of 15% MeOH in 

H2O (flow rate 2 mL/min) over 40 min; UV detections at 205 and 254 nm; RS Tech 

Optima Pak C18 column (10 × 250 mm, 10 μm particle size), resulted in the isolation of 

compounds 31 (100 mg; tR = 28.6 min) and 25 (14.8 mg; tR = 39.0 min), respectively. The 

same application, compounds 30 (27.1 mg; tR = 32.1 min), 30 (8.5 mg; tR = 40.0 min), and 

28 (4.3 mg; tR = 46.4 min) were also purified from subfraction MC-4.4 by the same Gilson 
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HPLC systems using an isocratic solvent system of 12% MeCN in H2O + 0.1% formic acid 

(flow rate 2 mL/min) over 50 min.  

Fraction 5 (MC-5, ~15 g) was fractionated using MPLC systems (EYELA ceramic 

pump VSP-1200, Japan) with an plastic column (6.0 × 20 cm); RP-C8 (75 mm particle 

size), eluted with MeOH:H2O (from 1:10 to 10:1, each 2.5 L) to give five subfractions 

(MC-5.1 to MC-5.5) and compound 40 (15.8 mg). Subfraction MC-5.1 was further purified 

by Gilson HPLC system [using an isocratic solvent system of 23% MeOH in H2O + 0.1% 

formic acid (flow rate 2 mL/min) over 35 min; UV detections at 205 and 254 nm; RS Tech 

Optima Pak C18 column (10 × 250 mm, 10 μm particle size), resulted in the isolation of 

compounds 32 (8 mg; tR = 18.6 min), 33 (5.3 mg; tR = 21.5), and 34 (4.8 mg; tR = 32.1 

min), respectively. The same application, subfraction MC-5.2 was also purified by Gilson 

HPLC system [using an isocratic solvent system of 48% MeOH in H2O + 0.1% formic acid 

(flow rate 2 mL/min) over 35 min; UV detections at 205 and 254 nm; RS Tech Optima Pak 

C18 column (10 × 250 mm, 10 μm particle size), resulted in the isolation of compounds 43 

(155 mg; tR = 20.1 min), 44 (7.3 mg; tR = 24.8), and 45 (30 mg; tR = 29.2 min), 

respectively. With the same system, subfraction MC-5.3 was purified by HPLC using 24% 

of MeCN in H2O + 0.1% formic acid, flow rate was set at 2 mL/min, over 45 min, resulted 

in the isolation of compounds 42 (4.0 mg; tR = 25.9 min), 51 (2.9 mg; tR = 34.8 min), 52 

(1.5 mg; tR = 37.5 min), and 53 (3.3 mg; tR = 39.6 min), respectively. The same application, 

compound 45 (3.7 mg; tR = 20.1 min) and 54 (16.0 mg; tR = 30.0 min) were isolated from 

subfraction MC-5.4, compound 46 (7.8 mg; tR = 22.2 min) and 35 (2.7 mg; tR = 25.9 min) 

were purified from subfraction MC-5.5 by eluting with isocratic solvent system of 50% 

and 60% of MeOH in H2O + 0.1% formic acid (flow rate 2 mL/min) over 35 and 30 min, 
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respectively.  

Fraction 6 (MC-6, ~20 g) was also fractionated by using MPLC systems (EYELA 

ceramic pump VSP-1200, Japan) with an plastic column (6.0 × 20 cm); RP-C8 (75 mm 

particle size), eluted with MeOH:H2O (from 1:15 to 1:1, each 3 L) afforded five 

subfractions (MC-6.1 to MC-6.5) according to their TLC profiles, and compound 56 (20 

mg) and compound 41 (15 mg). Subfraction MC-6.2 was further purified by Gilson HPLC 

system with an RS Tech Optima Pak C18 column (10 × 250 mm, 10 μm particle size), 

eluted with an isocratic solvent system of 10% MeOH in H2O + 0.1% formic acid (flow 

rate 2 mL/min) over 30 min, UV detections at 205 and 254 nm, resulted in the isolation of 

compounds 37 (2.2 mg; tR = 19.8 min), 37 (222 mg; tR = 23.1 min), and compound 38 

(12.9 mg; tR = 26.7 min), respectively. Purification of subfraction MC-6.3 by Gilson HPLC 

system using an Optima Pak C18 column (10 × 250 mm, 10 μm particle size), eluted with 

an isocratic solvent system of 20% MeCN in H2O + 0.1% formic acid (flow rate 2 

mL/min) over 50 min, UV detections at 205 and 254 nm, resulted in the isolation of 

compounds 55 (2.1 mg; tR = 20.1 min), 47 (2.3 mg; tR = 27.4), 48 (35.5 mg; tR = 33.4), and 

49 (20.8 mg; tR = 37.6 min), respectively. Similarly, compounds 57 (4.5 mg; tR = 22.2 min), 

58 (150 mg; tR = 24.3 min), and 59 (14 mg; tR = 28.5 min) were purified from subfraction 

MC-6.4 by Gilson HPLC system using an Optima Pak C18 column (10 × 250 mm, 10 μm 

particle size), eluted with an isocratic solvent system of 26% ACN in H2O + 0.1% formic 

acid (flow rate 2 mL/min) over 40 min, respectively. 
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MeOH extract (155 g)

Partitioned with n-Hexa ne, and EtOAc
(Each 1.5 L x 4 time)

EtOAc extract (95 g) H2O residue

OP-CC (10 x 60 cm); SiO2 (63~200 μm particle size)
Eluted with n-hexane:EtOAc:MeOH (20:1:0 to 0:1:20)

MC-1, 2 MC-3 MC-4

Compounds: 22, 22, 24

Compound 39 MC-5 MC-6

OP-CC (3.5 x 60 cm), RP-C18 (75 μm )
Mobile phase: MeOH/H2O 

= 1:1 to 3:1 (each 2.5 L)

OP-CC (5 x 60 cm); 
RP-C18 (75 μm particle size)
Eluted with MeOH/H2O (2:3 – 3:2)

Comp-26MC-4.1 Comp-27 MC-4.2

Gilson HPLC systems
OptimaPak_C18 (10 x 250 mm, 10 μm)

UVs: 205 & 254 nm
Mobile: MeOH /H2O = 15/85 

Flow rate = 2 mL/min, over 40 min

Compounds: 25 and 31

Gilson HPLC systems
Shodex-C18M-10E (10 x 250 mm, 10 μm)

UVs: 205 & 254 nm
Mobile: ACN/H2O = 12/88 

Flow rate = 2 mL/min, over 50 min

Compounds: 28, 29, 30

MPLC system
Plastic Col (4 x 60 cm); RP-C8 (75 μm particle size)
Mobile phase: MeOH/H2O (1:10 to 10:1, each 3 L)

MC-5.1 MC-5.2 MC-5.3 MC-5.4Comp-40 MC-5.5

Gilson HPLC
OptimaPak-C18 

(10 x 250 mm, 10 μm)
UVs: 205 & 254 nm

Mobile: MeOH in H2O

= 23/77 (over 35 min)
Flow rate = 2 mL/min

Compound: 32
Compound: 33
Compound: 34

Gilson HPLC
OptimaPak-C18

(10 x 250 mm, 10 μm)
UVs: 205 & 254 nm

Mobile: MeOH in H2O

= 58/42 (over 35 min)
Flow rate = 2 mL/min

Gilson HPLC
OptimaPak-C18

(10 x 250 mm, 10 μm)
UVs: 205 & 254 nm

Mobile: MeCN in H2O
= 24/76 (over 45 min)
Flow rate = 2 mL/min

Gilson HPLC
OptimaPak-C18

(10 x 250 mm, 10 μm)
UVs: 205 & 254 nm

Mobile: MeOH in H2O

= 50/50 (over 35 min)
Flow rate = 2 mL/min

Compound: 35
Compound: 46

Gilson HPLC
OptimaPak-C18 

(10 x 250 mm, 10 μm)
UVs: 205 & 254 nm

Mobile: MeOH in H2O

= 60/40 (over 30 min)
Flow rate = 2 mL/min

Compound: 43
Compound: 44
Compound: 50

Compound: 42
Compound: 51
Compound: 53
Compound: 54

Compound: 45
Compound: 54

Extracted with MeOH
(5 L x 4 time)

Morinda citrifolia (dried powder 1.58 kg)

 

Scheme 2. The isolation scheme of compounds (23-60) from the MeOH extract of the 

dried fermented powder of Morinda citrifolia (Noni). 
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Comp-37Comp-36 Comp-38

Gilson HPLC
OptimaPak-C18 

(10 x 250 mm, 10 μm)
UVs: 205 & 254 nm

Mobile: MeCN in H2O
= 26/73 (over 40 min)
Flow rate = 2 mL/min

Comp-58Comp-57 Comp-59

Comp-78Comp-55 Comp48 Comp-49
 

Scheme 3. The isolation scheme of compounds (23-60) from the MeOH extract of the 

dried fermented powder of Morinda citrifolia (Noni). 
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2.2.3. Cell culture and induction of 3T3-L1 adipocytes  

3T3-L1 pre-adipocytes were maintained for 48 h in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% calf serum (CS), and pen/strep (50 unit/mL 

penicillin and 50 μg/mL streptomycin), an atmosphere of 95% air and 5% CO2 at 37 oC. To 

induce adipogenesis, the media was changed to DMEM supplemented with 10% fetal 

bovine serum (FBS), 0.5 mM 3-isobutyl-1-methyl-xanthine, 2 μg/ml dexamethasone, 1 

μg/mL insulin, 1 μM rosiglitazone, and pen/strep and further cultured for 48 h. Every 2 

days thereafter, the cells were incubated with fresh DMEM supplemented with 10% FBS, 1 

μM rosiglitazone, 1 μg/mL insulin, and pen/strep. 3T3-L1 adipocytes were used for 

experiments 7 days after the induction of differentiation. 

 

2.2.4. 2-NBDG assay for measuring glucose uptake  

NBDG assay was performed as previously described with some modifications.27 

Briefly, differentiated 3T3-L1 adipocytes (3 ´ 104 cells/well) were seeded in a 24-well 

tissue culture plate (BD Falcon, NJ, USA) and cultured in glucose-free culture media 

supplemented with 10% FBS and pen/strep for treating NBDG with or without compounds 

of interest. Compounds were treated at a concentration of 10 mM. 2 mg/mL of insulin 

served as a positive control. After 90 min, cells were rinsed with 1 mL of PBS prior to 

measuring fluorescent signals (Excitation 450 nm and Emission 535 nm) using the 

VICTOR™ X3 Multilabel Plate Reader fluorescent reader (PerkinElmer). 
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2.2.5. Cell culture and differentiation of myoblasts  

Mouse C2C12 skeletal myoblasts were maintained in DMEM supplemented with 10% 

fetal bovine serum in an atmosphere containing 95% air and 5% CO2 at 37 oC. To prepare 

for each assay, the cells were seeded in 12-well plates at 105 cells/well in 2 mL of growth 

medium. The differentiation of C2C12 myoblasts was induced by replacing the growth 

medium with DMEM containing 5% horse serum when the cells were confluent. The 

medium was changed every 48 h until the formation of myotubes was observed. The cells 

were used in the experiments after differentiation. 

 

2.2.6. AMPK Assay (Immunoblot analysis)  

The C2C12 myotubes were incubated with the appropriate concentration of the 

compounds for 30 min and then lysed in an EBC lysis buffer [50 mM Tris-HCl (pH 7.6), 

120 mM NaCl, 1 mM EDTA (pH 8.0), 0.5% nonidet-P40 (NP-40), and 50 mM NaF]. The 

cell debris was removed by centrifugation at 12,000 rpm for 15 min, at 4 oC. The protein 

concentrations in the cell lysates were determined using a Bio-rad protein assay kit. 

Approximately 30 µg of proteins from the total cell extracts was subjected to western blot 

analysis using anti-phosphospecific AMPKα Thr172 and anti-phosphospecific ACC Ser79. 

The β-actin protein levels were used as a control fJor equal protein loading. The 

immunoreactive antigen was then recognized using a horseradish peroxidase-labeled anti-

rabbit IgG and an enhanced chemiluminescence detection kit.28 
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III. RESULTS AND DISCUSSION 

3.1. Structural determination of isolated compounds (1-21) from Morinda longissima. 

3.1.1. Structural characterization of 9,10-anthraquinones 

Repeated column chromatography (silica gel, RP-18, and semi-preparative HPLC) of 

the EtOAc-soluble extract of the root of M. longissima resulted in the isolation of 21 

anthraquinone derivatives (1-21), including a novel named as modasima A (10). The 

known compounds were determined by detailed analyses of their spectroscopic (1H and 13C 

NMR) data and comparison of their physicochemical properties with those reported in 

literature. Thus, chemical structures of the known anthraquinones were characterized to be 

1-hydroxy-anthraquinone (1),29 tectoquinone (2),30 rubiadin-dimethyl ether (3),30 1-

hydroxy-2-methyl-9,10-anthraquinone (4),30 rubiadin-3-methyl ether (5),30 1,2-dihydroxy-

3-methoxy-anthraquinone (6),30 1,3-dimethoxy-2-methoxymethylanthraquinone (7),30 1-

methoxy-2 ,2 -dimethyldioxine-(5 ,6 :2,3)-anthraquinone (8),31 lucidin-ω-butyl ether 

(9),31 rubiadin (11),32 3-hydroxy-2-methylanthraquinone (12),30, 32 1-methoxy-3-hydroxy-2-

methoxymethylanthraquinone (13),30, 32 2-methoxy-3-methyl-anthraquinone (14),33 

damnacanthol-ω-ethyl ether (15),34 lucidin-ω-methyl ether (16),34 1-methoxy-2,3-

dihydroxy-anthraquinone (17),30, 34 rubiadin-1-methyl ether (18),30, 34 damnacanthol (19),30, 

34 1-hydroxy-6methoxy-2methyl-9,10-anthracenedione (20),12 and soranjidiol (21).30, 34 The 

new compound was determined by fully studies of 1D, 2D (HSQC, COSY, HMBC, and 

NOESY) NMR spectroscopic data, and physicochemical (IR, UV, [α]D) data analyses. 
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Figure 9: Chemical structure of isolated compounds 1-12 from Morinda longissima 
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Figure 10: Chemical structure of isolated compounds 13-21 from Morinda longissima 
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3.1.2. Structural determination of new anthraquinone 10 

Compound 10 was isolated as yellowish amorphous powder. A molecular formula of 

C21H22O5 was determined for this compound from the molecular ion peak at m/z 354.1465 

[M]+ (calcd. for C21H22O5, 354.1467), obtained by HREIMS.  

The IR spectrum of compound 10 suggested the presence of a hydroxy group at 3395 

cm-1, 2923 (C─C), 1670-1631 (C=O), 1594, 1364-1256, and 1124 cm–1. The UV spectrum 

showed absorption maxima at 240, 274, 316, and 371 nm and the 13C NMR gave two 

quaternary carbonyl resonances at δC 181.4 and 183.9, suggesting a structure of 9,10-

anthraquinone.32b, 35  

The 1H NMR spectrum in the aromatic region showed two broad doublets at δH 8.17 

and 8.23 (each 1H, br, d, J = 7.6 Hz), integrating for two H-atoms at C-5 and C-8, and two 

broad triplets at δH 7.86 (br, t, J = 7.6 Hz, H-6), 8.23 (br, t, J = 7.6 Hz, H-7), indicating a 

typical A2B2 system of a 1,2-disubstituted aromatic ring. The above data together with a 

proton singlet observed at δH 7.59 indicated that 10 was an anthraquinone possessing a tri-

substituted C-ring. The phenolic OH-C(1) appeared at 13.19 ppm in the 1H NMR measured 

in chloroform (Data not shown) was the result of a H-bond with the C(9)=O group. This is 

indicated that the hydroxy group was located at the peri position to the C-9 carbonyl 

group.35 One methoxy group was also observed [δH 3.94 (3H, s) and δC 63.5]. Other 1H 

NMR signals were of a 2H-singlet of hydroxymethyl protons at δH 4.76 and an 

isopentyloxy group [δH 3.63 (2H, t, J = 6.8 Hz), 1.51 (1H, q, J = 6.4 Hz), 1.72 (1H, m), and 

0.90 (6H, d, J = 6.4 Hz)], it was further supported by 1H-1H COSY, and HMBC 
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experiments (Figure 10).  

The connectivity of this group to C-2 through the hydroxymethyl group (C-1') was 

confirmed using an HMBC experiment, showing correlations between H-2' (δH 3.63) and 

C-1' (δC 64.0), and from H-1' (δH 4.76) to C-1 (δC 163.9), C-2 (δC 126.8), and C-3 (δC 

163.5).  

Only one cross-cross peak correlation between the methoxy protons (δH 3.94) and C-3 

(δC 163.5) was observed, indicating that the methoxy group was attached to C-3. The 

aromatic singlet proton at C-4 (δH 7.59) showed HMBC correlations with carbons at C-10 

(δC 183.9), C-13, C-14, and C-2, C-3 (Figure 10), further supported this conclusion. From 

the above data obtained, compound 10 was thus determined to be 1-hydroxy-2-

((isopentyloxy)methyl)-3-methoxy-9,10-anthraquinone, and named modasima A. 

 

Compound 10 (modasima A): Yellowish amorphous powder; IR (KBr): νmax 3395, 2923, 

1670, 1631, 1594, 1364-1256, 1124, and 713 cm–1; UV (c 0.025, MeOH) λmax nm: 210, 240, 

274, 316, 371 nm; HREIMS m/z 354.1465 [M]+, (calcd. C21H22O5, 354.1467). 
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Figure 11: Chemical structure, 1D NMR, COSY, and HMBC correlation of compound 10 
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Figure 12: 1H-NMR spectrum of compound 10 (400 MHz, acetone-d6) 

 

 

Figure 13: 13C-NMR spectrum of compound 10 (100 MHz, acetone-d6) 
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Figure 14: COSY spectrum of compound 10 (400 MHz, acetone-d6) 

 

 

Figure 15: HMBC spectrum of compound 10 (400 MHz, acetone-d6) 
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Fig. 16: HR-EI-MS, IR (KBr, left) and UV (c = 0.025, MeOH) spectra of compound 10 
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3.2. Structural determination of compounds isolated from Morinda citrifolia 

Repeated column chromatography (open silica gel, RP-18, and semi-preparative 

MPLC and HPLC systems) of the EtOAc-soluble fraction of the MeOH extract of M. 

citrifolia (Noni) resulted in the isolation of 38 natural products, consisting of two 

coumarins (23, 26), five phenyl propanoids (22, 24, 25, 26, and 35), eight caffeic acid 

derivatives (28-34), three iridoids (36-38), a triterpenoid (39), two flavonoids (40-41), and 

18 lignans (42-59). Of which, 8 compounds were isolated as new natural lignans and 

neolignans (42, 47, 49, 51-53, 57, and 59) by interpretation of their 1D NMR (1H and 13C) 

and 2D NMR (COSY, HSQC, HMBC, NOESY, and MS) data, together with analyses of 

the physicochemical (including IR, UV, [α]D, and CD) data.  

The other known compounds were elucidated and classified according to their 

structural skeletons by detailed analyses of their spectroscopic (1H, 13C NMR, and MS) 

data and comparison of their physicochemical properties with those reported in literature. 

Thus, chemical structures of the known compounds were characterized to be scoparone 

(23),36 scopoletin (26),36 3-(2-hydroxy-4,5-dimethoxyphenyl)propanoic acid (22),36 3-(4-

hydroxy-2,5-dimethoxyphenyl)propionic acid (24),58 methyl 3-(2-hydroxy-4,5-

dimethoxyphenyl)propionate (25),58 methyl 3-(2,4-dihydroxy-5-methoxyphenyl)propionate 

(27),37 caffeic acid (28),38 3-hydroxy-6-methoxybenzoic acid (29),38 4-hydroxy-3-

methoxybenzoic acid or vanillic acid (30),38 4-hydroxy-6-(hydroxymethyl)-2H-pyran-2-

one (31),39 3,4-dihydroxybenzoic acid or protocatechuic acid (32),38 2-oxo-2H-pyran-6-

carbaldehyde (33),37 4-hydroxybenzoic acid (34),38 3-methoxycaffeic acid (35),38  loganic 

acid (36),40 Asperulosidic acid (37),40 loganin (38),40 ursolic acid (39),41 quercetin (40),42 

quercetin-3-O-β-D-glucose (41),42 3,3-bisdemethylpinoresinol (43),43 pinoresinol (44),43 

lirioresinol B (45),43 lirioresinol B dimethyl ether (46),43 (+)-3,4,3 ,4 -tetrahydroxy-



52 

 

9,7 α-epoxylignano-7α,9 -lactone (48),43 americanin A (50),44 arteminorin D (54),45 

morindolin (55),44 rel-(7α,8β)-3-methoxy-4 ,7-epoxy-8,3 -oxyneolignan-4,9,9 -triol 

(56),45 and americanoic acid A (58).45 

 

3.2.1. Structural determination of phenylpropanoids 22, 24, 25, and 27 

Compound 22, 24, 25, and 27 were obtained as a brown yellowish vicious state. The 

1H and 13C NMR spectra of these compounds were identical, presenting signals for two 

methoxyl groups at δH 3.78-3.81 (each 3H, s), two aromatic protons at δH 6.31-6.85 (each 

1H, s), and two conjoint methylenes at δH 2.56-2.95 (each 2H, t, J = 7.2~7.5 Hz). The 13C 

NMR spectra displayed 11 carbon resonances ascribable to 2 methoxyl groups (δC 51.6-

57.2), 2 methylenes (δC 25.8-26.3 and 35.1~35.6), 2 methines (δC 105.1, and 115.9), and 5 

quaternary carbons (δC 117.9~118.1 and 141.9~150.2). These observations indicated the 

structure of a α,β-saturated phenylpropanoid.36 Detailed analysis of HMBC spectra of these 

compounds established that the two methoxy groups in 22 were attached at C-4 and C-5, 

respectively. While, one of the methoxy groups was placed at C-5 and the other was linked 

at C-2 in compound 24. Similarly, compound 27 possessed two methoxyl groups; one of 

them was placed at C-5, the other was found to be linked at C-9 suggesting a methyl ester 

group. While compound 25 possessed three methoxyl groups, of which, two were 

assignable to C-4 and C-5, the third one was attached at C-9. Thus chemical structures of 

these compounds were determined to be methyl 3-(2,4-dihydroxy-5-

methoxyphenyl)propionate (22),36 3-(4-hydroxy-2,5-dimethoxyphenyl)propionic acid 

(24),36 3-(2-hydroxy-4,5-dimethoxyphenyl)propionate (25),37 and 3-(2,4-dihydroxy-5-

methoxyphenyl)propionate (27).37 Compounds 24 and 25 were isolated for the first time as 

new natural products even though they were synthesized previously. 
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Figure 17: Chemical structure of isolated compounds 22-35 from Morinda citrifolia 
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Figure 18: Chemical structure of isolated compounds 36-41 from Morinda citrifolia
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Figure 19: Chemical structure of isolated compounds 42-49 from Morinda citrifolia
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Figure 20: Chemical structure of isolated compounds 50-59 from Morinda citrifolia 
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3.2.2. Structural determination of new compound 42, and compounds 43-46.  

Compound 42 was obtained as a brown vicious state with absorption bands at 3406 

(OH), 2927(C–C), 1606, 1468, 1374, 1279, 1142, and 1062 cm–1 in the IR spectrum. The 

HR-EI-MS of compound 42 showed a molecular ion peak at m/z 330.1103 [M]+ (calcd. 

C18H18O6, 330.1103) analogous to that of 3,3 -bisdemethylpinoresinol (43),43 a known 

constituent was also isolated in this study. However, the 1H NMR spectrum of compound 

42 was not consistent with that of 3,3 -bisdemethylpinoresinol (43), but showed 

characteristic signals for two sets of aromatic ABX-spin systems at δH 6.73 (1H, d, J = 8.1 

Hz), 6.69 (1H, dd, J = 8.1, 1.8 Hz), 6.80 (1H, d, J = 1.8 Hz) for the ring A, and at δH 6.74 

(1H, d, J = 8.1 Hz), 6.67 (1H, dd, J = 8.1, 1.2 Hz), 6.81 (1H, d, J = 1.2 Hz) for the second 

ring B. Two oxymethines at δH 4.79 (d, J = 6.0 Hz, H-7 ) and 4.32 (d, J = 6.0 Hz, H-7) 

with corresponding carbons at δC 83.6 and 89.5, respectively. In addition, two aliphatic 

nonsubstituted oxymethines at δH 3.33 (1H, m, H-8 ) and 2.89 (1H, m, H-8), and two 

oxymethylenes at δH 4.04 (1H, d, J = 9.0 Hz, H-9ax) and 3.81 (1H, dd, J = 6.0, 9.0 Hz, H-

9eq)/δC 72.0, and at δH 3.30 (1H, dd, J = 8.4, 16.8 Hz, H-9ax) and 3.76 (1H, t-like, J = 8.4 

Hz, H-9 eq)/δC 70.7 were also found in its 1H and 13C NMR spectra. 

Furthermore, 13C NMR spectrum of 42 showed six aromatic quaternary carbons, four 

of them were oxygenated [δC 146.3 (C3/4), 146.6 (C-3 ), and 145.5 (C-4 )], the other 

two was belong to C-1 (131.5) and C-1  (134.0), this observation demonstrated the 

asymmetry of the molecule, and were as expected for an equatorial quaiacyl at C-1 and 

axial guaiacyl at C-1 . All of this data resembled structure identical with epipinoresinol.43 

However, two methoxy groups in epipinoresinol were disappeared in compound 42.  
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Study about 2D NMR experiments of compound 42 illustrated that total HSQC, 

COSY, and HMBC correlations were all matched for structure (Fig. 21). To allow 

additional analyses of the 1H NMR spectrum and the stereochemistry of the compound, 

NOESY experiment was carried out and total correlations were shown in the figure 22. 

When H-9ax (4.04, d, J = 9.0 Hz) was fixed as axial proton (α),43 which gave correlation 

with H-7 (4.32, axial proton), and H-7 with H-9 ax. In contrast, H-7  (4.79) showed the 

correlations with H-9eq (3.81, dd, J = 6.0, 9.0 Hz) and H-8  (3.33, m), while H-8 (2.89, 

m) showed correlation with H-9eq (3.81, dd, J = 6.0, 9.0 Hz). These observations clearly 

established the axial- and equatorial- relationship for proton H-7 and H-7 , respectively. 

By this means, the geometry of each proton may be fixed for the furofuran system (as 

shown in figure 21 and 22). An optical rotation value of +11.13 (c = 0.227) was obtained 

for compound 42 in MeOH solvent. Thus, chemical structure of compound 42 was 

identified to be (+)-(7α,7 β,8α,8 β)-3,3 ,4,4 -tetrahydroxy-7,9 :7 ,9-diepoxylignane, 

a new natural product from noni and named modafolia A. 

Compounds 43 to 46 were also isolated from this noni powder as brown yellowish 

viscous state. The 1H NMR data of 43 showed signal for one aromatic ABX-spin system, 

one aliphatic oxymethine (δH 4.62), one oxygenated-non-methine (δH 3.08), and one 

oxymethylene (δH 4.20, 3.79). Its 13C NMR spectrum displayed 9 carbon signals which 

could be assignable for a phenyl propanoid. However, its EI-MS gave a molecular ion peak 

at m/z 330, indicating a symmetric structure of 43. Comparison of the 1H and 13C NMR 

spectroscopic data of 43 with those published in literature led to the identify that 

compound 43 was 3,3-bisdemethylpinoresinol.43 The specific optical rotation value of 
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compound 43 was [a]25
D : –2.208 (c = 0.227, MeOH). Similarly, compound 44 was 

characterized as pinoresinol43 with two methoxy group at C-3 and C-3 .  

Compounds 45 and 46 were also appeared as symmetry with methoxy moiety (δH 4.04 

and 3.81, s with δC 56.7), however, the 1H NMR spectra showed aliphatic oxymethine, 

methylene, and non-oxygenated methine, and only one siglet aromatic proton at δH 

6.87~6.68. EI-MS spectra gave molecular ion peak at m/z 418 for 45, and 446 for 46, 

indicating that 45 and 46 possessed four and five methoxy groups in their structure, 

respectively. Thus, compounds 45 and 46 were characterized as lirioresinol B and 

lirioresinol B dimethyl ether, respectively. 
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Figure 22: Key NOESY (1H – 1H, dotted line) correlations of compound 42 

 

 

Figure 23: Chemical structure, 1H and 13C NMR data of compounds 43 to 46 
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Figure 24: 1H-NMR spectrum of compound 42 (600 MHz, MeOH-d4) 

 

 

Figure 25: 13C-NMR spectrum of compound 42 (150 MHz, MeOH-d4) 
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Figure 26: HSQC spectrum of compound 42 (600 MHz, MeOH-d4) 

 

 

Figure 27: COSY spectrum of compound 42 (600 MHz, MeOH-d4) 
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Figure 28: HMBC spectrum of compound 42 (600 MHz, MeOH-d4) 

 

 

Figure 29: NOESY spectrum of compound 42 (600 MHz, MeOH-d4) 
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Figure 30: EI-MS and HR-EI-MS and CD spectra of compound 42 
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3.2.3. Structural determination of new compound 47 

Compound 47 was obtained as a yellowish amorphous state, The [a]25
D : –5.62 (c = 

0.107, MeOH) was obtained from Autopol IV spectrometer. The molecular formula of 47 

was determined as C18H16O7 from a molecular ion peak at m/z 344.0898 [M]+ (calcd for 

C18H16O7, 344.0896) in the HR-EI-MS. Its UV spectrum showed absorption bands at λmax 

208, 233, and 284 nm.  

The 1H NMR spectrum displayed two sets of ABX-type aromatic spin systems at δH 

6.83 (1H, d, J = 8.4 Hz, H-5 ), 7.02 (1H, dd, J = 1.8, 8.4 Hz, H-6 ), and 7.08 (1H, d, J = 

1.8 Hz, H-2 ), as well as at δH 6.75 (1H, d, J = 8.1 Hz, H-5), 6.64 (1H, dd, J = 1.8, 8.1 Hz, 

H-6), and 6.72 (1H, d, J = 1.8 Hz, H-2). A singlet aromatic proton (δH 7.47), an oxygenated 

aliphatic proton (δH 5.52, 1H, d, 4.2 Hz), and a non-oxygen-substituted aliphatic proton 

were observed.  

In the 13C NMR spectra (see Figure 50), 18 carbon signals could be found, including 

four oxygensubstituted aromatic carbons, two carbon-substituted aromatic carbons, six C–

H aromatic carbons, two unsaturated carbons, and two saturated carbons. All of these data 

resembled those of Phellinsin A,46 however, an additional oxymethylene signals were 

presented [δH 3.89 (1H, dd, J = 9.0, 16.8 Hz) and 3.63 (1H, dd, J = 8.4, 16.8 Hz) in the 1H 

NMR spectrum of 47. According to this observation, the 13C NMR spectrum showed only 

one carbonyl carbon (δC 175.2, C-9 ), the other carboxylic carbon (C-9) in Phellinsin A 

was shifted to upfield (62.6, C-9) in 47. This data indicated that a methylene hydroxy 

moiety was presented at C-8. COSY and HMBC correlations further supported this 

conclusion.  
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By according to the chemical shift of H-7  (δH 7.47), the configuration at C-7  and 

C-8  should be E form, on the other hand, if the plane constitution were Z, the chemical 

shift should shift to upfield.48 This conclusion could be confirmed by its NOESY NMR 

spectra. Compared with Phellinsin A, the coupling constant of H-7 /H-8  of compound 

47 (J7 8  = 4.2 Hz) was similar from that of Phellinsin A, a minus optical rotation value –

5.62o, combined with the CD data, the relative configuration at C-7 and C-8 was deduced 

to be trans (7β,8α).48-49 According to the above analysis, the structure of compound 47 was 

elucidated as (7β,8α)-3,3 ,4,4 ,9-pentahydroxy-7 -en-7,9 -lactone, and named as 

modafolia B. 

 

 

3 bond correlation (big)
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Figure 31: Total HMBC correlations found for compound 47 
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Figure 32: Chemical structure, 1D-NMR spectroscopic data and COSY of compound 47 
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Figure 33: 1H and 13C-NMR spectra of compound 47 (600/150 MHz, MeOH-d4) 

 

  

Figure 34: COSY and HSQC NMR spectra of compound 47 (600 MHz, MeOH-d4) 
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Figure 35: HMBC spectrum of compound 47 (600 MHz, MeOH-d4) 
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Figure 36: EI-MS and HR-EI-MS and CD spectra of compound 47 
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3.2.4. Structural determination of compound 48 and new compound 49 

Compound 48 and 49 were purified as light brown resinous semisolid from same 

fraction by using HPLC with UV detections at 205 and 254 nm, the retention time were 

33.4 min and 37.6 min, respectively. The IR spectra of both compounds suggested the 

presence of OH functional groups at 3421 cm-1, 2927 (C–C), 1630 (C=O), and C–O 

stretching vibrations at 1081–1033 cm–1. Their UV spectra showed absorption bands at λmax 

206-210, 230-234, 280-290 nm.  

Compound 48 gave a molecular ion peak at m/z 344.0898 in the HR-EI-MS. The 

molecular formula of compound 49 was also determined as C18H16O7 from a molecular ion 

peak at m/z 344.0894 [M]+ (calcd for C18H16O7, 344.0896) in its HR-EI-MS. The 1H NMR 

displayed two sets of aromatic ABX-type spin systems at δH 6.75 (1H, d, J = 8.4 Hz, H-

5 ), 6.70 (1H, dd, J = 8.4, 1.8 Hz, H-6 ), and 6.82 (1H, d, J = 1.8 Hz, H-2 ), as well as 

at δH 6.78 (1H, d, J = 7.8 Hz, H-5), 6.68 (1H, dd, J = 7.8, 1.8 Hz, H-6), and 6.77 (1H, d, J 

= 1.8 Hz, H-2). In addition, an oxymethylene signal at δH 4.25 (1H, dd, J = 7.2, 9.6 Hz) 

and 3.97 (1H, dd, J = 4.2, 9.6 Hz), two oxymethine signals at δH 5.30 (1H, d, J = 3.6 Hz, 

H-7), 5.16 (1H, d, J = 3.6, Hz, H-7 ), and two non-oxymethines at δH 3.27 (1H, m, H-8), 

and 3.57 (1H, dd, J = 3.6, 9.0 Hz, H-8 ) were presented.  

The COSY spectrum of both compounds revealed the presence of the moiety of -CH2-

CH(CH)-CH-CH-, which corresponds to positions C-7, -8, -9, -7 , and -8  in a 

dioxabicyclo[3.3.0]octane skeleton.43, 48 The 13C NMR spectra indicated the presence of 18 

carbons, including an ester carbonyl group (δC 179.9), two oxymethine groups (δC 87.2 and 

85.2), two non-oxymethine groups (δC 51.0 and 54.5), and 12 aromatic carbons in the 
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range δC 114.0 to 147.1 which assignable to two bezenyl ring.  

HMBC experiments of compound 48 and 49 (Fig. 36) revealed that the following 

correlations between: H-7/C-2, C-6, C-9, C-8 , and C-9 ; H-8/C-1, C-7 , and C-9 ; H-

9/C-7  and C-8 ; H-7 /C-8, C-9, C-2 , C-6 , C-8 , and C-9 ; H-8 /C-7, C-9, and C-

1 . The relative configuration of compound 48 and 49 were established by the analysis of 

four diastereomers A-D (Figure 56). The stereochemical constraints posed by aryl 

substitution are indicated clearly in appropriated molecular models. Severe crowding 

between the carbonyl at C-9  and the endo-aryl substituent at C-7  cannot be eliminated 

in isomers C and D. Therefore, isomers A and B are more probable structures than C and 

D (Fig. 37).  

The NOESY spectrum of compound 48 exhibited correlations between H-8 and H-8 , 

H-7 and H-9ax, and H-8 and H-9eq, which indicated that these protons are on the same 

face of the molecule and confirmed the relative configuration proposed as shown below. 

While, the NOESY spectrum of compound 49 displayed correlations between H-8 and H-

8 , H-7 and H-9eq, H-8 and H-9ax, and H-7  and H-9eq, H-7 and H-2, H-7  and H-2 , 

these indicated that two benzenyl rings and H-8, H-8  are on the same β-orientation.  

Specific optical rotation value of 48 [a]25
D : -17.54 (c = 0.667, MeOH) and 49 [a]25

D : -

5.78 (c = 0.667, MeOH) were further supported for these different orientation. On the basis 

of the abovementioned data, compound 48 was identified as a previously reported lignan, 

(+)-3,4,3 ,4 -tetrahydroxy-9,7 -epoxylignano-7,9 -lactone,43 and compound 49 was a 

new lignan, ( )-(7β,7 β,8β,8 β)-3,4,3 ,4 -tetrahydroxy-9,7 β-epoxylignano-7β,9 -

lactone, and named modafolia C. 
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Compound 49 (modafolia C): Light brown resinous semisolid; IR (KBr): νmax 3421 

(OH), 2927 (C–C), 1630 (C=O), and C–O stretching vibrations at 1081–1033 cm–1. UV (c 

0.025, MeOH) λmax nm: 206-210, 230-234, 280-290 cm–1; [a]25
D : -5.78 (c = 0.667, MeOH); 

HR-EI-MS m/z 344.0894 [Ma]+, (calcd C18H16O7, 344.0896). 
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Figure 37: Four diastereomers A to D diagnosed for compound 48 and compound 49 
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Figure 38: 1D NMR, COSY, HMBC, and NOESY data of compounds 48 and 49 
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Figure 39: 1H-NMR spectrum of compound 49 (600 MHz, MeOH-d4) 

 

 

Figure 40: 13C-NMR spectrum of compound 49 (150 MHz, MeOH-d4) 
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Figure 41: COSY NMR spectrum of compound 49 (600 MHz, MeOH-d4) 

 

 

Figure 42: HSQC NMR spectra of compound 49 (600 MHz, MeOH-d4) 
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Figure 43: HMBC spectrum of compound 49 (600 MHz, MeOH-d4) 

 

 

Figure 44: NOESY spectrum of compound 49 (600 MHz, MeOH-d4) 
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Figure 45: HREIMS, IR (KBr, left) and UV (c = 0.025, MeOH) spectra of compound 49 



80 

 

3.2.5. Structural determination of new compound 50 and compound 52 

Compound 52 was isolated as a brown yellowish amorphous powder with absorption 

bands at 3406 (OH), 2927(C–C), 1650 (CHO), 1418 (C-O), 1160-1042 cm–1 in the IR 

spectrum. Its UV spectrum (c 0.025, MeOH) showed absorption maxima at 210, 235, and 

280 nm. The HR-EI-MS of compound 52 showed a molecular ion peak at m/z 302.0794 

[M]+ (calcd C16H14O6 302.0790).  

The 1H and 13C NMR spectra of 52 showed pattern similar to those of compound 51, 

except that the methoxy resonances were not present, but displayed signals for an aldehyde 

[δH 9.80 (1H, s), δC 192.9]. In the 1H NMR spectrum, the presence of two 1,3,4-

trisubstituted phenyl groups was indicated from the two ABX coupling systems [δH 6.79 (d, 

J = 8.1 Hz, H-5), 6.78 (dd, J = 8.1, 1.8 Hz, H-6), and 6.87 (d, J = 1.8 Hz); δH 7.13 (d, J = 

8.4 Hz, H-5 ), 7.49 (dd, J = 8.4, 1.8 Hz, H-6 ), and 7.45 (d, J = 1.8 Hz, H-2 )]. 

Moreover, we observed an oxymethine proton signal (δH 4.13, m), which was coupled to 

an oxymethine proton signal (δH 4.89, d, 7.8) and hydroxymethylene proton signals (δH 

3.50 and 3.73). These observations were further supported by correlations found in the 

COSY experiment (Fig. 64). The proton-carbon long-range coupling correlations derived 

from the HMBC spectrum allowed us to determine the planar structure (Fig. 46). The 

oxymethine proton at δH 4.89 (H-7) was correlated with the 1,3,4-trisubstituted phenyl 

carbons at δC 115.6 (C-2) and 120.5 (C-6). In contrast, the aromatic protons at δH 7.45 (C-

2 ) and 7.49 (C-6 ) were correlated with the aldehyde carbon at δC 192.9 (CHO). Further 

correlation was observed between the aldehyde proton at δH 9.80 (CHO) and the 1,3,4-

trisubstituted phenyl carbons at δC 119.1 (C-2 ), 132.1 (C-1 ), and 125.5 (C-6 ). The 
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combination of all these data identified a 1,4-benzodioxan-type lignan.48  

From the coupling constant of J7,8 = 7.8 Hz, and the [a]25
D : +2.528 (c = 0.213, MeOH), 

the relative configuration of C-7 and C-8 in the dioxane ring was trans.45 The absolute 

configuration of C-7 and C-8 was determined by the CD spectrum: the positive Cotton 

effect at 192 nm and the negative Cotton effect at 222 nm suggested a configuration of 7R 

and 8R.66 Consequently, the structure of 52 was determined as (7R,8R)-3,4,9-trihydroxy-

4′,7-epoxy-8,3′-oxyneoligna-1′-al, and named modafolia E.  

The 1H and 13C NMR spectra of compound 50 were identical with 52, and the [a]25
D : 

+0.235 (c = 0.213, MeOH). However, the additional trans-olefinic AB system at δ 7.56 

and 6.00 (d, J = 15.9 Hz), with two corresponding carbons at δC 120.6 and 129.2 were 

further observed. Thus, compound 50 was elucidated as americanin A (Figure 46).44 
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Figure 46: Chemical structure, 1D NMR, COSY, and HMBC of compound 52 

 

 

 

Figure 47: Chemical structure, 1D NMR (300/75 MHz, MeOH) of compound 50
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Figure 48: 1H-NMR spectrum of compound 53 (600 MHz, MeOH-d4) 

 

Figure 49: 13C-NMR spectrum of compound 52 (150 MHz, MeOH-d4) 

 

Figure 50: HSQC spectrum of compound 52 (600 MHz, MeOH-d4) 
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Figure 51: HMBC spectrum of compound 52 (600 MHz, MeOH-d4) 
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3.2.6. Structural determination of new compound 51, and compound 54, 56 

Compound 51 was also obtained as a light brown amorphous powder with absorption 

bands at 3406 (OH), 2927(C–C), 1606, 1468, 1374, 1279, 1142, and 1062 cm–1 in the IR 

spectrum. The HR-EI-MS of compound 51 showed a molecular ion peak at m/z 332.0898 

[M]+ (calcd C20H20O5, 332.0896). The 1H NMR spectrum of compound 52 showed 

characteristic signals for two sets of aromatic ABX-spin systems at δH 6.85 (1H, d, J = 7.8 

Hz, H-5), 6.92 (1H, dd, J = 8.4, 1.8 Hz, H-6), 7.02 (1H, d, J = 1.8 Hz) for the ring A, and 

at δH 7.00 (1H, d, J = 8.4 Hz, H-5 ), 7.57 (1H, dd, J = 8.1, 1.8 Hz, H-6 ), 7.56 (1H, br, s, 

H-2 ) for the second ring B. Two oxymethine at δH 4.92 (d, J = 7.8 Hz, H-7) and δH 4.13 

(m, H-8), and an oxymethylenes at δH 3.79 (1H, d, J = 2.4, 12.6 Hz, H-9ax) and 3.49 (1H, 

dd, J = 4.2, 12.6 Hz, H-9eq), with corresponding carbons at δC 77.5, 80.5, and 62.1, 

respectively. In addition, its 1H and 13C NMR spectra displayed a carboxylic group at δC 

168.5, and a methoxy moiety at δH 3.88 (1H, s)/δC 56.6. All of these data resembled 

structure identical with arteminorin D.45a However, the trans-olefinic proton signals which 

assignable to aromatic AB system at δ 7.58 (d, J = 16.0 Hz, H-7 ) and 6.33 (d, J = 16.0 

Hz, H-8 ), with two corresponding carbons at δC 146.1 and 117.4 in arteminorin D were 

disappeared at compound 51.  

The COSY spectrum of compound 51 showed the correlations between signal 4.92 

(H-7) with 4.13 (H-8), and 4.13 (H-8) with 3.72, 3.49 (H2-9). In HMBC experiment, 

correlations were observed from the H-2 (7.02) and H-6 (6.92) of the ring A to C-7 (77.7); 

H-2  (7.56) and H-6  (7.57) of the ring B to the carboxylic carbon (168.5); the proton 

signal of the methoxy moiety (3.88) to the oxygenated quaternary carbon at 149.4 (C-3). 
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Thus, compound 51 was elucidated as 3-methoxy-1′-carboxy-4′,7-epoxy-8,3′-oxyneoligna-

4,9-diol,48 a new novel natural neolignan from noni and named as modafolia D.  

A large coupling constant between H-7 and H-8 (J7,8 = 7.8 Hz), together with the 

[a] 25
D : +4.68o (c = 0.167, MeOH) indicated that the two protons were in a trans-

configuration.45 The absolute configuration of C-7 and C-8 was determined by the CD 

spectrum: the positive Cotton effect near 192 and 208 nm and the negative Cotton effect at 

220-226 nm suggested a configuration of 7R and 8R.66  

Compound 54 was obtained as light brown amorphous powder, the molecular formula 

of compound 54 was tentatively determined as C19H18O7 by EI-MS. Its ([a]25
D : –7.14 (c = 

0.167, MeOH)) and CD data . Detailed comparison of the 1H, 13C NMR, and 

physicochemical data of compound 54 with published paper established compound 54 to 

be arteminorin D.45a  

Compound 56 was obtained as brown amorphous gum and gave specific optical 

rotation value [a]25
D : +1.365 (c = 0.167) measured in MeOH. The molecular formula of 

compound 56 was determined as C19H22O6 by EI-MS (m/z 346). The 1H and 13C NMR 

spectra of 56 gave a oxygenated propanoid chain at δH 3.55 (2H, t, J = 6.6 Hz, H-9)/δC 62.3 

(C-9), 1.79 (2H, m)/δC 35.8 (C-8), and δH 2.58 (2H, t, J = 7.2 Hz, H-7)/δC 32.5 (C-7). 

Detailed comparison of its 1H and 13C NMR data with compound 54 and published data45c 

led to the identification of 56 to be rel-(7α,8β)-3-methoxy-4 ,7-epoxy-8,3 -

oxyneolignan-4,9,9 -triol. 
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Figure 52: Relative stereochemistry proposed for compound 51 

 

 

Figure 53: Chemical structure, 1D NMR, COSY, and HMBC of compound 51 

 

 

Figure 54: Chemical structure, 1H- and 13C NMR data of compounds 54 and 56 
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Figure 55: 1H-NMR spectrum of compound 51 (600 MHz, MeOH-d4) 

 

 

 

Figure 56: 13C-NMR spectrum of compound 51 (150 MHz, MeOH-d4)
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Figure 57: HSQC and COSY NMR spectra of compound 51 (600 MHz, MeOH-d4) 

 

 

Figure 58: HMBC spectrum of compound 51 (600 MHz, MeOH-d4) 
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Figure 59: LR-EI-MS and HR-EI-MS and CD spectra of compound 51 
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3.2.7. Structural determination of new compound 53 and compound 55 

Compound 53 was also isolated as brown yellowish amorphous state and showed OH-

functional group (3336 cm-1), 1455 (C-O), 1142-1031 cm–1 in the IR spectrum. Its UV 

spectrum (c 0.025, MeOH) showed absorption maxima at 210, 235, and 280 nm. The 

molecular formula, C16H14O7, was determined by a molecular peak at m/z 317 [M-H]+ from 

HR-EI-MS. The 1H and 13C NMR spectra of 53 showed pattern similar with those of 

compound 52, except that the aldehyde resonances were not present. Instead of that, a 

methyldioxiranyl signal was observed [δH 5.28 (1H, s), δC 104.4].  

The 1H NMR spectrum of 53 also presented two 1,3,4-trisubstituted phenyl groups [δH 

6.82 (d, J = 8.1 Hz, H-5), 6.79 (dd, J = 8.1, 1.8 Hz, H-6), and 6.85 (d, J = 1.8 Hz); δH 6.95 

(d, J = 8.4 Hz, H-5 ), 6.92 (dd, J = 8.4, 1.8 Hz, H-6 ), and 6.96 (d, J = 1.8 Hz, H-2 )]. 

An oxymethine proton at δH 4.00 (H-8) which was coupled to the oxymethine proton at δH 

4.89 (H-7) and the hydroxymethylene proton at δH 3.50 (H-9eq) and 3.73 (H-9ax). HMBC 

spectrum showed correlations between the oxymethine proton at δH 4.89 (H-7) and the 

1,3,4-trisubstituted phenyl carbons at δC 115.6 (C-2) and 120.5 (C-6). While, the 

methyldioxiranyl proton at δH 5.28 were correlated with the other 1,3,4-trisubstituted 

phenyl carbons at δC 116.6 (C-2 ) and 120.9 (C-6 ). As compared with those of 

compound 52, the [a]25
D  value +0.141 (c = 0.213) of 53 obtained in MeOH, and the 

coupling constant of J7,8 = 7.8 Hz indicated the relative configuration of C-7 and C-8 in the 

dioxane ring as trans.45 The absolute configuration of C-7 and C-8 was determined by a 

CD experiment, showing a positive Cotton effect at 187 nm and a negative Cotton effect 

near 222 nm evidenced a configuration of 7R and 8R.44 From the above data analysis, 
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compound 53 was determined as (7α,8β)-3,4,9-trihydroxy-4′,7-epoxy-8,3′-oxyneoligna-1′-

methyldioxiran, a novel natural neolignan appeared methyldioxane ring, and named 

modafolia F. 

 

Compound 54 (modafolia F): Brown yellowish amorphous state; IR (KBr): νmax 3336 

(OH), 2928 (C–C), 1455 (C-O), 1142-1031 cm–1. UV (c 0.025, MeOH) λmax nm: 210, 235, 

and 280 cm–1; [a]25
D : +0.141o (c = 0.213, MeOH); HR-EI-MS m/z 317.0782 [M-H]+, (calcd 

C16H13O7, 317.0786). 

 

 

Figure 60: Chemical structure, 1D NMR, COSY, and HMBC of compound 53 
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Figure 61: 1H-NMR spectrum of compound 53 (600 MHz, MeOH-d4) 

 

 

Figure 62: 13C-NMR spectrum of compound 53 (150 MHz, MeOH-d4) 
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Figure 63: HMBC spectrum of compound 53 (600 MHz, MeOH-d4) 
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Compound 55 was obtained as brownish amorphous showed absorption bands due to 

a conjugated carboxylic acid (1681 cm-1) and a trans double bond (1660 and 979 cm-1) in 

the IR (KBr) spectrum. The molecular formula, C16H14O7, was deduced from EI-MS (m/z 

344). The 1H and 13C NMR spectra of 55 were absolutely identical with morindolin.44 

Furthermore, in the aliphatic region of 55, we observed trans double bond signals at δH 

7.45 and 6.28 (d, J = 15.9 Hz) and an oxymethine signal at δH 5.50 and methylene signals 

at δH 3.77 and 3.82, which were coupled to a methine signal at δH 3.48. These data 

identified a benzofuran-type lignin for compound 55. The coupling constant of J7,8 = 6.0 

Hz indicated that the relative configuration of C-7 and C-8 in the furan ring was cis.44-45, 47 

It is possible to revise the configuration at C-7 and C-8 of morindolin to be cis-form 

according to its coupling constants. The absolute configuration at C-7 and C-8 was 

deduced from the CD spectrum: a positive Cotton effect at 190 nm and the negative Cotton 

effect at 229 and 243 nm suggested a configuration of 7R and 8R. Thus, compound 55 was 

characterized as (7 E),(7α,8α)-3,3 ,4,9-tetrahydroxy-4 ,7-epoxy-8,5 -neolign-7 -en-

9 -oic acid (morindolin). 

 

 

Figure 64: Chemical structure, 1H and 13C NMR data of compound 55 
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3.2.8. Structural determination of new compound 57 

Compound 57 was obtained as a brown-yellow amorphous powder. Its molecular 

formula, C18H16O7, was deduced from a positive molecular ion peak at m/z 344.0896 [M]+ 

(calcd for 344.0896) in the HR-EI-MS. The UV spectrum showed absorption bands at λmax 

210, 225, 234, 284, and 316 nm. IR spectrum suggested the presence of OH functional 

group (3405 cm-1), C=O (1677-1631), 1510, and C–O stretching vibrations at 1159-1031 

cm-1.  

The 1H NMR displayed two ABX-type aromatic spin systems at δH 6.82 (1H, d, J = 

1.8 Hz, H-2), 6.71 (1H, dd, J = 1.8, 8.4 Hz, H-6), and 6.76 (1H, d, J = 1.8 Hz, H-5), the 

other at δH 6.98 (1H, d, J = 8.4 Hz, H-5′), 7.12 (1H, dd, J = 1.8, 8.4 Hz, H-6′), and 7.16 

(1H, d, J = 1.8 Hz, H-2′), and an AB-spin signals which assignable to a trans-olefinic 

protons at δH 7.48 (1H, d, J = 15.9 Hz, H-7′), 6.35 (1H, d, J = 15.9 Hz, H-8′), respectively. 

Furthermore, the 1H and 13C NMR spectra displayed an oxymethine proton at δH 4.45 (dt, J 

= 8.1, 3.3 Hz, H-8)/δC 80.4 which was coupled to the oxymethine proton at δH 5.18 (d, J = 

3.6 Hz, H-7)δC 77.1 and the hydroxymethylene proton at δH 3.54 (dd, J = 8.4, 12.0 Hz, H-

9ax) and 3.46 (dd, J = 3.6, 12.0 Hz, H-9eq)/δC 60.1, the COSY correlations in Figure 83 

further supported this observation. In addition, 13C NMR spectrum showed four 

oxygenated quaternary carbons at δC 146.7 (C-3), δC 144.0 (C-4), 145.4 (C-3 ), and 145.2 

(C-4 ) and a carboxylic carbon at δC 172.9 (8-COOH). All of the above data resembled 

those of americanoic acid A (58),44 the compound was also isolated in this study (see 

Scheme 3).    

HMBC experiment of compound 57 indicated the correlations between the 
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oxymethine proton at δH 5.18 (H-7) and the 1,3,4-trisubstituted phenyl carbons at δC 130.4 

(C-1), 114.6 (C-2), and 119.2 (C-6). While, the phenyl protons at δH 7.16 (H-2) and 7.12 

(H-6) were correlated with the oxygenated aromatic carbon at δC 145.2 (C-4 ) and the 

olefinic carbon at 146.7 (C-7 ). Further correlations were observed between the olefinic 

proton at δH 7.48 (H-7 ) and the carboxyl carbon at δC 172.9 (C-9 ), and the quaternary 

carbon at δC 129.2 (C-1 ). The combination of all these data identified a 1,4-benzodioxan-

type lignan.  

From the coupling constant of J7,8 = 3.6 Hz, the relative configuration of C-7 and C-8 

in the dioxane ring was cis.44-45, 47 The absolute configuration of C-7 and C-8 was deduced 

as 7R and 8S by the optical rotation value [a]25
D : –26.80o (c = 0.05, MeOH), and the 

positive Cotton effects near 190 nm and 212 nm. From the above data analysis, compound 

57 was thus elucidated as (7′E),(7β,8β)-3,4,9-trihydroxy-4′,7-epoxy-8,3′-oxyneoligna-7′-

en-8′-oic acid, and named modafolia G. 
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Figure 65: Chemical structure, 1D NMR, COSY, and HMBC data of compound 57 

 

 

 

Fig. 66: Chemical shifts & coupling constants of the puran systems of compounds 57-59
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Figure 67: 1H-NMR and 13C-NMR spectra of compound 57 (600 MHz, MeOH-d4) 
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Figure 68: HR-EI-MS and HR-EI-MS and CD spectra of compound 57 
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3.2.9. Structural determination of compound 58 and new compound 59 

Compound 58 and 59 were obtained from a same sub-fraction by HPLC as a brown-

yellow amorphous powder. Their retention times on RP-C18 column were 24.2 min and 

28.5 min, respectively. The molecular formulas were deduced from a positive molecular 

ion peak at m/z 344.0896 [M]+ (calcd for C18H16O7, 344.0896) in their HR-EI-MS. The UV 

spectra showed absorption bands at λmax 210, 225, 234, 284, and 316 nm. IR spectra 

suggested the presence of OH functional group (3405, 3219 cm-1), conjugated C=O (1677, 

1631), aromatic ring (1510), and C–O stretching vibrations at 1159-1031 cm-1. Their 1H 

and 13C NMR were absolutely identical displaying two ABX-type aromatic spin systems at 

δH 6.81 (1H, d, J = 8.1 Hz, H-5), 6.71 (1H, dd, J = 1.8, 8.1 Hz, H-6), and 6.86 (1H, d, J = 

1.8 Hz, H-2) for ring A, the other at δH 6.97 (1H, d, J = 8.4 Hz, H-5′), 7.11 (1H, dd, J = 1.8, 

8.4 Hz, H-6′), and 7.15 (1H, d, J = 1.8 Hz, H-2′) for the B ring, and an AB-type spin 

signals which assignable to a trans-olefinic protons at δH 7.56 and 6.31 (each 1H, d, J = 

15.9 Hz, H-7′). Furthermore, their 1H and 13C NMR spectra also displayed an oxymethine 

proton at δH 4.00-4.04 (1H, m, H-8)/δC 80.1-80.4 which were coupled to another oxygen-

bearing methine proton at δH 4.82-4.85 (d, J = 8.1 Hz, H-7)/δC 77.7-78.1 and the 

hydroxymethylene proton at δH 3.47-3.48 (dd, J = 4.2, 12.0 Hz, H-9ax) and 3.69-3.70 (dd, 

J = 2.4, 12.0 Hz, H-9eq)/δC 62.1. A carboxylic carbon at δC 170.8 was found in their 13C 

NMR spectra. The coupling constant of J7,8 = 8.1 Hz indicated the relative configuration of 

C-7 and C-8 were trans.44-45, 47  

Compound 58 was determined to be americanoic acid A by comparing its 1D NMR, 

optical rotation value [a]25
D : +2.24 (c = 0.87, MeOH), and CD data with published literature. 
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Similarly, the coupling constant of H-7 and H-8 of compound 59 was J7,8 = 8.1 Hz, and its 

specific optical rotation value: [a]25
D : +1.36o (c = 0.78, MeOH), indicated the relative 

configuration of C-7 and C-8 in the dioxane ring was trans.44-45, 47 The absolute 

configuration of C-7 and C-8 was deduced as 7S and 8S by the negative Cotton effects near 

196, 210 nm and the positive Cotton effect at 202 nm from the circular dichroism 

experiments. Thus, chemical structure of compound 59 was established to be (7′E),(7β,8α)-

3,4,9-trihydroxy-4′,7-epoxy-8,3′-oxyneoligna-7′-en-8′-oic acid, a new natural product 

named as modafolia H. 

 

 

Figure 69: Chemical structure, 1D NMR, and HMBC data of compound 58 

 

 

Figure 70: Chemical structure, 1D NMR, and HMBC correlation of compound 59 
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Figure 71: Chemical structure and NOESY correlations for compound 59 

 

 

Figure 72: 1H-NMR spectrum of compound 59 (600 MHz, MeOH-d4) 

 

 

Figure 73: 13C-NMR spectrum of compound 59 (150 MHz, MeOH-d4) 
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Figure 74: HSQC spectrum of compound 59 (600 MHz, MeOH-d4) 

 

 

Figure 75: HMBC spectrum of compound 59 (600 MHz, MeOH-d4) 
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Figure 76: NOESY spectrum of compound 59 (600 MHz, MeOH-d4) 
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Figure 77: IR (KBr, left) and UV (c = 0.028, MeOH) spectra of compound 59 

 

 

 

Figure 78: LR-EI-MS and HR-EI-MS spectra of compound 59 
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3.3. Assessment of anti-diabetes properties of the isolated compounds 

3.3.1. Assessment of anti-diabetes properties of the isolated anthraquinones (1-21) 

from Morinda longissima 

Repeated column chromatographies (including silica gel, RP-18, and semi-preparative 

HPLC) of the EtOH extract of the root of M. longissima resulted in the isolation of 21 

anthraquinone analogues (1-21), comprising a new modasima A (10). In order to assess the 

potential activity of these compounds on glucose metabolism and insulin action, we first 

examined their stimulatory effects on the uptake of 2-NBDG, a fluorescents glucose analog 

widely used for monitoring glucose uptake in cells, using an in vitro assay27 (2-NBDG 

assay) in 3T3-L1 adipocyte cells. The 3T3-L1 adipocytes was chosen for testing glucose 

uptake into cells, because fat represents one of the major body tissue types that are 

sensitive to the action of insulin. 3T3-L1 fibroblasts were induced to differentiate into 

adipocytes, and then each compound was treated to the differentiated 3T3-L1 adipocytes 

with 2-NBDG. As positive and negative controls, insulin at concentration of 2 mg/mL and 

DMSO were also added to the cells. As shown in figure 70, all the isolated anthraquinones 

enhanced 2-NBDG uptake into the cells at concentration of 10 mM. Among them, 

compounds 2, 8-10, and 17-18 were most potency showing stronger effects than insulin 

(positive control), while compounds 7, 9, 13, 14, 17, and 21 were strong effect as insulin. 

Detailed investigation of the structure and activity relationship reveal that compounds 

which possess the hydrophobic functional groups at C-2 position displayed strong activity, 

while compounds bearing more electronegative atoms (more hydrophilic) showed weaker 

effects on glucose uptake.  
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Figure 79: Stimulatory effects of isolated anthraquinones (1-21) on 2-NBDG uptake in 

3T3-L1 adipocyte cells (* p<0.05) were measured using a fluorescent glucose probe (2-

NBDG) assay with drug treatment. The tested compounds (1-21) were treated at a 

concentration of 10 µM to the cells for 90 min. DMSO and Insulin (2 mg/mL) were also 

treated to the cells as negative and positive controls. 
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Figure 80: Increment of 2-NBDG uptake in 3T3 L1-adipocyte cells by compounds 2, 8, 10, 

and 20. Representative pictures were taken after drug treatment. Increased green 

fluorescent signals in the cells were observed by the drug treatment indicating that 2-

NBDG was transported in to the cells. 
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Indeed, compounds 1 and 2 which are basic 9,10-anthraquinone skeleton showed 

opposite effects. Compound 1 with a hydroxy group attached at C-1 is more polar than 2 

with a methyl group at C-2, however, compound 1 possessed weaker activity (2500 RFU, 

see fig. 94) than 2 (3000 RFU). In turn, compounds 3-5, 11-12, 14, 19, and 20-21, which 

possess two hydroxyl and/or methoxy groups at C-1 and C-3, displayed weaker activities 

than 1 and 2, while compound 6 with two hydroxy and one methoxy moieties at C-1, C-2, 

and C-3, showed worst effect on 2-NBDG uptake. This observation indicated that being 

more electronegative atom in the structure may responsible for decreasing activity of the 

9,10-anthraquinones on 2-NBDG uptake. In contrast, compounds 7-10, 13, and 16, which 

have more hydropholic groups (ethyl ether, butyl ether, hexyls ether) attached at C-2, 

showed potential effects even thought hydroxy and/or methoxy groups are presented. The 

above data obtained suggest that substitution of a hydrophobic moiety in B ring, especially 

at C-2 position, such as the substitution of methyl (compound 2), ethyl ether (compounds 7, 

13, 16), and/or butyl ether (compound 9) could be inducible 2-NBDG uptake. However, 

bearing groups with more electronegative atoms (OH and OCH3) in their structure may 

responsible for the suppression of their effect on the uptake of 2-NBDG into adipocytes. 

To further confirm the transportation efficacy of 2-NBDG into the cells by compounds 

2, 8, 10, and 20, we measured fluorescent signals induce from adipocytes after drug 

treatment using fluorescence microscopy. As shown in figure 79, comparing to control 

group (treated with DMSO only), compounds 2, 8, 10, and 20 showed higher level of 

fluorescent signals from the adipocytes representing the enhancement of 2-NBDG uptake 

into adipocytes. At the concentration of 10 µM, all treated compounds were significant 
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induced green fluorescence intensity as much as insulin or more. This result suggests that 

our compounds could be considered as new natural insulin mimickers, and it should be 

further progressed in vivo with animal model to investigate their insulin mimic property.  

The glucose transport GLUT4 translocation is an essential step for inducible glucose 

uptake into to the plasma membrane in muscle and adipocyte cells. This translocation is 

mainly regulated by two independent pathways: the insulin signaling pathway and the 

AMP-activated protein kinase (AMPK) pathway.49 It is suggested that to investigate the 

mechanism responsible for the stimulation of 2-NBDG uptake in to the cells by the 

isolated anthraquinones, we should examine their effects on the cellular signaling 

pathways that are known to mediate these processes. Thus, we further investigated whether 

the AMPK pathway is involved because this pathway is a major regulator of glucose 

uptake during exercise or in response to some anti-diabetic agents such as AICAR and 

metformin.49  

According to this biological aspect, we first investigated whether these 2-NBDG 

uptake inducers activate AMPK. In differentiated C2C12 myotubes, we observed increased 

phosphorylation (Thr172) of AMPK with compounds 2, 8, 10, and 20 at the concentration of 

10 mM (Figure 72) to a level comparable with the well-described AMPK agonist AICAR 

(as positive control, treated at 1 mM for 1 h). This observation suggests that the AMPK 

signaling pathway is likely responsible for the improvement of glucose uptake by these 

anthraquinones. The identification of the AMPK pathway as a likely mechanism for the 

stimulation of GLUT4 translocation by anthraquinones from M. longsissima is particularly 

interesting in relation to diabetes and obesity because activation of AMPK increases fatty 
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acid oxidation, inhibits lipid synthesis, and can improve insulin action.50 Based on a 

number of studies showing that AMPK regulates a variety of different metabolic pathways, 

it is widely recognized as a useful and safe target for the treatment of metabolic disorders 

such as T2D and dyslipidemia.50 Hence, our findings of the activation of the AMPK 

pathway by these compounds may implicate these 9,10-anthraquinones as a novel class of 

molecules with therapeutic potential for insulin resistance by targeting AMPK.  

It is intriguing that many compounds that appear to have beneficial effects in the 

treatment of insulin resistance do so at least in part via activating AMPK activity. In 

particular, metformin and berberine,51 two plant-derived compounds that have been 

described to increase insulin sensitivity and reduce body weight, both activate AMPK. In 

view of the potency of the 9,10-anthraquinones on glucose metabolism, it will be of great 

interest to determine the primary targets of these compounds leading to the activation of 

AMPK. One possibility might be that they act at intracellular target(s) after entering cells 

by some active transport system as the structural features of anthraquinones may render 

them as substrates for naturally occurring transporters. Alternatively, these anthraquinones 

may bind to cell surface receptors, initiating an intracellular signaling pathway analogous 

to that seen with other biological molecules such as leptin and adiponectin. Future studies 

should be required to distinguish between these possibilities. 
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Figure 81: Stimulation effects of compounds 2, 8, and the new compounds 10 and 20 on 

AMPK in differentiated C2C12 cells. C2C12 cells were exposed to treated compounds for 

2 h or positive control (AICAR, 1 mM) for 1 h, and phosphorylation of AMPK at Thr172 

and ACC at Ser79 were analyzed by Western blotting. DMSO was also added to the cells 

as a negative control. 
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Figure 82: C2C12 cells were exposed to treated compounds for 2 h and phosphorylation of 

AMPK was analyzed by Western blotting. Compounds 2 (A), 8 (B), 10 (C), and 20 (D) 

increased phosphorylation of AMPK at Thr172 and ACC at Ser79. Increased 

phosphorylation of AMPK induced by 10 µM of compounds 2, 8, 10, and 20 were 

abrogated by pretreatment with compound C (an AMPK inhibitor) at 10 µM for 10 min.
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3.3.2. Assessment of anti-diabetes properties in cells of the isolated compounds (22-59) 

from Morinda citrifolia 

Repeated column chromatographies (including silica gel, RP-18, MPLC, and semi-

preparative HPLC) of the MeOH-soluble extract of the fermented dried powder of the 

fruits of M. citrifolia (Noni) resulted in the isolation of 38 natural products (22-59), 

comprising two new phenyl propanoids (24 and 25), 3 new 7,9':7',9-diepoxylignanes 

(Enantiomers 42, 47, and 49), and 5 new 3',7-epoxy-8,4'-oxyneolignanes (51-53, 57, and 

59). The stimulatory effects of 2-NBDG uptake on 3T3-L1 adipocyte cells of these isolates 

(22–59) were tested in vitro according to a published method.27  

In this assay we used Rosiglitazone (Rosi) as positive control at concentration of 400 

µM. Rosi showed improving glucose uptake in adipocytes almost twice as compared with 

control (DMSO). All our compounds were treated at concentration of 40 µM (10 times less 

than Rosi), however, compounds 42, 45, 47, and 51 were treated at 20 µM (20 times less 

than Rosi). As shown in figure 74, all isolates possessed stimulatory effects on glucose 

uptake except for compounds 22, 24, 26, and 37. At concentration of 40 µM, ursolic acid 

(39) possessed stronger effect than Rosi at 400 µM. At 20 µM (20 times less than Rosi), 

however new compound 42 (modafolia A), compound 45 (lirioresinol B), and compound 

48 showed stimulatory effect as strong as Rosi. This is suggested that compounds 42, 45, 

and 48 may possess stronger activity than positive control. Compounds 44 (pinoresinol) 

and 56 are ranked at third active group among the potential stimulators. The above 

observations indicate that triterpenoid (39) and the 7,9':9,7'-diepoxylignanes (42-49) have 

stronger stimulatory effects on 2-NBDG uptake than the 3',7-epoxy-8,4'-oxyneolignanes 

(compounds 50-59) which in turn possessed higher effects than phenylpropanoids (22-35), 
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iridoids (36-38), and flavonoids (40-41) (See Fig. 17-20, and 82). In 7,9':9,7'-

diepoxylignane type, compound 42 is (+)-(7α,7'β,8α,8'α)-3,3',4,4'-tetrahydroxy-7,9':7',9-

diepoxylignane, an isomer of 43 (+)-(7α,7'α,8α,8'α)-3,3',4,4'-tetrahydroxy-7,9':7',9-

diepoxylignane, but compound 42 showed stronger activity than 43. Compounds 44 and 45 

are isomers of 43 bearing two and four methoxyl moieties showed increasing activity, 

respectively. This is indicated that the 7α,7'β,8α,8'α skeleton is importance in response to 

the 2-NBDG uptake of the 7,9':7',9-diepoxylignanes, and substitution of hydroxyl group by 

methoxyl moiety may also responsible for enhancing effect of these lignans. However, 

opposite result was observed for the 7,9'-epoxylignano-9,7'-lactone (Compounds 48 and 

49). (+)-3,4,3',4'-tetrahydroxy-9,7'α-epoxylignano-7α,9'-lactone (48) displayed stronger 

activity than new compound 49 [(+)-3,4,3',4'-tetrahydroxy-9,7'β-epoxylignano-7β,9'-

lactone] (see Fig. 19 and 82). Similar aspects were also observed for the 3',7-epoxy-8,4'-

oxyneolignanes (compounds 50-59). Indeed, the known compound 58, (7′E),(7α,8β)-3,4,9-

trihydroxy-4′,7-epoxy-8,3′-oxyneoligna-7′-en-8′-oic acid, displayed stronger activity than 

two new isomers 57 [(7′E),(7β,8β)] and 59 [(7′E),(7β,8 )] (Fig. 20 and 82 for more detail). 

Moreover, attachment of methoxyl moiety at C-3 also increased the activity of these 3',7-

epoxy-8,4'-oxyneolignanes (Compounds 54 and 56). However, new compound 51 even 

borne a methoxyl group at C-3, but showed no effect on 2-NBDG uptake. It may be 

explained by the substitution of the (E)-propenoic moiety (compounds 50, 54, and 58) by 

the COOH functional group. This observation has evidenced why new compounds 51, 52, 

and 53 possessed weaker activity than compounds 50, 54, 56, and 58 in this 2-NBDG 

assay. In addition to the SAR, the iridoids 36-38 and flavonoids 40-41 were found to 

possess moderate activity. Except for compound 40, both these type of compounds 
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possessed β-D-glucose moiety in their structures which may suppressed the transportation 

of 2-NBDG into the cells (Fig. 18 and 82). Finally, the courmarinoids (Compounds 23 and 

26), the benzoic acid derivatives (Compounds 29-34), and the phenylpropanoid analogues 

(Compounds 22, 24-25, 27-28, and 35) displayed weak or no activity in stimulating 2-

NBDG uptake in 3T3-L1 adipocytes (Fig. 17 and 82).  
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Figure 83: Stimulatory effects of isolated compounds (22-59) on 2-NBDG uptake in 3T3-

L1 adipocyte cells. The tested compounds (22-59), DMSO (vehicle), and Rosiglitazone 

(positive control, 400 mM) were treated to the cells for 90 min. Compounds 42, 45, 47, and 

51 were treated as 20 mM. 
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The identification of the AMPK pathway as a likely mechanism for the stimulation of 

2-NBDG uptake by triterpenoid 39 and 7,9':9,7'-diepoxylignanes 42-49 from M. citrifolia 

is particularly interesting in relation to diabetes and obesity because activation of AMPK 

increases fatty acid oxidation, inhibits lipid synthesis, and can improve insulin action. Thus, 

western blot was carried out for measuring phosphorylation of AMPK and its downstream 

target ACCs in cultured skeleton cells. As shown in figure below, all compounds possessed 

stimulatory effect on AMPK activity at concentration of 10 µM. Of them, compound 48 

(7,9'-epoxylignano-9,7'-lactone) showed the most potential activation, followed by the 

unsymmetrical (+)-(7α,7'β,8α,8'α)-3,3',4,4'-tetrahydroxy-7,9':7',9-diepoxylignane (42), and 

then the symmetrical (+)-(7α,7'α,8α,8'α)-3,3',4,4'-tetrahydroxy-7,9':7',9-diepoxylignane (44 

and 45).  

Based on a number of studies showing that AMPK regulates a variety of different 

metabolic pathways, it is widely recognized as a useful and safe target for the treatment of 

metabolic disorders such as T2D and dyslipidemia. Hence, our findings of the activation of 

the AMPK pathway by these compounds may implicate these 7,9':9,7'-diepoxylignanes, 

especially the 7,9'-epoxylignano-9,7'-lactone, as novel classes of molecules with 

therapeutic potential for insulin resistant states by targeting AMPK. 
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Figure 84: Activation of AMPK by compounds 39, 42, 44, 45, and 48 in differentiated 

C2C12 cells. C2C12 cells were exposed to treated compounds for 2 h or positive control 

(AICAR, 1 mM) for 1 h, and phosphorylation of AMPK at Thr172 and ACC at Ser79 were 

analyzed by Western blotting. DMSO was also added to the cells as a negative control. 
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IV. CONCLUSIONS 

A diabetes epidemic is underway. An estimated 30 million people world-wide had 

diabetes in 1985. By 1995, this number had shot up to 135 million. The latest WHO (World 

Health Organization) estimate (for the number of people with diabetes, world-wide, in 

2011) is 366 million. This will increase to at least 522 million by 2030. Diabetes caused 

4.6 million deaths and caused at least USD 465 billion dollars in healthcare expenditures in 

2011. Insulin resistance is one of the characteristic pathogenic signs of type-2 diabetes, and 

several drugs that increase the insulin sensitivity are currently in clinical trial. However, 

these drugs have a number of limitations, which include adverse effects and high rates of 

secondary failure. Thus, there is still a need to search for new natural products which can 

act as insulin mimics and/or insulin sensitizers for stimulating glucose uptake in cells.  

It has been known for over two decades that a short time after exercise insulin works 

much better at stimulating glucose transport into muscle. Recently, evidence has emerged 

that AMPK may responsible for increasing insulin sensitivity and indirectly inhibit pre-

adipocyte differentiation by improving insulin action. Because AMPK plays an important 

role in mediating the whole-body glucose and lipid homeostasis and regulating food intake 

and energy expenditure, AMPK activators are considered promising candidates for the 

discovery of anti-obesity and anti-diabetes agents as well as drugs for the treatment of 

other metabolic diseases. 

As part of our ongoing investigation for discovering new anti-diabetes agents from 

medicinal plants, we found that the total extracts of two Morinda species (M. longissima 
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and M. citrifolia) showed in vitro glucose uptake effects on 3T3-L1 adipocytes. Thus, 

phytochemical investigation of these medicinal plants using chromatographic methods 

(silica gel, RP-C18, MPLC, and preparative HPLC system) led to the isolation of 59 natural 

products, comprising of 9 new compounds (10, 42, 47, 49, 51-53, 57, and 59) as active 

constituents. Their chemical structures were elucidated on the basis of spectroscopic 

(including 1H, 13C, COSY, HSQC, HMBC, NOESY, and MS) data interpretation and 

physicochemical (IR, UV, CD, and [α]D) data analyses, as well as comparison with those 

published in literatures. According to the structural skeleton, their structures were 

characterized to be 21 anthraquinones (1-21), 2 coumarinoids (23 and 26), 12 

phenylpropanoid and caffeic acid derivatives (22-35), 2 flavonol and flavonol glucoside 

(40 and 41), 3 iridoids (36-38), one triterpenoid (39), and 18 lignans and neolignans (42-

59).  

In order to assess the anti-diabetes properties of these natural products, we first 

examined their stimulatory effects on glucose uptake using an in vitro assay with 2-NBDG 

as substrate in 3T3-L1 adipocyte cells.27 At the concentration of 10 mM, all isolates showed 

potential stimulatory effects on 2-NBDG uptake with a level comparable with insulin and 

rosiglitazone, the positive controls used in this assay. Among the isolated anthraquinones, 

compounds 2, 8, 10, and 20 were found to be the most potency showing stronger effect 

than insulin (Fig. 78). Among the compounds isolated from Noni (22-59), we found that 

the 7,9':7',9-diepoxylignan and 3',7-epoxy-8,4'-oxyneolignan possessed strongest activity, 

and the most major compound 39 (ursolic acid, at 20 µM) showed stronger activity than 

rosiglitazone, the positive control used at 400 µM. The others showed moderate to weak 



121 

 

effect. 

In addition, to confirm the transportation efficacy of 2-NBDG into the cells by 

isolated anthraquinones 2, 8, 10, and 20, we further measured fluorescent signals induced 

in the cells after drugs treatment. As shown in figure 79, we found that green fluorescent 

signals were increased in the cells after treatment of insulin and our compounds 2, 8, 10, 

and 20. This observation indicates that the transportation of 2-NBDG into cells was 

increased by our compounds.  

 In progress, we investigated whether these 2-NBDG uptake inducers activate AMPK 

pathway or not. In differentiated C2C12 cells, we observed increased phosphorylation of 

AMPK (Thr172) by our compounds at the concentration of 10 mM (Fig. 80 and 83) to a 

level comparable with AICAR, a positive control used at 1 mM. Anthraquinones 8 showed 

strongest activation, followed by compounds 10 and 20. Among the lignan type, 9,7'α-

epoxylignano-7α,9'-lactone (48) and triterpenoid (39) showed strongest activation. These 

observation suggest that the AMPK signaling pathway is likely responsible for the 

improvement of glucose uptake by these compounds (2, 8, 10, 20, 39, 42, 44, 45, and 48). 

Taken together, our results indicated that anthraquinones, ursolic acid, and 7,9':7',9-

diepoxylignans, especially the 9,7'α-epoxylignano-7α,9'-lactone, may be important for 2-

NBDG uptake activity in vitro. Additionally, 2-NBDG uptake effects by members of 

anthraquinones and neolignans have not been previously reported. Further confirmation of 

the anti-diabetes effects of these natural products and evaluation of their potential in vivo 

efficacy in a diabetic model are necessary. 
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