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Effects of Constituents Identified in the Adults of Tenebrio molitor 

on Antioxidant and Anti-BACE-1 Activities 

 

WCU Biomodulation 

Seoul National University 

 

Yizhe Cheng 

 

ABSTRACT 

 

Insects have been widely used as traditional foods and medicines treating human 

diseases worldwide. In addition, components of insect body are rich in nutrients such as 

unsaturated fatty acids, proteins, vitamins, and minerals. Therefore, development for using 

them as health supplement and functional foods has been expected. 

Active oxygen with free radicals is structurally unstable, and usually reacting with 

surrounding substances, causing fatal oxidative damage to intracellular proteins, lipid 

molecules and DNA. In addition, human beta amyloid precursor proteinase (BACE-1) is 

known to cause senile dementia as a major enzyme responsible for amyloid plaque 

production. 

In this study, antioxidative and BACE-1 inhibitory components were isolated and 

identified from various species of mealworm (Tenebrio molitor) adults by various 

chromatographic and instrumental analyzes. Nine compounds such as fatty acids such as 

linolenic acid and flavonoid compounds such as catechin were isolated as antioxidant 

components. The IC50 values of these compounds were between 77.65 and 623.23 μM, and 

showed lower antioxidative activity than ascorbic acid, a positive control compound. In 

addition, 12 compounds such as fatty acids such as linolenic acid and steroid compounds 

such as ergosterol were separated as BACE-1 inhibitory components. IC50 values of these 
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compounds were between 28.41 and 676.65 μM, which showed lower BACE-1 inhibitory 

activity than eigallocatechin gallate, a positive control compound. 

In this study, the AChE inhibitory activity of all the isolated compounds was 

investigated. Otherwise, by the analysis of quantitative structure-activity relationship 

(QSAR) for 41 fatty acids and 29 flavonoids related, most of the unsaturated fatty acids 

showed potential bioactivity than the saturated fatty acids and phenol in flavonoid exhibited 

the positive impact. Multiple regression analysis also showed the structure have certain 

correlation to their bioactivity. The further studies will focus on the mechanisms of 

antioxidant and anti-BACE-1 of the isolated compounds. 

 

 

Key words: Natural products, Alzheimer’s disease, Tenebrio molitor, DPPH, Fatty acids, 

Flavonoids 
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INTRODUCTION 

Alzheimer’s disease (AD) is one of the most general senile dementias in the elderly 

population. A key molecule in the pathogenesis of AD is toxic β-amyloid (Aβ) peptides, 

which form insoluble plaques leading to severe memory loss and neuronal cell death 

(Rajendran L et al., 2008). The endoproteolytic cleavage of amyloid precursor protein 

(APP) to generate Aβ involves the sequential actions of two proteases: β- and γ-secretase 

(Xu W et al., 2009). β-Secretase mediates the first step of Aβ production by β-cleavage of 

APP liberating a large soluble extracellular fragment (sAPPβ). The C-terminal fragment 

(CTF) of APP (APP-CTF, C99) is then cleaved by γ-secretase at several positions, leading 

to the creation of the pathogenic species, Aβ42 and Aβ40 (Asai M et al., 2006). Therefore, 

inhibitors of either β- or γ-secretase activity have been recommended to decrease Aβ 

formation. Many studies present strong evidence that aspartyl protease, BACE-1 (β-site 

APP cleaving enzyme), is the major β-secretase in neurons responsible for Aβ generation 

in the brain (Shinha S et al., 1999). BACE-1 acts on the first rate-limiting enzyme for Aβ 

formation in cells (Vassar R, 2001). Furthermore, previous investigators have shown that 

BACE-1 knockout mice reveal complete absence of Aβ production with no clear side 

effects (Luo Y et al., 2001). However, animals without γ-secretase, which is related to 

Notch signaling pathway, exhibited lethal physiological activity (De Strooper B, 2003). 

Therefore, the inhibition of BACE-1 has been the focus of detailed research as an excellent 

therapeutic target for treatment of AD. 

Antioxidant research is an important topic in the medical field as well as in the food 

industry. Recent research with important bioactive compounds in a variety of materials 

have received much attention. The oxidation induced by ROS can result in cell membrane 

disintegration, membrane protein damage and DNA mutation, which can further initiate or 

propagate the development of many diseases, such as cancer, liver injury and 

cardiovascular disease (Liao KL et al., 2000). Although the body possesses such defense 

mechanisms, as enzymes and antioxidant nutrients, which arrest the damaging properties 

of ROS (Halliwell B, 1996; Sies H, 1993), continuous exposure to chemicals and 

contaminants may lead to an increase in the mount of free radicals in the body beyond its 
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capacity to control them, and cause irreversible oxidative damage (Tseng TH et al., 1997). 

Therefore, antioxidants with free radical scavenging activities may have great relevance in 

the prevention and therapeutics of diseases in which oxidants or free radicals are implicated 

(Soares JR et al., 1997). 

On the other hand, oxidative stress also a cause of AD has been proposed to contribute 

to Aβ generation and the formation of NFT (Christen, 2000). The β-amyloid peptide (Aβ) 

generates free radicals in a metal-catalyzed reaction, inducing neuronal cell death by 

reactive oxygen species (ROS), which peroxidize membrane lipids and oxidize proteins, 

producing drastic cellular damages. Upregulation of lipid peroxidation leads to 

amyloidogenesis through increased expression and activity of BACE1 (Miranda et al., 

2000; Pratico et al., 2001). Expression of BACE1 increases in conditions of oxidative stress 

caused by the lipid peroxidation product 4-hydroxynonena (HNE) and hydrogen peroxide, 

indicating a correlation between BACE1 activity and oxidative stress marker in AD brain 

(Jo et al., 2010; Tamagno et al., 2008). In addition, microglia activated by oxidative damage 

release proinflammatory and free radicals, leading to various inflammatory reactions that 

cause damage to neurons. Enhanced inflammation induces the generation of ROS in 

ambient neurons, which contribute to Aβ generation (Cai et al., 2011). It is generally 

accepted that oxidative damage in cellular structures precedes the phenomenon of other 

pathological hallmarks of AD, and therefore, oxidative stress as well as Aβ is an early 

causative event in the pathogenesis and progression of AD. Based on these data, it can be 

concluded that drugs specifically scavenging oxygen radicals could be useful for either the 

prevention and treatment of AD (Jun et al., 2006). Based on the therapeutic potential, 

inhibitors should be able to penetrate the blood-brain barrier and thus have molecular 

weights below 700 Da (Parr et al., 2000). Therefore, large peptide-based inhibitors are not 

proper drug candidates, but the secondary metabolites of insects, which have relatively low 

molecular weights and high lipophilicity, may be potential drugs against AD. 

The adults of Tenebrio molitor is a species of the family of Tenebrionidae. In several 

countries around the world, mealworm is a popular dish for its nutritional value as well as 

for its taste. In the past research, the protein of mealworm was proven to be useful as an 
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antibacterial and antifungal material. Diverse enzymes, such as phenolase, trypsin- or 

chymotrypsin-like proteinase, and chitinase, have been purified from mealworm. However, 

no studies have evaluated the anti-dementia and anti-oxidant activity of mealworm thus far. 

Furthermore, natural products have served as an important source of drugs since ancient 

times and a significant part of today’s drugs are somehow derived from natural sources. In 

recent years, a renewed interest in obtaining biologically active compounds from natural 

sources has been observed. Therefore, the present work was undertaken with the objective 

of isolating and identifying the potential bioactive constituents from the the adults of 

Tenebrio molitor. 
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LITERATURE REVIEW 

1. Alzheimer’s disease  

Alzheimer’s disease is a progressive, unremitting, neurodegenerative disorder that 

affects wide areas of the cerebral cortex and hippocampus. Abnormalities are usually first 

detected in the brain tissue that involves the frontal and temporal lobes, and then slowly 

progress to other areas of the neocortex at rates that vary considerably between individuals 

(Fig. 1). Alzheimer’s disease is associated with the accumulation of insoluble forms of 

amyloid‑β (Aβ) in plaques in extracellular spaces, as well as in the walls of blood vessels, 

and aggregation of the microtubule protein tau in neurofibrillary tangles in neurons. Aβ is 

derived by the proteolytic cleavage of amyloid precursor protein (APP) by a complex 

family of enzymes (γ‑secretases and β‑secretases), which include presenilin 1 (PS1; 

encoded by PSEN1) and PS2 (encoded by PSEN2).  

The average duration of illness is 8-10 years, but the clinical symptomatic phases are 

preceded by preclinical and prodromal stages that typically extend over two decades. 

Sporadic Alzheimer’s disease is the most common type and has a mean age of onset of 80 

years. The main cause is the failure to clear Aβ peptide from the brain tissue. However, co-

morbidities such as cerebrovascular disease and hippocampal sclerosis are frequent at this 

age, which complicates diagnosis and management. A family history of affected close 

relatives is not unusual in sporadic disease, but a small proportion (<1%) of patients have 

autosomal dominant inherited Alzheimer’s disease (DIAD); this form has an early age of 

onset (mean age of ~45 years). In this subgroup, pathogenetic mutations in the genes 

encoding APP, PS1 and PS2 are found, which cause overproduction or formation of an 

aberrant form of Aβ. In most clinical respects, the sporadic and familial forms of 

Alzheimer’s disease are comparable, including the rate of disease progression and 

biomarker profiles. 
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Figure 1. The pathological evolution of Alzheimer’s disease.  

 

1.1. Mechanisms/pathophysiology of AD 

Studying Alzheimer’s disease mechanisms in humans will probably lead to new 

insights into the pathogenesis, diagnosis and treatment of the disease (Table 1). Currently, 

Aβ, APOE and tau are three elements that have substantial evidence as contributors of 

Alzheimer’s disease. The neuropathological and neurochemical hallmarks of Alzheimer’s 

disease include synaptic loss and selective neuronal death, a decrease in specific 

neurotransmitters and the presence of abnormal proteinaceous deposits in neurons (known 

as neurofibrillary tangles) and in the extracellular space (as cerebrovascular, diffuse and 

neuritic plaques) (Fig. 2). 

 

 

Table 1. Diagnostic and clinical tests for Alzheimer’s disease 
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Figure 2. Pathways leading to plaques and tangles form the basis of the amyloid-β 

theory of Alzheimer’s disease. 

 

1.1.1. Aβ in Alzheimer’s disease 

Several lines of evidence support the notion that Aβ is a pathogenetic peptide in 

Alzheimer’s disease. Aβ-the main constituent of plaques-is cleaved from APP into a 

heterogeneous group of peptides of varying length (between 38 and 43 amino acids) and 

slightly different characteristics (Golde et al., 2000; Selkoe et al., 2001). Furthermore, 

N‑terminally truncated or modified isoforms are found (Portelius et al., 2010). Proteolytic 

processing studies have demonstrated that Aβ is a normal product of APP metabolism and 

is generated at high levels in neurons, but also by other cell types, throughout an 

individual’s lifetime. The neuronal function of APP remains unknown, but it might be 

involved in synaptic plasticity. Multiple lines of evidence suggest that Aβ accumulation 

and a change of conformation to forms with a high β‑sheet structure is central in 

Alzheimer’s disease pathogenesis (Holtzman et al., 2002). 

The strongest evidence for the involvement of Aβ in Alzheimer’s disease comes from 

the study of those with the early-onset, inherited form. In more than half of patients with 

DIAD, mutations in one of three different genes (APP, PSEN1 and PSEN2) are evident 
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(Potter et al., 2011). Most mutations result in the overproduction of Aβ-specifically, the 42 

amino acid Aβ isoform (Aβ42), which has amyloidogenic characteristics (that is, is more 

prone to aggregation) (Golde et al., 2000). Most mutations in APP modify APP processing 

so that the ratio of Aβ42 to Aβ40 is increased in the plasma of affected patients (Hecimovic 

et al., 2004; Scheuner et al., 1996). In addition, mutations in PSEN1 and PSEN2 result in 

increased Aβ42/Aβ40 ratios (Kumar et al., 2006). The mutation type and associated 

Aβ42/Aβ40 ratio predict the mean age of onset of dementia, as confirmed in the 

Dominantly Inherited Alzheimer Network (DIAN) study (Bateman et al., 2012) and a meta-

analysis (Ryman et al., 2014). The increase in the Aβ42/Aβ40 ratio can be detected in the 

culture supernatants of cells transfected with mutant APP or PSEN1 constructs and in 

mouse models in vivo (Jankowsky et al., 2004; Scheuner et al., 1996). In addition, the 

biochemistry of Aβ deposits in 30 DIAD kindreds indicates that all have higher Aβ42 

deposition than Aβ40. Perhaps most relevant, patients carrying these mutations have 

increased Aβ42/Aβ40 ratios in plasma and increased Aβ42 production in the central 

nervous system (CNS) (Gomez et al., 1999; Potter et al., 2011). Although DIAD is 

uncommon, the fact that mutations within three different genes lead to similar changes in 

the ratio of Aβ products suggests that there is a final common pathway in Alzheimer’s 

disease pathogenesis. 

1.1.2. APOE and Alzheimer’s disease 

APOE on chromosome 19 is the strongest genetic risk factor for developing 

Alzheimer’s disease. APOE is involved in the normal catabolism of triglyceride-rich 

lipoproteins. One of the first reports linking APOE to Alzheimer’s disease pathology was 

APOE immunoreactivity in Aβ deposits and neurofibrillary tangles, which are hallmarks 

of Alzheimer’s disease pathology (Namba et al., 1991). In addition, polymorphisms in the 

transcriptional regulatory region of APOE have been associated with Alzheimer’s disease 

(Artiga et al., 1998).  

APOE is a 299 aminos acid protein that has three common isoforms in humans that 

only differ by 1 or 2 amino acids: APOE2 (Cys112 and Cys158), APOE3 (Cys112 and 

Arg158) and APOE4 (Arg112 and Arg158). The prevalence for each allele is 7% for 
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APOE2, 78% for APOE3 and 15% for APOE4 in Americans of European descent 

(Saunders et al., 1993). The amino acid substitutions affect the total charge and structure 

of APOE, thereby altering binding to both cellular receptors and lipoprotein particles, and 

possibly changing the stability and rate of production and clearance. APOE has high 

expression in the brain, where it is produced primarily by astrocytes and microglia. Under 

certain conditions, some APOE production can occur in neurons (Huang et al., 2004). In 

the brain, APOE is derived exclusively from within the blood-brain barrier (Fernández et 

al., 1997) and is present in the CSF at concentrations of approximately 5 μg per mL. 

Population studies have demonstrated that APOE4 increases the risk of developing 

Alzheimer’s disease (one allele imparts a threefold increase in risk and two alleles impart 

a 12‑fold increase in risk) (Farrer et al., 1997) and is also associated with an earlier age of 

onset of Alzheimer’s disease (Corder et al., 1993; Khachaturian et al., 2004). Conversely, 

APOE2 decreases the risk of developing Alzheimer’s disease (Corder et al., 1994; Serrano 

et al., 2015). The APOE4 allele has been estimated to contribute to approximately 50% of 

sporadic Alzheimer’s disease (Ashford et al., 2004). Human APOE isoforms have been 

shown to cause isoform-dependent decreases (APOE2>APOE3>APOE4) in neuritic 

plaque load and delayed time of onset of Aβ deposition in several mouse models of 

Alzheimer’s disease (DeMattos et al., 2004; Holtzman et al., 2004; Holtzman et al., 1999; 

Holtzman et al., 2000). Furthermore, human APOE3 decreases Aβ deposition in a dose-

dependent manner in mouse models, with the least deposition when two APOE3 alleles are 

present (DeMattos et al., 2004). Overall, this indicates that the isoform and amount of 

APOE in the CNS is crucial for Aβ deposition and neuritic degeneration. 

1.2. Diagnosis methods of AD 

Making a diagnosis of Alzheimer’s disease on purely clinical grounds is challenging 

(Knopman et al., 2001), not only in the prodromal stage in which patients only have subtle 

cognitive symptoms but also in the dementia phase. Indeed, 35% of clinically diagnosed 

patients with Alzheimer’s disease in a large clinical trial had negative Aβ PET scans and 

were misdiagnosed as having Alzheimer’s disease (Salloway et al., 2014). Co-morbidities 

such as cerebrovascular disease and hippocampal sclerosis contribute to this difficulty. 
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1.2.1. Aβ PET imaging. 

The development of Pittsburgh compound B (PiB) — a radioactive (carbon 11) 

analogue of the fluorescent amyloid dye thioflavin‑T (Mathis et al., 2002) that crosses the 

blood–brain barrier as well as binds to fibrillar Aβ with high affinity-ushered in the era of 

in vivo Aβ imaging with PET (Klunk et al., 2004; Mintun et al., 2006; Rowe et al., 2007) 

(Fig. 3). The past decade has seen studies with PiB contribute substantially to our 

understanding of the relationship between Aβ deposition and cognitive decline and 

neurodegeneration in the preclinical, prodromal and dementia phases of Alzheimer’s 

disease (Knopman et al., 2012; Morris et al., 2009; Rowe et al., 2013). These studies have 

confirmed that Aβ deposition begins decades before dementia and precedes cognitive 

decline and brain atrophy (Jack et al., 2013; Villemagne et al., 2013), and have established 

that genetic factors (Lim et al., 2015) moderate these relationships. In longitudinal studies, 

Aβ PET is an imaging marker for prediction of progression from mild cognitive impairment 

to dementia due to Alzheimer’s disease (Nordberg et al., 2013; Ong et al., 2014; Rowe et 

al., 2013). Aβ PET imaging has made trials in preclinical or asymptomatic patients with 

Alzheimer’s disease feasible (Sperling et al., 2014) and has improved cohort selection for 

trials in prodromal and mild Alzheimer’s disease. 

Criteria have been developed for the diagnosis of Alzheimer’s disease in the 

preclinical and prodromal phases of the illness that depend on the demonstration of Aβ 

accumulation by PET imaging or CSF analysis (Albert et al., 2011; Dubois et al., 2014; 

Sperling et al., 2011). The presence of a positive Aβ PET scan correlates with low Aβ42 

levels in the CSF, and both findings are detectable ≥15 years before the onset of dementia 

due to Alzheimer’s disease (Fagan et al., 2007). Either test can be used to support a 

diagnosis of Alzheimer’s disease, but Aβ PET imaging might be the better method to 

monitor change in Aβ burden over time and correlates better with the degree of cognitive 

impairment in the non-demented phase of Alzheimer’s disease (Palmqvist et al., 2014). 

Conversely, Aβ42 levels in the CSF might be more sensitive in the early disease stage 

(Mattsson et al., 2015). The commercial development of Aβ PET ligands labelled with 

fluorine‑18 now provides the means to diagnose Alzheimer’s disease with greater accuracy 
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in the clinic and before the development of dementia (Clark et al., 2012; Curtis et al., 2015; 

Rowe et al., 2008; Rowe et al., 2013). Comparison of Aβ PET imaging with 

histopathological analysis in Phase III trials has shown high sensitivity and specificity (88-

100%) for the detection of moderate or frequent neuritic Aβ plaques (Clark et al., 2012; 

Curtis et al., 2015; Sabri et al., 2015). 

1.2.2. The Alzheimer’s disease CSF profile 

Brain biochemistry is reflected in the CSF; CSF communicates freely with brain 

interstitial fluid. CSF collection by lumbar puncture is routine in clinical neurology, and 

several biomarkers for Alzheimer’s disease have been identified, including Aβ42, T‑tau 

and P‑tau; the most commonly used assays are specific for P-tau at Thr181. Knowledge on 

the mechanisms underlying the change in CSF levels for these biomarkers is essential given 

that, except for their potential as diagnostic tools, these biomarkers can be applied in 

clinical studies to explore the molecular disease mechanisms in Alzheimer’s disease 

directly in humans and in clinical trials to identify and monitor the biochemical effects of 

drug candidates.  

CSF levels of Aβ42 have consistently been found to correlate with post-mortem plaque 

counts (Strozyk et al., 2003) and with amyloid ligand retention on Aβ PET imaging 

(Mattsson et al., 2014; Palmqvist et al., 2014; Wallin et al., 2010), indicating that this 

biomarker reflects deposition of the peptide in the brain. CSF levels of T‑tau increase not 

only in Alzheimer’s disease but also in neurodegenerative disorders without tau pathology, 

such as Creutzfeldt–Jakob disease (Riemenschneider et al., 2003), suggesting that T‑tau 

reflects the intensity of neuronal and axonal degeneration in general. Except for tau, there 

is a general increase in other intracellular neuronal proteins in the CSF of patients with 

Alzheimer’s disease, such as visinin-like protein 1 (VLP1) (Lee et al., 2008) and 

neurofilament light polypeptide (NFL) (Skillback et al., 2014), which all predict both the 

rate of clinical deterioration and the rate of neurodegeneration (Skillback et al., 2014; 

Wallin et al., 2010). In addition, the discoveries of tau secretion from cultured cells (Saman 

et al., 2012) and mouse neurons (Maia et al., 2013) raise the question of whether the release 

of tau from intact neurons into the CSF occurs in humans, but this awaits confirmation. 
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Interestingly, tau secretion would also explain why all healthy young people have 

measurable tau levels in their CSF. Finally, the CSF levels of P‑tau have been shown to 

correlate with post-mortem measures of neurofibrillary tau pathology (Buerger et al., 2006), 

with the rate of hippocampal atrophy in the brain (Hampel et al., 2004) and with fast clinical 

progression (Blom et al., 2009). 

 

Figure 3. Amyloid-β PET imaging 

1.3. Management 

The management of Alzheimer’s disease involves a complex interaction between the 

clinician, the patient, the patient’s caregiver and the health care system in which the care is 

delivered. Non-pharmacological management involves caregiver education or use of 

behavioural techniques to optimize patient–caregiver interactions and minimize 

behavioural disturbances. Pharmacological management includes cognition-enhancing 

agents, treatment of behavioural abnormalities that can arise during the progress of 

Alzheimer’s disease and medical management of commonly encountered systemic 

disorders or complications of Alzheimer’s disease. Given that medical foods and nutritional 

supplements form an important part of social management of patients and their family, we 

discuss them here as part of a management strategy. Exercise and lifestyle-related issues 

are included in comprehensive recommendations. Attending to the needs of the caregiver 

is a crucial component of the management of Alzheimer’s disease. Successful management 
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can help the patient to remain at home for longer time, minimize cognitive and functional 

decline, optimize behaviour and improve caregiver quality of life. 

1.3.1. Cognition-enhancing agents 

Owing to the nonspecific degeneration caused by the accumulation of Aβ, many types 

of neurotransmitter abnormalities have been reported, affecting cholinergic, 

monoaminergic and glutamatergic systems (Noetzli et al., 2013). Two classes of cognition-

enhancing drugs have been approved for use in Alzheimer’s disease-cholinesterase 

inhibitors and the N‑methyl-d‑aspartate (NMDA) receptor antagonist memantine. 

Cholinesterase inhibitors decrease the extrasynaptic metabolism of acetylcholine, increase 

the synaptic residence time of the neurotransmitter and enhance postsynaptic stimulation. 

Preserved postsynaptic cholinergic mechanisms translate the augmented signal into 

cognitive and behavioural effects. Cholinesterase inhibitors include donepezil, 

rivastigmine and galantamine. Donepezil and galantamine are acetylcholinesterase 

inhibitors, and rivastigmine is a dual acetylcholinesterase and butyrylcholinesterase 

inhibitor (Noetzli et al., 2013). Galantamine has nicotinic as well as muscarinic cholinergic 

properties. Common adverse effects of cholinesterase inhibitors include diarrhoea, nausea, 

vomiting, bradycardia, muscle twitching and nightmares. Resting bradycardia is a 

contraindication of cholinesterase inhibitors. Cholinesterase inhibitors should also be used 

with caution in individuals with a history of gastrointestinal disturbances. Anticholinergic 

agents should not be used in patients receiving cholinesterase inhibitors, and the 

combination of two or more cholinesterase inhibitors has not been studied and should be 

avoided. 

1.3.2. Medical foods 

Medical foods are generally regarded as second-line approaches to Alzheimer’s 

disease management for patients who are not responding adequately to pharmacotherapy, 

are intolerant to cholinesterase inhibitors or memantine and when families want to pursue 

therapeutic options beyond approved drug treatments (Thaipisuttikul et al., 2012). These 

foods are not subject to the same rigorous testing in randomized controlled trials that are 

required for regulatory approval of a drug. According to the US FDA, a medical food is 
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defined as ‘a food which is formulated to be consumed or administered enterally under the 

supervision of a physician and which is intended for the specific dietary management of a 

disease or condition for which distinctive nutritional requirements, based on recognized 

scientific principles, are established by medical evaluation. Medical foods are mainly used 

for nutritional purposes; proof of efficacy of medical foods for improving cognition, 

function or behaviour is not required. One medical food, CerefolinNAC® (PamLab Inc., 

Covington, Louisiana, USA), also has a specific use in lowering serum homocysteine levels 

(Sun et al., 2007). 

1.3.3. Nutritional supplements 

Oxidative injury by free radicals is a postulated mechanism by which protein 

aggregates injure cell membranes during the progress of Alzheimer’s disease (Dysken et 

al., 2014; Petersen et al., 2005; Selkoe et al., 2001). Epidemiological evidence suggests 

that individuals with diets high in antioxidants have lower rates of developing Alzheimer’s 

disease (Dysken et al., 2014; Petersen et al., 2005). High-dose vitamin E (2,000 IU daily) 

has been shown to slow functional decline in some randomized controlled clinical trials 

(Dysken et al., 2014), but not in others (Petersen et al., 2005). Adverse cardiac events 

observed with vitamin E supplementation have limited the use of this approach (Lonn et 

al., 2005). Antioxidants such as omega‑3 fatty acids, curcumin, coenzyme Q10 and vitamin 

C are often given to patients with Alzheimer’s disease. However, evidence of efficacy of 

antioxidant supplementation in patients with Alzheimer’s disease is limited (Shah, 2013). 

1.3.4. Treatment of neuropsychiatric disturbances 

Agitation, psychosis with delusions and hallucinations, depression, apathy and sleep 

disturbances are all commonly encountered in patients with Alzheimer’s disease (Echavarri 

et al., 2013). Neuropsychiatric symptoms impair quality of life for the patient and their 

caregivers, contribute to functional dependence and hasten residential placement (Brodaty 

et al., 2014; Rog et al., 2014). In some cases, the severity of symptoms is sufficient to 

require pharmacological intervention. No drugs are approved by the FDA specifically for 

the treatment of behavioural changes in patients with Alzheimer’s disease. 

Choosing to treat neuropsychiatric symptoms is based on the clinician’s view of the 
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possible benefit and potential harm (Salzman et al., 2008). Best practices for clinical use 

of psychopharmacological agents in Alzheimer’s disease include: defining the target 

symptoms, starting with low doses unless symptoms are very distressing for the patient and 

caregiver (higher doses might be required early if patients are very disturbed or aggressive); 

advancing the dose until symptoms are controlled or adverse effects emerge; limiting the 

duration of treatment as much as possible; and re‑instituting therapy if symptoms recur 

with dose reductions. Vigilance about adverse effects, education of patients and caregivers 

about neuropsychiatric symptoms and their treatment, and management of possible adverse 

effects related to treatment are important. 

1.4. Direction of future research in AD 

Steady incremental progress is being made in understanding the natural history of 

Alzheimer’s disease, particularly the kinetics of evolution of the disease and its interaction 

with co-morbidities (especially cerebrovascular disease) and normal brain ageing. 

Many genetic risk factors for sporadic Alzheimer’s disease are known; the main factor 

is the APOE4 allele, which might predict the rate of clearance of Aβ from the brain. As a 

strong risk factor for Alzheimer’s disease, APOE represents a potential target for future 

disease-modifying therapies. By elucidating how metabolism of APOE is controlled in the 

human CNS, and how the APOE isoforms differ, we will potentially enhance insight into 

the pathophysiology of Alzheimer’s disease, which might ultimately lead to improved 

treatments. Other genetic risk factors seem to modulate the processing of Aβ, and their 

interactions with the effect of APOE will contribute to the development of prognostic 

algorithms. Refinements in predictive algorithms that also use CSF and PET markers of 

preclinical, prodromal and clinical stages of Alzheimer’s disease should improve their 

reliability and increase their applicability in diagnosis and prognosis. 

As a yet, targeting the tau pathway in Alzheimer’s disease has proven intractable, 

which might be attributable to a failure of understanding the relationship between Aβ and 

tau. Quantitative measurement of the physiological and pathological tau will be crucial for 

understanding the pathogenesis of Alzheimer’s disease and other tauopathies. For example, 

we need to know why tau is increased in the CSF of patients with Alzheimer’s disease-
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either by overproduction or impaired clearance-to guide therapeutic targeting. By 

quantifying the changes in tau production and clearance, better estimates of target 

engagement can be made. 

Despite many disappointing clinical trial outcomes, knowledge gained in tackling the 

underlying disease mechanisms will enable future disease-modifying strategies to emerge. 

The increasing number of trials on drug candidates targeting Aβ (Doody et al., 2013; Doody 

et al., 2014; Salloway et al., 2014) has put focus on the need of biomarkers to improve 

diagnostic accuracy and to optimize the chance of identifying clinical benefits of the tested 

drug candidate (Fig. 4). 

 

Figure 4. Potential strategies to manipulate amyloid-β in Alzheimer’s disease. 

 

2. BACE-1 

In view of the role of Aβ in Alzheimer’s disease pathogenesis, the molecular cloning 

of the secretase enzymes became a major goal for their value as drug targets. The 

characteristics of Aβ production and secretase activities in cultured cells allowed the 

development of cell based assays for secretase identification. Five groups independently 

reported the molecular cloning of the β-secretase enzyme, variously named β-site APP 

cleaving enzyme (BACE), Asp2, and memapsin2 (Hussain et al., 1999; Lin et al., 2000; 

Sinha et al., 1999; Vassar et al., 1999; Yan et al., 1999). Although the five groups used 
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different approaches to identify the β secretase (henceforth referred to as BACE-1) they all 

agreed on the same polypeptide sequence, strongly supporting the conclusion that the 

cloned protein was indeed β secretase.  

BACE-1 has all the characteristics predicted for the β-secretase (Vassar et al., 2009); it 

is a 501 aminoacid type 1 transmembrane aspartic protease related to the pepsin family 

(Fig. 5). The BACE-1 catalytic domain contains two signature aspartic protease motifs 

(Asp-Thr/Ser-Gly-Ser/Thr) that form the active site of the enzyme and are oriented in the 

lumen of acidic intracellular compartments for cleaving the β-secretase site of APP. BACE-

1 has highest concentrations in neurons, has the correct sequence specificity and acidic pH 

optimum for enzymatic activity, undertakes β-secretase processing of APP, and increases 

Aβ generation. 

A homologue, BACE-2, was identified with roughly 64% aminoacid similarity to 

BACE-1. The high homology between the two proteases initially suggested that BACE-2 

is also a β- secretase. However, unlike β-secretase, BACE-2 has low neuronal expression 

(Bennett et al., 2000; Laird et al., 2005). Additionally, although BACE-2 can generate Aβ 

in vitro, the preferred BACE-2 cleavage site in APP is within Aβ (Basi et al., 2003; Farzan 

et al., 2000; Fluhrer et al., 2002; Yan et al., 2001), thus precluding the formation of Aβ. 

These results show that BACE-2 is unlikely to be a major β-secretase in the brain, although 

concerns have been raised that BACE-1 inhibitors might also inhibit BACE-2 and cause 

BACE-2-related mechanism-based side-effects. 

 

Figure 5. Primary structure of BACE-1 
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2.1. BACE-1 substrates 

BACE-1−/− phenotypes result from deficient β-secretase processing of BACE-1 

substrates (Fig. 6). Proteomic studies have identified many putative BACE-1 substrates 

potentially involved in neuronal functions (Kuhn et al., 2012; Zhou et al., 2012), in 

accordance with BACE-1 neuronal expression and BACE-1 null neurological phenotypes. 

BACE-1 substrates are primarily type 1 membrane proteins like APP, but other BACE-1 

substrates have complex membrane topology. BACE-1 processing releases an extracellular 

fragment of a given substrate from the cell, which can then interact with another molecule 

on the same (autocrine) or an adjacent (paracrine) cell to either reduce or enhance signal 

transduction or cell–cell interactions. For example, BACE-1 cleavage of type 3 NRG1 

liberates a fragment containing an epidermal growth factor-like domain that interacts with 

EGFR receptors on Schwann cells to initiate the signal for myelination (Fleck et al., 2013; 

Hu et al., 2006; Luo et al., 2011; Willem et al., 2006). In BACE-1−/− mice, reduced 

shedding of NRG1 decreases instructive signals to myelinating cells and causes 

hypomyelination. A second example is BACE-1 processing of CHL1, a type 1 membrane 

protein that plays a part in axon outgrowth and neuronal survival (Heyden et al., 2008; 

Montag-Sallaz et al., 2002). BACE-1 cleavage of CHL1 releases a soluble ectodomain 

fragment that might interact with neuropilin 1 and semaphorin 3A to affect axon guidance, 

thus explaining axon mistargeting in BACE-1 null mice (Hitt et al., 2012; Kuhn et al., 2012; 

Zhou et al., 2012). Although reduced cleavage of many BACE-1 substrates impairs their 

function, deficient cleavage of other substrates might facilitate function. For example, 

JAG1 ligand, which activates the Notch receptor to regulate differentiation of many cell 

types, is also a BACE-1 substrate. Deficient BACE-1 cleavage of JAG1 in BACE-1 

knockout mice elevates cell surface concentrations of JAG1, which in turn leads to 

enhanced Notch activity in neighbouring cells and increased JAG1–Notch signaling 

(Kopan et al., 2009). During early development, enhanced JAG1-Notch activity in radial 

glial neural stem cells favours astrogenesis by reducing neurogenesis (Hu et al., 2013). As 

further BACE-1 substrates and functions are elucidated, the molecular basis of BACE-1−/− 

phenotypes and their relevance to potential mechanism-based toxic effects of BACE-1 
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inhibition will become better understood.  

Many BACE-1 substrates undergo a process called ectodomain shedding, wherein 

they are also cleaved by proteases in the so-called a disintegrin and metalloproteinase 

domain (ADAM) family. The degree to which a given substrate is processed by BACE-1 

compared with an ADAM protease differs depending on the protein. Some substrates are 

almost exclusively cleaved by BACE-1 (eg, SEZ6, APLP1), whereas others are 

predominantly processed by ADAMs (eg, APP, neuroligin 1) (Kuhn et al., 2012; Zhou et 

al., 2012). Therefore, mechanism-based side effects associated with BACE-1 inhibition 

might involve substrates that primarily undergo ectodomain shedding by BACE-1. 

Conversely, BACE-1 inhibition might have less effect on the processing and function of 

other substrates primarily cleaved by ADAM proteases, thus mitigating potential toxic 

effects. 

 

Figure 6. Neuronal substrates of BACE-1. 

 

2.2. BACE-1 inhibitor drugs for Alzheimer’s disease 

In view of the strong in-vivo and in-vitro validation of BACE-1 as the major β-

secretase enzyme in the brain, intense eff orts are underway in both academia and industry 

to develop small-molecule inhibitors of BACE-1. Initial inhibitors were non-cleavable 
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peptide-based transition state analogues modelled after the β-secretase cleavage site of APP 

(Hong et al., 2002; Sinha et al., 1999). In vitro, these sizable peptidomimetic molecules are 

potent BACE-1 inhibitors, mainly because the large open BACE-1 active site evolved to 

bind polypeptide substrates. However, peptidomimetic BACE-1 inhibitors do not possess 

optimum drug-like properties in vivo, such as oral bioavailability, long serum half-life, or 

blood-brain barrier penetration. It has proven challenging to develop nonpeptidic BACE-1 

inhibitors that are large enough to make sufficient contacts and bind with high affinity to 

the active site, yet small enough to have satisfactory pharmacokinetics and achieve 

adequate brain penetration. Additionally, BACE-1 inhibitors must be lipophilic enough to 

cross the plasma and endosomal membranes to reach the luminal BACE-1 active site.  

The x-ray cocrystal structure of BACE-1 with a peptidomimetic BACE-1 inhibitor 

showed crucial inhibitor–enzyme interactions and was a major advance in the development 

of BACE-1 inhibitors (Hong et al., 2000). Soon thereafter, new classes of small-molecule 

BACE-1 inhibitors were designed that possessed improved drug-like properties, including 

low molecular weight, plasma membrane permeability, and enhanced pharmacokinetics 

(Evin et al., 2011; Probst et al., 2012). Unfortunately, these second-generation BACE-1 

inhibitors were unable to achieve sufficiently high brain concentrations, because most were 

substrates of P-glycoprotein, the ATP-dependent drug efflux pump for xenobiotics in the 

blood–brain barrier. 

Recently, poor blood–brain barrier penetration has been solved with the development 

of potent third-generation small-molecule BACE-1 inhibitors that exhibit satisfactory 

pharmacokinetics and robust cerebral Aβ reduction in preclinical animal models (Evin et 

al., 2011; Probst et al., 2012). As a result, several BACE-1 inhibitors have entered clinical 

trials in man (table 2). Most trials are in early phases and little data about them have been 

published. However, early clinical trial results for three compounds have been presented at 

recent meetings and are described below. Other promising treatment approaches for BACE-

1 inhibition, such as anti- BACE-1 antibodies (Atwal et al., 2011; Yu et al., 2011), are in 

preclinical phases and will not be described in the interest of brevity. 

2.3. A FRET based BACE-1 activity assay 
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In most common assay method utilized to study BACE-1 inhibitory activity in vitro is 

the FRET assay. FRET is sensitive and is easily applied in high-throughput screening (HTS) 

for BACE-1 inhibitory compounds. FRET assay principle is shown in Fig. 7. The synthetic 

peptide with a fluorophore (donor group) and a quencher (acceptor group) was used as the 

substrates. In the uncleaved substrate, the fluorescence is quenched due to intramolecular 

resonance energy transfer from the donor group to quenching group. When the substrate is 

cleaved by BACE-1, the fluorescence is not quenched due to the disturbance of the energy 

transfer, and the fluorescent signal can be measured. The increase fluorescent signal is 

linearly related to the rate of proteolysis. While BACE-1 is inhibited by an inhibitor, this 

fluorescent signal is reduced. According to this, HTS of BACE-1 inhibitory compounds 

was performed. 

 
Table 2. Small-molecule BACE-1 inhibitors in clinical trials 

 

 

Figure 7. Principle of FRET based BACE-1 activity assay 
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3. Antioxidant 

Free radicals are common outcome of normal aerobic cellular metabolism. In-built 

antioxidant system of body plays its decisive role in prevention of any loss due to free 

radicals. However, imbalanced defense mechanism of antioxidants, overproduction or 

incorporation of free radicals from environment to living system leads to serious penalty 

leading to neuro-degeneration. Neural cells suffer functional or sensory loss in 

neurodegenerative diseases. Apart from several other environmental or genetic factors, 

oxidative stress (OS) leading to free radical attack on neural cells contributes calamitous 

role to neuro-degeneration. Though, oxygen is imperative for life, imbalanced metabolism 

and excess reactive oxygen species (ROS) generation end into a range of disorders such as 

Alzheimer's disease, Parkinson's disease, aging and many other neural disorders. Toxicity 

of free radicals contributes to proteins and DNA injury, inflammation, tissue damage and 

subsequent cellular apoptosis. Antioxidants are now being looked upon as persuasive 

therapeutic against solemn neuronal loss, as they have capability to combat by neutralizing 

free radicals. Diet is major source of antioxidants, as well as medicinal herbs are catching 

attention to be commercial source of antioxidants at present. Recognition of upstream and 

downstream antioxidant therapy to oxidative stress has been proved an effective tool in 

alteration of any neuronal damage as well as free radical scavenging. Antioxidants have a 

wide scope to sequester metal ions involved in neuronal plaque formation to prevent 

oxidative stress. In addition, antioxidant therapy is vital in scavenging free radicals and 

ROS preventing neuronal degeneration in post-oxidative stress scenario. 

3.1. Neurodegenerative diseases and oxidative stress 

Neurodegenerative diseases comprise a condition in which nerve cells from brain and 

spinal cord are lost leading to either functional loss (ataxia) or sensory dysfunction 

(dementia). Mitochondrial (Mt) dysfunctions and excitotoxicity and finally apoptosis has 

been reported as pathological cause for aging and neurodegenerative diseases such as 

Parkinson’s disease (PD) and Alzheimer’s disease (AD). Neurodegeneration have been 

speculated to be interplay of several factors including environmental and genetic 

predisposition but redox metal abuse occupies central role as most of symptoms stems out 
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from abnormal metal metabolism (Mark et al., 2004). Oxidative stress and free radical 

generation catalyzed by redox metals have been shown to play pivotal role in regulating 

redox reactions in vivo contributing RNS and ROS, main culprits in neurodegeneration 

(Emerit et al., 2004). 

3.1.1. Oxygen and oxidative stress 

Oxygen is vital for all living cells whether neuronal or other kinds of cells taking part 

in tissue formation but on the other hand it is potentially dangerous in excess. Thus, it is 

kept under tight check of complex system that regulates and monitors the usage and uptake 

of this essential element. Oxygen takes part in glucose break down in Mt through oxidative 

phosphorylation and generates energy currency of cell i.e. ATP (Harvey et al., 1999). Mt 

has its own molecular machinery (Mt DNA) for synthesis of enzyme and proteins required 

for oxidative phosphorylation. Any mutation in Mt DNA leads to impaired ATP generation 

and perturbed oxidative phosphorylation cascade that may further lock the neuronal 

function (Guido et al., 2000). Oxidative stress arises due to disturbed equilibrium between 

pro-oxidant/antioxidant homeostasis that further takes part in generation of ROS and free 

radicals those are potentially toxic for neuronal cells. The reason for neuronal cell 

hypersensitivity towards oxidative stress arises due to anatomic and metabolic factors. In 

the brain, various types of glial cells are present and these are involved in anatomic support 

and metabolic requirement. The endothelial cells surrounding these glial cells are less 

permeable for uptake of various molecules and protective cells viz. macrophages compared 

to other endothelial cells in the body. In addition, glial cells in brain require more oxygen 

and glucose consumption to generate continuous ATP pool in vivo for normal functioning 

of brain as it is one of busiest organ to keep all other organs active and under control. That 

makes them more susceptible towards oxygen over load, thus free radical generation 

(Lepoivre et al., 1994). Under physiological condition, 1-2% of O2 consumed is converted 

to ROS but in aged brain this percentage goes up due to reduced surveillance of 

antioxidants and low regenerative capacity of aged brain (Lepoivre et al., 1994). 

3.1.2. ROS: Real Culprits for Neuronal Degeneration 

ROS comprises hydrogen peroxide (H2O2), nitric oxide (NO), superoxide anions and 
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the highly reactive hydroxyl and monoxide radicals (OH·, NO·). Damaged Mt and 

activated microglia acts as reservoir of ROS. Initially ROS generation was believed to be 

an outcome of imbalance between generation and elimination of ROS and RNS but recently 

many chemistries and molecular biology have been discovered regulating ROS those play 

fundamental role in modulating key cellular functions (Klaus et al., 2004). For example, 

Haber Weiss and Fenton reaction initiate the free radical and ROS generation that activates 

mitogen activated protein (MAP) kinase cascade, excitotoxic calcium mobilization and 

finally apoptotic cell death (Hyman et al., 2004). Free radicals have been reported for their 

great contribution to neuronal loss in cerebral ischemia, seizure disorders, schizophrenia, 

Parkinson’s disease and Alzheimer’s disease (Cadet et al., 1998; Demopoulos et al., 1980; 

Pryor et al., 1987; Richardson et al., 1990; Yoshikawa, 1993; Youdim et al., 1994). 

3.1.3. Mechanism of ROS generation 

ROS generation is prerequisite of metabolic system for interacting with organic 

molecules in vivo as interaction of organic molecules with oxygen is energetically 

unfavorable. In all forms of ROS generation, molecular oxygen needs to be activated and 

cellular system have evolved range of metalloenzymes those facilitates ROS generation 

upon interaction of redox metals with O2 using various catalytic pathways. Since free 

radicals are toxic to cells, under normal circumstances, cells have efficient regulating 

system for O2 and metal ion interaction leading to free radicals and ROS generation (Bush 

et al., 2000). 

 

Combining with step I & II 

 

Known as Fenton reaction 

A part from direct ROS generation, there are different in vivo pathways those 

contribute substantively ROS generation by calcium activation with metalloenzymes. 

Calcium is an important signaling molecule and it is required for many cellular responses 

and cell-cell communication. Thus, any disturbance in stimulus and regulation of calcium 

pathway may disrupt the cellular physiology (Angelo et al., 2005). 
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3.1.4. Mechanism of ROS mediated cellular apoptosis 

As evident from terminology, ROS are extremely reactive to different fundamental 

molecules in cellular pool and initiate cascade of reactions at same time that leads to 

neuronal cell death. Oxidative over load in neuronal microenvironment causes oxidation of 

lipids, proteins and DNA and generates many byproducts such as peroxides, alcohols, 

aldehydes, ketones and cholesterol oxide. Most of them are toxic to blood lymphocyte and 

macrophages, paralyzing the in vivo defense system (Ferrari et al., 2000). Cystine, lysine 

and Histidine residues in protein are hot spot for acrolein (oxidatively modified lipid) and 

NHE (Sodium Hydrogen Exchanger) for modification and the cross link these amino acid 

residues via Michael addition as given below (Hyman et al., 2004). 

 

Where B is the Base e.g. NaOH, KOH etc. 

Acrolein hampers glutamate and sugar uptake where as NHE block neuronal ion 

transporters and activates c-Jun and MAP kinase pathways to invoke cellular apoptosis 

(Keller et al., 1997). Protein modification leads to loss of function of enzymes regulating 

oxidative balance in cellular system viz. glutamine synthase, superoxide dismutase. Most 

significant ill effect on neuronal health takes place by dysregulation of intracellular calcium 

signaling pathways initiated by ROS and in recent years heavy evidences suggest role of 

ROS in neuronal cell death (Ermak et al., 2002). Excitotoxic effects initiated by ROS 

induced intracellular calcium influx leads to activation of glutamate receptors and apoptosis 

in Huntington’s, AD and PD. In addition, DNA mutations add further insult after ROS 

mediated modifications (Mattson et al., 2003). 

3.1.5. Metallobiology and Neurodegenerative Diseases (AD, PD) 

Most astounding effect of aging can be described as neurodegeneration associated with 

disturbed metal metabolism. In aged brain, accumulation of redox metals (Copper, Iron and 

Zinc) have been found to substantively increased due to concentration of metals by blood 

brain barrier (BBB) at junction of neuronal environment and blood vessels. This makes 

aged brain more prone to initiate neurodegeneration in vicinity of neuronal cells in brain 
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(Takahashi et al., 2001). 

AD is characterized by Amyloid plaques deposition by chelating Amyloid-β peptide 

(Aβ) with transition metal ions (Cu2+, Zn2+and Fe3+). Toxicity of Aβ is attributed due to 

histidine residues at position 6, 13 and 14 those are structural site for transition metal 

coordination. Binding of Cu2+and Fe3+produces toxic chemical reaction, altering oxidation 

state both the metals, producing H2O2 catalytically in presence of transition metals and 

finally gives toxic OH˙ free radicals (Opazo et al., 2002). One interesting aspect about Aβ 

plaques is that researchers consider Aβ plaques as toxic species responsible for AD but 

latest reports suggest Aβ as a physiological antioxidant and this property is modified due 

to aging. In future this property may be used as potent therapy for AD (Craig et al., 2003).  

PD is characterized by deposition of inclusion bodies (Lewy bodies) of α-synuclein in 

substantia nigra that is ubiquitously expressed in brain and mutation in this principle protein 

is reported in familial forms of AD (Gasser, 2001). Dopamine has a good reputation as 

neurotransmitter but at the same time it is very good metal chelator and electron donor that 

set in vivo conditions for redox metal chemistry to generate toxic free radicals. It has high 

tendency to coordinate with Cu2+ and Fe3+ and reducing metals to initiate Fenton’s 

chemistry to generate H2O2 (Gerard et al., 1994). Evidences indicate that mutations in α-

synuclein protein has a role in modulating the dopamine activity but in negative way that 

initiates neuronal cytoplasmic accumulation and interaction of dopamine with iron, 

engendering ROS production (Lotharius et al., 2002). In addition, mutations in α-synuclein 

support various intracellular pathways those dysregulate dopamine-metal interactions and 

ROS generations. An example is loss of neuromelanin cell from substantia nigra in PD 

patient. Neuromelanin is dark brown pigment with unknown function but strong evidence 

suggest that it accumulates redox metals in aged brain and supposed to be product of 

dopamine redox chemistry (Wakamatsu et al., 2003). 

3.2. Assay methods used to estimate antioxidant capacity 

The methods most commonly used to determine the total antioxidant capacity differ in 

terms of their assay principles and experimental conditions, and fall into two major groups: 

assays based on a single electron transfer reaction, monitored through a change in color as 
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the oxidant is reduced, and assays based on a hydrogen atom transfer reaction, where the 

antioxidant and the substrate (probe) compete for free radicals (Huang et al., 2005). 

Electron transfer reaction assays include the Trolox equivalent antioxidant capacity (TEAC 

or ABTS) assay, the ferric reducing ability of plasma (FRAP) assay, the copper reduction 

(CUPRAC) assay, and the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging 

capacity assay. Hydrogen atom transfer reaction assays include the crocin bleaching assay, 

the total peroxyl radical-trapping antioxidant parameter (TRAP) assay, and the oxygen 

radical absorbance capacity (ORAC) assay (Huang et al., 2005; Prior et al., 2005). Of all 

these methods, ABTS, DPPH and ORAC are among the most widely used. 

ABTS•+ and DPPH• radicals are foreign to biological systems. The ABTS assay 

measures the relative ability of antioxidants to scavenge the ABTS•+ generated in an 

aqueous phase, compared with the Trolox standard. The method is usually expressed as 

Trolox equivalent antioxidant capacity (TEAC). The method is rapid and can be used over 

a wide range of pH values, in both aqueous and organic solvent systems. 

The DPPH• is a stable free radical with an absorption band at 515 nm. This assay 

measures the losses in absorption when DPPH• radical is reduced by an antioxidant or free 

radical species. This method is widely used to determine the antioxidant activity of purified 

phenolic compounds as well as natural plant extracts (Bondet et al., 1997; Brand et al., 

1995; Fukumoto et al., 2000; Mahinda et al., 2000; Peyrat et al., 2000; Sripriya et al., 1996). 

Using this method, the antioxidant activity can be evaluated over time, because most 

phenolic antioxidant reacts slowly with DPPH•, reaching the steady state in 1-6 h (Bondet 

et al., 1997). However, like ABTS, it has limited relevance to biological systems. 

The ORAC-FL assay is said to be more relevant because it uses a biologically relevant 

radical source (Prior et al., 2003). This method measures the ability of antioxidants to 

protect fluorescein (FL) from damage by free radicals. It consists of measuring the decrease 

in the fluorescence of FL when it suffers oxidative damage caused by a source of peroxyl 

radical (ROO•) such as 2,2′-azobis(2-amidino-propane) dihydrochloride (AAPH•). A 

major advantage of ORAC is that the method is automated and largely standardised; hence, 

values can be easily compared across laboratories. Also, the ORAC method is reported to 
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mimic antioxidant activity of phenols in biological systems better than other methods since 

it uses biologically relevant free radicals and integrates both time and the degree of activity 

of antioxidants (Cao et al., 2001; Cao et al., 1996; Ou et al., 2002). 

3.2.1. ABTS 

The antioxidant capacity was estimated in terms of radical-scavenging activity, 

following the procedure described by Delgado-Andrade et al. for MRP and adapted to a 

plate reader. Briefly, the blue-green ABTS•+ was produced by reacting 7 mM ABTS stock 

solution with 2.45 mM potassium persulphate and allowing the mixture to stand in the dark 

at room temperature for 12-16 h before use. The ABTS•+ solution (stable for 2 days) was 

diluted with 5 mM phosphate buffered saline (pH 7.4) to an absorbance of 0.70 ± 0.02 at 

730 nm. 40 μL aliquot of test (buffer, Trolox, or sample) and 200 μL phosphate buffer were 

placed per well in a 96-well microplate. Plate reader automatically dispensed 60 μL of 

ABTS•+ solution. Readings at the absorption maximum (730 nm) were taken every minute 

using a microplate reader thermostated at 37 °C and the reaction was monitored up to 

30 min. Net sample absorbance at 6 min was substituted in the calibration curve. 

Calibration was performed, as described previously, with Trolox standard solutions (50, 

100, 200, and 300 μM). Sample was previously diluted (1/2, 1/10, 1/20, and 1/40) in buffer 

accordingly. All the reaction mixtures were prepared in duplicate, and four independent 

assays were performed for each sample. Limit of quantitation was set at 40 μM. Results 

were expressed as micromolar equivalents of Trolox/g of the sample (Miller et al., 1993). 

3.2.2. DPPH 

Procedure was based on that reported by Delgado-Andrade et al. for MRPs and 

adapted to a plate reader. 40 μL aliquot of test (methanol, Trolox, or sample) and 200 μL 

methanol were placed in a well of a 96-well microplate. Sample was previously diluted in 

water (1/2, 1/10, 1/20, and 1/40) accordingly. Plate reader automatically dispensed 60 μL 

of DPPH solution. Methanolic solution of DPPH (690 mg/L) was daily-prepared and 

absorption at 520 nm was checked to be 1.8 ± 0.02 AU for a tenfold diluted solution in a 

cuvette spectrophotometer (Shimadzu UV-visible 1601 spectrophotometer, Duisburg, 

Germany). Mixture was shaken before readings. DPPH absorption decay was recorded 
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every minute at 520 nm for 60 min until a plateau was recorded. Temperature in the 

measurement chamber was set at 30 °C. The antiradical activity of sample was expressed 

disappearance of the initial purple colour; then the higher the disappearance, the greater the 

antiradical activity. Trolox solutions (50, 100, 200, and 300 μM) were used for calibration 

in every experiment/plate. Sample absorbance, after blank subtraction, at 60 min of 

reaction was substituted in the Trolox calibration curve. All the reaction mixtures were 

prepared in duplicate, and four independent assays were performed for each sample. Limit 

of quantitation was 10 μM. The results were expressed as micromolar equivalents of 

Trolox/g of sample (Brand et al., 1995). 

3.2.3. ORAC 

ROO• scavenging activity was measured by monitoring the fluorescence decay as 

result of ROO•-induced oxidation of fluorescein, known as the oxygen radical absorbance 

capacity (ORAC) assay. The water soluble azo initiator AAPH was applied as a clean and 

controllable source of thermally-produced alkylperoxyl free radicals (ROO•) in aqueous 

media. ROO• are generated by AAPH in a microplate reader at 37 °C. The antiradical 

activity against AAPH was estimated according to the procedure reported by Huang et al. 

slightly modified as Dávalos et al. The reaction was carried out in 75 mM phosphate buffer 

(pH 7.4), and the final reaction mixture was 200 μL. Samples (previously diluted at 1/2, 

1/5, 1/10, 1/20 and 1/40) or Trolox (20 μL) and fluorescein (120 μL; 70 nM, final 

concentration) solutions were placed in each well of a black 96-well polystyrene microplate. 

The mixture was pre-incubated for 15 min at 37 °C on the microplate reader. AAPH 

solution (60 μL; 18 mM, final concentration) was added rapidly using the plate reader 

dispenser, the microplate was shaken for 15 s and the fluorescence was recorded every 

minute for 90 min at 485 and 528 nm excitation and emission wavelengths, respectively. A 

blank (fluorescein + AAPH) using phosphate buffer instead of the sample solution and 

eight calibration solutions using Trolox (10, 20, 30, and 40 μM, final concentration) as 

antioxidant were also carried out in each assay. Limit of quantitation was set at 5 μM. All 

the reaction mixtures were prepared in duplicate, and four independent assays were 

performed for each sample (Dávalos et al., 2004). 
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INTRODUCTION 

Life under aerobic conditions is characterized by continuous production of free radicals. 

Various reactive oxygen species (ROS), such as singlet oxygen (1O2), superoxide anion 

(O2–), hydrogen peroxide (H2O2), and hydroxyl radical (HO–), are generated as byproducts 

during the aerobic metabolisms in cells (Apel et al., 2004; Valko et al., 2007). Reactive 

oxygen is essential to energy supply, detoxification, chemical signaling, and immune 

function (Alfadda et al., 2012; Valko et al., 2007). If the production of free radicals exceeds 

the antioxidant capacity of a living system, free radicals attack targets in biological cells 

and cause numerous disorders and diseases, such as brain dysfunction, cardiovascular 

diseases, cancers, immune system decline, or Alzheimer’s disease, an age-related 

neurological disorder (Alfadda et al., 2012; Valko et al., 2007). Antioxidants can prevent 

oxidative damages and also reduce the risks of numerous diseases (Rajendran et al., 2014; 

Willcox et al., 2004). They are molecules which can safely interact with free radicals and 

terminate the chain reaction before vital molecules are damaged. Antioxidants inhibit 

oxidation of other molecules by limiting the initiation. 

Several synthetic drugs, such as butylated hydroxytoluene (BHT) and butylated 

hydroxyanisole (BHA), have been introduced to treat various diseases or disorders (Kapoor 

et al., 2009). However, their therapeutic effects is low and most of them have undesirable 

side effects (Shebis et al., 2013). Natural antioxidants have been proposed as an effective 

therapeutic. Their protective effects have been attributed to their scavenging free radicals 

(Kameoka et al., 1999). According to the World Health Organization (2005), 

approximately 80% of the world’s people rely on traditional medicine to meet their primary 

health care needs, and most of this therapy involves the use of natural extracts and their 
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active components. 

Insects and insect-derived products have been suggested as a significant untapped 

source of novel therapeutic drugs such as antimicrobials, as well as anticancer, 

antiangiogenesis and anticoagulant factors, and wound healing agents (Cherniak et al., 

2010; Costa et al., 2005; Dossey et al., 2010; Meyer et al., 2017; Ratcliffe et al., 2011; 

Srivastava et al., 2009; Zimian et al., 1997), although almost half the drugs currently on 

the market are derived from plants or microbes (Dossey et al., 2010; Ratcliffe et al., 2011). 

This approach is appealing, in part, because they are sources of bioactive compounds and 

that often act at multiple, novel target sites (Dossey et al., 2010; Ratcliffe et al., 2011), 

thereby reducing the potential for resistance to antibiotics in bacteria and human 

immunodeficiency virus (Costo et al., 2003; Kingston et al., 2011; Meyer et al., 2017). 

Entomotherapy for use of insects for therapeutic purposesn was termed by Costo-Neto 

(2003). An estimated commercial value of insect-related products is over 100 million USD. 

Insect-derived medicines may come from adult insects or larvae bodies, insect eggs, insect 

egg shells, exuvium, cocoons, secretions and toxins of insects, or the insect body infected 

with fungi (Feng et al., 2009). Previous studies have shown that an ethanol extract from 

the whole body of adults of the mealworm beetle, Tenebrio molitor (Coleoptera: 

Tenebrionidae), possessed good radical scavenging activity. However, no previous studies 

have investigated the potential use of T. molitor for managing various diseases or disorders 

caused by free radicals, although this edible insect larvae is gaining attention as a source of 

protein for food purposes worldwide (Van, 2013). In addition, the Ministry of Food and 

Drug Safety (MFDS) of Korea approved T. molitor larvae as a food resource. The modern 

trends in the development of the utilization and commercialization of insect resources has 

been reviewed by Zhang et al. (2008). 

The aim of this study was to assess whether the 9 constituents extracted from the whole 

bodies of T. molitor adults and 64 structurally related compounds had antioxidant activity 

in comparison with three positive controls, the natural hydrophilic ketolactone antioxidant 

ascorbic acid (Du et al., 2012), and the natural hydrophilic polyphenolic antioxidant 
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epigallocatechin gallate (EGCG) (Frei et al., 2003), and the synthetic fat-soluble phenolic 

antioxidant BHT (Yehye et al., 2015), using a 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay. 
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MATERIALS AND METHODS 

1.1. Instrumental analysis 

The 1H and 13C nuclear magnetic resonance (NMR) spectra were recorded in CDCl3, 

MeOD, or DMSO-d6 on an AVANCE 600 spectrometer (Bruker, Rheinspettem, Germany) 

at 600 and 150 MHz, respectively, using tetramethylsilane as an internal standard. The 

chemical shifts are given in δ (ppm). Distortionless enhancement polarization transfer 

(DEPT) spectra were acquired using the Bruker software. The ultraviolet (UV) spectra were 

obtained in acetonitrile or methanol on a Kontron UVICON 933/934 spectrophotometer 

(Milan, Italy), the mass spectra on a Jeol JMS-DX 303 spectrometer (Tokyo, Japan). Silica 

gel 60 (0.063–0.2 mm) (Merck, Darmstadt, Germany) was used for column 

chromatography. Merck precoated silica gel plates (Kieselgel 60 F254) were used for 

analytical thin-layer chromatography (TLC). Merck preparative TLC plates (2 mm 

thickness), an Isolera One medium-pressure liquid chromatograph (MPLC) (Biotage, 

Uppsala, Sweden), and an Agilent 1200 series high-performance liquid chromatograph 

(HPLC) (Agilent, Santa Clara, CA, USA) were used to isolate the active compounds. 

 

1.2. Materials and reagents 

The 9 commercially available organic pure compounds identified in T. molitor adults 

and 64 structurally related compounds are listed in Table 3, along with their sources and 

purities. For the quantitative structure-activity relationship (QSAR) analysis, values of 

molecular weight (MW), hydrophobic parameter (log P), and steric effects for the test 

compounds were obtained from ChemDraw Professional 16.0 (Cambridge Soft 

Corporation, Cambridge, MA, USA) and recorded in the table. Molecular refraction (MR) 

was used as the parameter for describing steric effects. Three commercially-available 

antioxidant agents ascorbic acid, butylated hydroxytoluene, and epigallocatechin gallate 

(EGCG) were supplied by Sigma-Aldrich. 2,2-Diphenyl-1-picrylhydrazyl (DPPH) was 

purchased from Sigma-Aldrich. All of the other chemicals and reagents used in this study 

were of analytical grade quality and are available commercially. 
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Table 3. Values of physical parameters of the 77 organic pure compounds examined 

in this study for antioxidant activity 

Compound MWa Log Pb MRc Sourced Purity(%) 

Protocatechuic acid 154.00 0.81 35.72 TCI >98 

β-sitosterol 414.00 8.14 130.21 S-A ≥95 

Terrein 154.00 -0.59 43.35 S-A ≥99 

α- tocopherol 430.38 9.98 139.21 S-A ≥96 

Ascorbic acid 176.03 -3.36 36.61 S-A ≥99 

Butylated hydroxytoluene (BHT) 220.18 5.54 72.34 S-A ≥99 

Epigallocatechin gallate (EGCG) 458.08 2.07 110.79 S-A ≥98 

Caproic acid C6:0 116.08 1.60 30.51 TCI >98 

Octanoic acid C8:0 144.12 1.43 39.70 S-A ≥98 

Nonanoic acid C9:0 158.13 2.85 44.30 TCI >98 

Decanoic acid C10:0 172.15 3.27 48.90 TCI >98 

Undecanoic acid C11:0 186.16 3.69 53.50 TCI >98 

Lauric acid C12:0 200.18 4.10 58.11 TCI >98 

Tridecanoic acid C13:0 214.19 4.52 62.70 TCI >98 

Myristic acid C14:0 228.21 4.94 67.31 TCI >99 

Pentadecanoic acid C15:0 242.22 5.35 71.90 TCI >98 

Palmitic acid C16:0 256.24 5.77 76.49 TCI >99.5 

Heptadecanoic acid C17:0 270.26 6.19 81.09 TCI >98 

Stearic acid C18:0 284.27 6.61 85.69 TCI >98 

Arachidic acid C20:0 312.30 7.44 94.89 TCI >98 

Behenic acid C22:0 340.33 8.28 104.09 TCI >99 

Lignoceric acid C24:0 368.37 9.11 113.29 TCI >96 

Undecylenic acid (cis-10) C11:1 184.15 3.67 55.35 TCI >98 

cis-5-dodecenoic acid C12:1 198.16 3.78 59.46 S-A ≥99 

Myristoleic acid (cis-9) C14:1 226.19 4.62 68.66 S-A ≥99 

cis-10-pentadecenoic acid C15:1 240.21 5.33 73.75 S-A ~98 

Palmitoleic acid (cis-9) C16:1 254.22 5.45 77.86 TCI >98 
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Continued      

cis-10-heptadecenoic acid C17:1 268.24 6.17 82.95 S-A ≥99 

Oleic acid (cis-9) C18:1 282.26 6.29 87.06 S-A ≥99 

Elaidic acid (trans-9) C18:1 282.26 6.29 87.06 TCI >97 

cis-11-vaccenic acid C18:1 282.26 6.29 87.06 S-A ≥97 

Linoleic acid (cis-9,12) C18:2 280.24 5.97 88.42 S-A ≥99 

Linolenic acid (cis-9,12,15) C18:3 278.22 5.65 89.79 TCI >98 

cis-10-nonadecenoic acid C19:1 296.27 6.70 91.66 S-A ≥99 

Gadoleic acid (cis-9) C20:1 310.29 7.12 96.26 S-A ≥98 

cis-11-eicosenoic acid C20:1 310.29 7.12 96.26 S-A ≥99 

cis-11,14-eicosadienoic acid C20:2 308.27 6.80 97.62 S-A ≥98 

cis-8,11,14-eicosatrienoic acid C20:3 306.26 6.48 98.98 TCI >98 

Arachidonic acid (cis-5,8,11,14) C20:4 304.24 6.16 100.35 S-A >95 

cis-13-erucic acid C22:1 338.32 7.96 105.45 S-A ≥99 

cis-13,16-docosadienoic acid C22:2 336.30 7.64 106.82 S-A ~99 

cis-13,16,19-docosatrienoic acid C22:3 334.29 7.32 108.18 S-A ~98 

Nervonic acid (cis-15) C24:1 366.35 8.79 114.65 TCI >95 

Ethyl oleate 310.29 6.89 97.29 TCI >95 

Ethyl linoleate 308.27 6.57 98.66 TCI >97 

Ethyl palmitate 284.27 6.37 86.73 S-A ≥99 

Methyl oleate 296.27 6.55 92.49 TCI >99 

Methyl linoleate 294.26 6.23 93.86 TCI >98 

Kaempferol 286.05 2.25 77.54 TCI >97 

Catechin 290.08 1.50 74.05 TCI >97 

Galangin 270.05 1.13 72.88 S-A ≥98 

Quercetin 302.04 0.35 76.51 TCI >96 

isoquercetin 464.10 -1.39 109.79 S-A ≥98 

Robinetin 302.04 0.35 76.51 Ext ≥99 

Fisetin 286.05 0.74 74.70 S-A ≥98 

Luteolin 286.05 1.51 75.32 S-A ≥98 



 

- 36 - 

 

Continued      

Acacetin 284.07 2.17 78.94 S-A ≥97 

Kaempferide 286.05 0.74 74.70 TCI >96 

3-hydroxyflavone 238.06 1.91 69.26 TCI >98 

Laricitrin 332.05 0.22 83.76 Ext ≥99 

Myricetin 318.04 -0.04 78.33 TCI >97 

Rutin 610.15 -2.28 141.69 S-A ≥94 

Morin 302.04 0.35 76.51 TCI >90 

Flavone 222.07 3.07 68.07 TCI >98 

5-hydroxyflavone 238.06 2.68 69.88 S-A ≥97 

7-hydroxyflavone 238.06 2.68 69.88 TCI >97 

Chrysin 330.07 1.65 88.01 TCI >98 

8-methoxyflavone 252.08 2.95 75.32 S-A ≥98 

Flavanone 224.08 2.80 66.23 TCI >98 

Naringin 580.18 -1.10 137.52 TCI >90 

Fustin 288.06 0.97 73.62 Ext ≥99 

Taxifolin 304.06 0.58 75.43 S-A ≥85 

Daidzein 254.06 2.13 69.93 S-A ≥98 

Formononetin 254.06 2.13 69.93 S-A ≥99 

Genistein 270.05 1.74 71.74 S-A ≥98 

Biochanin 284.07 2.01 77.18 S-A ≥98 

Coumestrol 268.04 2.05 69.30 S-A ≥95 

a Molecular weight. 

b Hydrophobic parameter expressed as the log of the octanol/water partition coefficient. 

c Parameter for steric effects as described using molecular refraction. 

d S-A, Sigma-Aldrich (St. Louis, MO, USA); and TCI, Tokyo Chemical Industry (Tokyo, 

Japan); and Ext, Extrasynthese (Lyon area, France). 

 

  



 

- 37 - 

 

1.3. Insect materials 

Air-dried adults of T. molitor were supplied by the Korea Beneficial Insects Laboratory 

(Gokseong, Jeonnam, Republic of Korea (ROK)) in August 2014. A voucher specimen 

(TM-AW-01) was deposited in the Research Institute of Agriculture and Life Sciences at 

Seoul National University. 

 

1.4. DPPH radical scavenging activity assay in vitro 

DPPH radical scavenging activity was evaluated according to the method of Oliveira 

et al., (2012). The electron donation ability of natural products can be measured by DPPH 

radical purple-colored solution bleaching. Each concentration of the test sample in 50 μL 

of methanol was added to 100 μL of 0.4 mM DPPH solution in 96-well microplates. After 

incubation at room temperature for 30 min, the mixture was determined by measuring the 

absorbance at 518 nm using a VersaMAx microplate reader (Molecular Devices, Sunnyvale, 

CA, USA). Ascorbic acid served as a positive control and was likewise formulated. 

Negative controls consisted of methanol solution only. 

 

1.5. Bioassay-guided fractionation and isolation 

The air-dried adults (16.9 kg) of T. molitor was pulverized, extracted with ethanol (3 × 

5 L) at room temperature for 2 days, and filtered. The combined filtrate was concentrated 

to dryness by rotary evaporation at 40 ℃ to yield approximately 2.444 kg of a dark 

yellowish red tar. The extract (20 g) was sequentially partitioned into hexane- (11.93 g), 

chloroform- (0.25 g), ethyl acetate- (0.21 g), butanol- (1.83 g), and water-soluble (5.78 g) 

portions for subsequent bioassay (Fig. 8). This fractionation procedure was repeated 40 

times. The organic solvent-soluble portions were concentrated under vacuum at 40 ℃, and 

the water-soluble portion was concentrated at 50 ℃. To isolate the active constituents, 0.5–

1 mg/mL of each T. molitor adult-derived fraction was tested in a DPPH assay, as described 

previously (Lv et al., 2008). 
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Figure 8. Solvent fractionation procedure of ethanol extract from adults of Tenebrio 

molitor. 
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The most biologically active hexane-soluble fraction (10 g) was chromatographed on 

a 5.5 × 70 cm silica gel (600 g) column by elution with a gradient of chloroform and 

methanol [100:0 (2.5 L), 99:1 (2 L), 98:2 (2 L), 95:5 (2 L), 90:10 (2 L), 70:30 (2 L), 50:50 

(1 L), 40:60 (2 L), and 0:100 (0.9 L) by volume] to afford 87 fractions (each approximately 

180 mL) (Fig. 9). The column fractions were monitored by TLC on silica gel plates 

developed with a chloroform and methanol (95:5 by volume) mobile phase. Fractions with 

similar Rf values on the TLC plates were pooled. The spots were detected by spraying the 

plates with 2% H2SO4 and then heating the samples on a hot plate. Active fractions 1–7 

(H1), 22–31 (H4) and 32–50 (H5) were obtained. Fraction H1 was separated by MPLC 

with a UV detector at 254 and 365 nm and a SNAP column cartridge (25 g silica gel) with 

a column volume of 22 mL and then elution with a gradient of chloroform and methanol 

[100:0 (300 mL), 99:1 (440 mL), 98:2 (210 mL), 95:5 (690 mL), and 0:100 (200 mL) by 

volume] at a flow rate of 20 mL/min to provide 92 fractions (each approximately 20 mL). 

The column fractions were monitored by TLC on silica gel plates, as stated previously. 

Active fractions 37–58 (H13) were obtained. The active fraction H4 was separated by 

MPLC with a UV detector at 254 and 365 nm and a column cartridge (100 g silica gel) with 

a volume of 132 mL by elution with a gradient of chloroform and methanol [100:0 (1.5 L), 

99:1 (1.2 L), 98:2 (0.8 L), 97:3 (1.7 L), 95:5 (1.0 L), 90:10 (1.8 L), 85:15 (0.8 L), 80:20 (1 

L), 70:30 (1.1 L), 60:40 (0.7 L), and 0:100 (1 L) by volume] at a flow rate of 40 mL/min 

to provide 70 fractions (each approximately 180mL). The column fractions were monitored 

by TLC on silica gel plates, as stated previously. Active fractions 9–23 (H42) were obtained. 

Another active fraction H5 was separated by MPLC with a UV detector at 254 and 365 nm 

and a column cartridge (100 g silica gel) with a volume of 132 mL by elution with a gradient 

of chloroform and methanol [100:0 (0.5 L), 99:1 (1 L), 98:2 (0.4 L), 95:5 (1.1 L), 90:10 

(1.2 L), 80:20 (1 L), 60:40 (0.2 L), and 0:100 (0.54 L) by volume] at a flow rate of 30 

mL/min to provide 51 fractions (each approximately 180mL). The column fractions were 

monitored by TLC on silica gel plates, as stated previously. Active fractions 5–19 (H52) 

were pooled and separated by MPLC with a UV detector at 254 and 365 nm and a column 

cartridge (25 g silica gel) with a volume of 22 mL by elution with a gradient of chloroform 
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and methanol [100:0 (270 mL), 99:1 (400 mL), 98:2 (150 mL), 95:5 (380 mL), 90:10 (180 

mL), and 0:100 (140 mL) by volume] at a flow rate of 20 mL/min to provide 76 fractions 

(each approximately 20 mL). The column fractions were monitored by TLC on silica gel 

plates, as stated previously. Active fractions 10–23 (H522) was obtained. A preparative 

HPLC was used to separate the constituents from active fractions H13, H42 and H522. The 

column was a 7.8 mm i.d. × 300 mm μBondapak C18 (Waters, Milford, MA, USA) with a 

mobile phase of methanol and water (85:15 and 90:10 by volume, respectively) at a flow 

rate of 1 mL/min. Chromatographic separation was monitored using a UV detector at 242, 

233 and 384 nm, respectively. Finally, two active compounds 1 (6.81 mg) from H13, 2 

(9.45 mg) from H42 and 3 (11.9 mg) from H522 were isolated at retention times of 15.61 

min (Fig. 10), 26.45 min (Fig. 11) and 11.63 min (Fig. 12), respectively. 

 

 
Figure 9. Procedures to isolate DPPH inhibitory compounds from hexane-soluble 

fraction of ethanol extract from adults of Tenebrio molitor. 
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Figure 10. HPLC chromatogram of compound 1. 

 

 

 

Figure 11. HPLC chromatogram of compound 2. 
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Figure 12. HPLC chromatogram of compound 3. 

 

The chloroform-soluble fraction (10.13 g) was separated by MPLC with a UV detector 

at 254 and 365 nm and a SNAP column cartridge (340 g silica gel) with a volume of 510 

mL by elution with a gradient of chloroform and methanol [100:0 (0.7 L), 99:1 (1.8 L), 

98:2 (2 L), 90:10 (1.8 L), 70:30 (3.3 L), 50:50 (1.1 L), 40:60 (1.7 L), and 0:100 (0.9 L) by 

volume] at a flow rate of 50 mL/min to provide 74 fractions (each approximately 180 mL) 

(Fig. 13). The column fractions were monitored by TLC on silica gel plates developed with 

chloroform and methanol (95:5 by volume) mobile phase, as stated previously. Active 

fractions 9–25 (C2), 26–40 (C3), and 41–57 (C4) were obtained. Fraction C2 was separated 

by MPLC with a UV detector at 254 and 365 nm and a column cartridge (100 g silica gel) 

with a volume of 132 mL by elution with a gradient of chloroform and methanol [100:0 

(370 mL), 99:1 (410 mL), 98:2 (540 mL), 95:5 (330 mL), 90:10 (710 mL), 80:20 (390 mL), 

60:40 (490 mL), and 0:100 (300 mL) by volume] at a flow rate of 25 mL/min to provide 

177 fractions (each approximately 20 mL). The column fractions were monitored by TLC 

on silica gel plates, as stated previously. Active fractions 22–47 (C23) were pooled and 

purified by preparative TLC with chloroform and methanol (95:5 by volume) to yield active 

fraction C234. A preparative HPLC was used to separate the constituent from fraction C234. 
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The column was a 7.8 mm i.d. × 300 mm μBondapak C18 with a mobile phase of methanol 

and water (9:1 by volume) at a flow rate of 1 mL/min. Chromatographic separation was 

monitored using a UV detector at 254 nm. Finally, an active constituent 4 (6.4 mg) was 

isolated at a retention time of 9.87 min (Fig. 14). Fraction C3 was separated by MPLC with 

a UV detector at 254 and 365 nm and a column cartridge (100 g silica gel) with a volume 

of 132 mL by elution with a gradient of chloroform and methanol [100:0 (0.7 L), 98:2 (1.3 

L), 96:4 (0.6 L), 95:5 (0.4 L), 90:10 (1.7L), 80:20 (1.5 L), 40:60 (1.4 L), and 0:100 (0.9 L) 

by volume] at a flow rate of 40 mL/min to provide 47 fractions (each approximately 180 

mL). The column fractions were monitored by TLC on silica gel plates developed with a 

chloroform and methanol (9:1 by volume) mobile phase. Active fractions 7–11 (C32) were 

pooled and purified by preparative TLC with chloroform and methanol (9:1 by volume) to 

yield two active fractions C322 and C324. A preparative HPLC was used to separate the 

constituent from fractions C322 and C324, as stated previously. Chromatographic 

separation was monitored using a UV detector at 243 and 210 nm, respectively, using a 

mobile phase of methanol and water (95:5 by volume) at a flow rate of 1 mL/min. Finally, 

two active constituents 5 (17.31 mg) from C322 and 6 (5.93 mg) from C324 were isolated 

at retention times of 12.11 min (Fig. 15) and 20.81 min (Fig. 16), respectively. Another 

active fraction C4 was separated by MPLC with a UV detector at 254 and 365 nm and a 

column cartridge (100 g silica gel) with a volume of 132 mL by elution with a gradient of 

chloroform and methanol [100:0 (100 mL), 99:1 (350 mL), 98:2 (440 mL), and 90:10 (470 

mL), and 0:100 (200 mL) by volume] at a flow rate of 30 mL/min to provide 78 fractions 

(each approximately 20 mL). The column fractions were monitored by TLC on silica gel 

plates developed with a chloroform and methanol (9:1 by volume) mobile phase. Active 

fractions 8–23 (C43) were pooled and was separated by MPLC with UV detector and a 

column cartridge (25 g silica gel) with a volume of 22 mL by elution with a gradient of 

chloroform and methanol [100:0 (100 mL), 98:2 (220 mL), 90:10 (310 mL), 80:20 (300 

mL), 60:40 (210 mL), and 0:100 (200 mL) by volume] at a flow rate of 20 mL/min to 

provide 67 fractions (each approximately 20mL). The column fractions were monitored by 

TLC on silica gel plates developed with a chloroform and methanol (95:5 by volume) 
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mobile phase. Active fractions 10–32 (C432) was pooled and purified by preparative TLC 

with chloroform and methanol (8:2 by volume) to yield an active fraction C4322. A 

preparative HPLC was used to separate the constituent from fractions C4322, as stated 

previously. Chromatographic separation was monitored using a UV detector at 230 nm, 

with a mobile phase of methanol and water (80:20 by volume) at a flow rate of 1 mL/min. 

Finally, an active constituent 7 (17.9 mg) was isolated at a retention time of 11.17 min (Fig. 

17). 

 
Figure 13. Procedures to isolate DPPH inhibitory compounds from chloroform-

soluble fraction of ethanol extract from adults of Tenebrio molitor. 
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Figure 14. HPLC chromatogram of compound 4. 

 

 

Figure 15. HPLC chromatogram of compound 5. 
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Figure 16. HPLC chromatogram of compound 6. 

 

 

Figure 17. HPLC chromatogram of compound 7. 

 

The ethyl acetate-soluble fraction (5.19 g) was separated by MPLC with a UV detector 

at 254 and 365 nm and a column cartridge (340 g silica gel) with a volume of 510 mL. 

Separation was achieved with a gradient of chloroform and methanol [100:0 (800 mL), 
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99:1 (924 mL), 97:3 (1211 mL), 95:5 (762 mL), 90:10 (2139 mL), 80:20 (673 mL), 70:30 

(1752 mL), 60:40 (910 mL), and 0:100 (1089 mL)] at a flow rate of 50 mL/min to provide 

57 fractions (each approximately 180 mL) (Fig. 18). The column fractions were monitored 

by TLC on silica gel plates developed with chloroform and methanol (95:5 by volume) 

mobile phase, as stated previously. Active fraction 1–5 (E1) was obtained. Fraction E1 was 

purified by preparative TLC with chloroform and methanol (95:5 by volume) to yield active 

fraction E13. A preparative HPLC was used to separate the constituent from fraction E13, 

as stated previously. Chromatographic separation was monitored using a UV detector at 

242 nm, with a mobile phase of methanol and water (85:15 by volume) at a flow rate of 1 

mL/min. Finally, an active compound 8 (11.28 mg) was isolated at a retention time of 11.85 

min (Fig. 19).  
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Figure 18. Procedures to isolate DPPH inhibitory compounds from ethyl acetate-

soluble fraction of ethanol extract from adults of Tenebrio molitor. 

 

 

 

Figure 19. HPLC chromatogram of compound 8. 
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The butanol-soluble fraction (5.72 g) was separated by MPLC with a UV detector at 

254 and 365 nm and a SNAP column cartridge (100 g silica gel) with a volume of 123 mL 

by elution. Separation was achieved with a gradient of chloroform and methanol [100:0 

(200 mL), 99:1 (410 mL), 97:3 (250 mL), 95:5 (370 mL), 90:10 (520 mL), 80:20 (440 mL), 

70:30 (300 mL), 40:60 (370 mL), and 0:100 (400 mL) by volume] at a flow rate of 30 

mL/min to provide 163 fractions (each approximately 20 mL) (Fig. 20). The column 

fractions were monitored by TLC on silica gel plates developed with a chloroform and 

methanol (9:1 by volume) mobile phase, as stated previously. Active fraction 1–17 (B1) 

was obtained. Fraction B1 was separated by MPLC with UV detector at 254 and 365 nm 

and a column cartridge (100 g silica gel) with a volume of 132 mL by elution with a gradient 

of chloroform and methanol [100:0 (150 mL), 98:2 (410 mL), 95:5 (200 mL), 90:10 (480 

mL), 80:20 (320 mL), and 0:100 (300 mL) by volume] at a flow rate of 30 mL/min to 

provide 93 fractions (each approximately 20 mL). Active fractions 12–21 (B12) were 

pooled and purified by preparative TLC with chloroform and methanol (9:1 by volume) to 

yield active fraction B122. A preparative HPLC was used to separate the constituent from 

fraction B122, as stated previously. Chromatographic separation was monitored using a 

UV detector at 260 nm, with a mobile phase of methanol and water (8:2 by volume) at a 

flow rate of 1 mL/min. Finally, an active compound 9 (4.12 mg) was isolated at a retention 

time of 11.54 min (Fig. 21).  
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Figure 20. Procedures to isolate DPPH inhibitory compounds from butanol-soluble 

fraction of ethanol extract from adults of Tenebrio molitor 

 

 

Figure 21. HPLC chromatogram of compound 9.
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1.6. Data analysis 

The fifty percent inhibitory concentration (IC50) was defined as the concentration of 

the compound that resulted in a 50% loss of DPPH activity. The IC50 values were 

determined using a GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA, USA). 

The IC50 values for the treatments were considered significantly different from one another 

when their 95% confidence limits (CLs) did not overlap. The results are expressed as the 

means  standard errors (SEs) of triplicate samples from three independent experiments. 
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RESULTS 

1.7. Radical DPPH scavenging assay-guided fractionation and identification 

The fractions obtained from solvent partitioning of the ethanol extract from adults of 

T. molitor were examined for antioxidant activity using a DPPH radical scavenging assay 

(Table 4). Significant differences in antioxidant activity were observed among the fractions. 

As judged by the 24 h IC50 values, the hexane-, ethyl acetate-, chloroform-, and butanol-

soluble fractions showed potent antioxidant activity. The antioxidant activity of the water-

soluble fraction was the lowest of any of the fractions tested. Therefore, the four active 

fractions were used to identify the peak activity fractions for the next step in the purification. 

Overall, all the fractions were less active than ascorbic acid. 

 

Table 4. In vitro antioxidant activity of each subfraction obtained from the solvent 

partitioning of the ethanol extract of Tenebrio molitor adults using a DPPH radical 

scavenging assay 

a CL denotes confidence limit. 

b Pearson’s chi-square goodness-of-fit test. 

c Fraction. 

Material IC50, mg/mL (95% CLa) Slope  SE χ2b P-value 

T. molitor ethanol extract 0.095 (0.072–0.118) 0.7  0.19 2.56 0.973 

Hexane-soluble fr.c 0.042 (0.031–0.053) 2.7  0.84 2.35 0.989 

Chloroform-soluble fr.c 0.057 (0.049–0.065) 2.3  0.41 3.17 0.993 

Ethyl acetate-soluble fr.c 0.088 (0.073–0.103) 1.1  0.53 1.13 0.982 

Butanol-soluble fr.c 0.047 (0.033–0.061) 1.4  0.47 1.49 0.995 

Water-soluble fr.c 0.197 (0.185–0.209) 1.4  0.31 1.77 0.983 
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The antioxidant activity of each subfraction derived from the hexane-, chloroform-, 

ethyl acetate-, and butanol-soluble fractions is given in Tables 5, 6, 7, and 8, respectively. 

 

Table 5. In vitro antioxidant activity of each subfraction from the hexane-soluble 

fraction derived from adults of Tenebrio molitor using a DPPH radical scavenging 

assay 

No. Fraction 
Antioxidant activity (%) 

50μg of sample 100μg of sample 

1 H1 87.4±1.65 93.5±0.91 

2 H2 48.5±0.82 66.5±2.37 

3 H3 65.4±1.63 79.9±1.79 

4 H4 61.2±0.96 75.2±2.54 

5 H5 81.8±1.63 92.6±0.75 

6 H6 47.3±1.17 63.7±2.61 

7 H7 31.9±2.67 42.3±1.13 

8 H11 42.5±1.36 57.1±0.39 

9 H12 56.3±0.83 69.7±1.51 

10 H13 90.8±1.39 98.5±0.72 

11 H14 71.2±1.64 83.4±1.79 

12 H41 64.2±0.49 73.6±0.99 

13 H42 82.3±0.93 85.7±1.21 

14 H43 78.1±1.62 84.5±2.30 

15 H44 52.5±0.93 67.1±3.17 

16 H51 23.7±0.45 47.6±0.83 

17 H52 92.1±0.39 100 

18 H53 68.3±3.02 79.3±0.86 

19 H54 48.7±1.58 59.8±0.61 

20 H521 41.9±0.82 67.3±1.35 

21 H522 97.1±0.47 100 

22 H523 65.3±0.77 76.8±1.92 

23 H524 24.8±0.46 51.7±4.11 
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Table 6. In vitro antioxidant activity of each subfraction from the chloroform-soluble 

fraction derived from adults of Tenebrio molitor using a DPPH radical scavenging 

assay 

 

No. Fraction 
Antioxidant activity (%) 

50μg of sample 100μg of sample 

1 C1 47.3±0.86 59.8±1.23 

2 C2 89.5±0.75 97.4±0.91 

3 C3 86.3±1.45 94.3±0.37 

4 C4 73.4±1.25 81.8±0.69 

5 C5 63.9±1.77 79.2±0.93 

6 C21 61.8±0.32 69.5±0.76 

7 C22 42.3±1.66 56.7±0.86 

8 C23 90.2±2.57 97.4±1.12 

9 C24 75.4±1.33 84.5±1.26 

10 C25 67.8±0.74 73.6±0.55 

11 C26 31.2±0.63 47.9±0.11 

12 C27 - - 

13 C31 19.3±4.74 29.9±1.45 

14 C32 92.5±0.88 99.4±0.25 

15 C33 67.4±1.39 79.2±2.16 

16 C34 64.1±0.25 78.3±1.77 

17 C41 69.5±0.86 78.6±1.27 

18 C42 43.8±1.35 58.7±2.38 

19 C43 79.3±0.74 84.8±1.36 

20 C44 51.2±1.39 56.7±0.21 

21 C231 - - 

22 C232 44.5±3.74 54.8±1.93 

23 C233 69.4±1.28 78.1±0.63 

24 C234 95.3±0.78 100 

25 C235 31.7±0.54 49.3±1.76 

26 C321 67.4±1.94 79.8±0.35 

27 C322 88.3±0.56 97.1±1.29 

28 C323 69.9±1.18 81.2±0.35 

29 C324 85.5±0.35 91.5±0.91 

30 C325 - - 

31 C431 41.5±1.26 59.3±1.75 

32 C432 67.5±1.52 76.2±0.39 

33 C433 77.4±1.99 83.1±0.78 

34 C4321 29.4±0.33 37.5±1.29 

35 C4322 69.7±0.97 75.9±1.23 

36 C4323 64.8±1.84 78.5±0.93 

37 C4324 57.1±2.96 73.3±0.29 
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Table 7. In vitro antioxidant activity of each subfraction from the ethyl acetate-soluble 

fraction derived from adults of Tenebrio molitor using a DPPH radical scavenging 

assay 

 

 

Table 8. In vitro antioxidant activity of each subfraction from the butanol-soluble 

fraction derived from adults of Tenebrio molitor using a DPPH radical scavenging 

assay 

No. Fraction 
Antioxidant activity (%) 

50μg of sample 100μg of sample 

1 E1 87.5±0.65 93.5±0.41 

2 E2 48.5±0.93 66.5±2.19 

3 E3 78.4±1.23 89.9±1.77 

4 E4 51.2±0.56 65.2±1.74 

5 E5 57.8±0.83 70.2±0.89 

6 E6 74.9±1.47 87.3±2.11 

7 E11 59.4±3.17 71.2±2.73 

8 E12 60.2±2.50 68.5±1.21 

9 E13 88.1±1.62 97.3±1.32 

 

No. Fraction 
Antioxidant activity (%) 

50μg of sample 100μg of sample 

1 B1 83.1±2.43 91.7±1.74 

2 B2 51.2±0.56 67.8±1.21 

3 B3 89.5±1.74 97.5±0.39 

4 B4 76.3±2.94 90.3±1.17 

5 B5 - - 

6 B6 23.8±1.86 45.7±0.35 

7 B11 19.9±2.10 41.5±4.78 

8 B12 83.7±1.04 95.2±0.35 

9 B13 70.1±1.11 79.9±2.57 

10 B14 43.9±1.94 64.7±0.78 

11 B121 27.4±1.37 46.8±2.94 

12 B122 89.5±0.34 100 

13 B123 64.7±0.25 79.3±1.72 

14 B124 73.2±0.92 80.7±1.21 
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Direct-contact inhibition bioassay-guided fractionation of the adults of Tenebrio 

molitor led to 9 active compounds that were identified through spectroscopic analyses, 

including electron ionized mass spectrometry (EI-MS) and NMR spectroscopy. 

Compound 1 was obtained as a brown viscous liquid and identified as palmitoleic acid 

by spectroscopic analysis, including EI-MS (Fig. 22), 1H NMR (Fig. 23), 13C NMR (Fig. 

24), and DEPT (Fig. 25). The 13C NMR showed 16 carbons in the molecular including 

double bond, methyl, and carboxy group suggesting the molecular formula C16H30O2. The 

interpretations of the proton and carbon signals were largely consistent with those of 

(Hamid et al., 2015). 

Palmitoleic acid (1): brown viscous liquid; UV (MeOH): λmax nm = 242; EI-MS (70 

eV), m/z (% relative intensity): 254 [M]+ (5), 236 (8), 219 (4), 207 (2), 194 (5), 152 (6), 

138 (6), 123 (11), 111 (18), 97 (32), 83 (45), 69 (71), 60 (90), 55 (100), 41 (86), 29 (36). 

High resolution EI-MS: C16H31O2+ observed: 255.23186, calculated: 255.23241. 1H NMR 

(CD3CN, 600 MHz) and 13C NMR (CD3CN, 150 MHz) are given in Table 9. The structure 

of compound 1 is shown in Fig. 26. 

 

 

Figure 22. EI-MS spectrum of compound 1. 
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Figure 23. 1H NMR spectrum of compound 1. 

 

 

Figure 24. 13C NMR spectrum of compound 1. 
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Figure 25. DEPT spectrum of compound 1. 

 

 

 

Figure 26. Structure of palmitoleic acid. The chemical formula of palmitoleic acid 

((9Z)-hexadec-9-enoic acid) (1) is C16H30O2, with a molar mass of 254.41 g/mol.    
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Table 9. 1H and 13C NMR spectral data for compound 1 

Position 
Partial 

structure 

δC, ppm 

(CDCl3, 

150 MHz) 

δH, ppm 

(CDCl3, 

600 MHz) 

δC, ppm 

(Hamid et 

al., 2015) 

δH, ppm 

(Hamid et 

al., 2015) 

1 COOH 178.6 10.67 180.5 - 

2 CH2  34.5  2.32  34.12 2.37 t 

3 CH2  25.4  1.46  24.66 1.17–1.41 m 

4 CH2  29.5  1.27  29.14 1.17–1.41 m 

5 CH2  29.1  1.27  29.07 1.17–1.41 m 

6 CH2  29.2  1.27  29.05 1.17–1.41 m 

7 CH2  29.6  1.38  29.68 1.17–1.41 m 

8 CH2  27.5  2.07  27.16 2.14 s 

9 CH 130.2  5.39 129.7 5.35 s 

10 CH 130.2  5.39 130.0 5.35 s 

11 CH2  27.3  2.07  27.22 1.63 m 

12 CH2  28.4  1.36  29.78 1.17–1.41 m 

13 CH2  29.7  1.27  29.33 1.17–1.41 m 

14 CH2  31.5  1.27  31.92 1.17–1.41 m 

15 CH2  22.7  1.27  22.68 1.17–1.41 m 

16 CH3  14.1  0.91  14.07 0.88 t 
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Compound 2 was obtained as a yellow oil and identified as linolenic acid by 

spectroscopic analysis, including EI-MS (Fig. 27), 1H NMR (Fig. 28), 13C NMR (Fig. 29), 

and DEPT (Fig. 30). The 13C NMR showed 18 carbons in the molecular including double 

bond, methyl, and carboxy group suggesting the molecular formula C18H30O2. The 

interpretations of proton and carbon signals were largely consistent with those of previous 

studies (Lee et al., 2016). 

Linolenic acid (2): Yellow oil; UV (MeOH): λmax nm = 233; EI-MS (70 eV), m/z (% 

relative intensity): 278 [M]+ (6), 149 (4), 135 (6), 121 (9), 108 (26), 95 (36), 79 (78), 67 

(73), 60 (12), 55 (60), 41 (100), 29 (35). High resolution EI-MS: C18H31O2+ observed: 

279.23186, calculated: 279.23241. 1H NMR (CD3CN, 600 MHz) and 13C NMR (CD3CN, 

150 MHz) are given in Table 10. The structure of compound 2 is shown in Fig. 31. 

 

 

Figure 27. EI-MS spectrum of compound 2. 
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Figure 28. 1H NMR spectrum of compound 2. 

 

Figure 29. 13C NMR spectrum of compound 2. 
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Figure 30. DEPT spectrum of compound 2. 

 

 

 

 

 

Figure 31. Structure of linolenic acid. The chemical formula of linolenic acid 

((9Z,12Z,15Z)-octadeca-9,12,15-trienoic acid) (2) is C18H30O2, with a molar mass of 

278.44 g/mol. 
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Table 10. 1H and 13C NMR spectral data for compound 2. 

Position 
Partial 

Structure 

δC, ppm 

(CDCl3, 

150MHz) 

δH, ppm 

(CDCl3, 

600MHz) 

δC, ppm 

(Lee et 

al., 2016) 

δH, ppm 

(Lee et 

al., 2016) 

1 COOH 177.8 - 179.9 10.9 s 

2 CH2 35.1 
2.32 

(J = 7.2 Hz) 
34.2 

2.33 t 

(J = 7.2 Hz) 

3 CH2 26.2 
1.59 

(J = 7.2 Hz) 
24.9 

1.62 q 

(J = 7.2 Hz) 

4 CH2 30.3 1.34 29.3 1.30 m 

5 CH2 30.4 1.34 29.3 1.30 m 

6 CH2 30.4 1.34 29.9 1.30 m 

7 CH2 30.7 1.34 29.8 1.30 m 

8 CH2 28.3 2.10 27.4 2.05 m 

9 CH 132.9 5.34 132.2 5.33 m 

10 CH 128.4 5.34 127.3 5.33 m 

11 CH2 26.6 2.81 25.8 2.79 m 

12 CH 129.4 5.34 128.5 5.33 m 

13 CH 129.3 5.34 128.5 5.33 m 

14 CH2 27.0 2.81 25.9 2.79 m 

15 CH 129.0 5.34 128.0 5.33 m 

16 CH 131.2 5.34 130.5 5.33 m 

17 CH2 21.6 2.10 20.8 2.05 m 

18 CH3 14.8 
0.98 

(J = 7.2 Hz) 
14.5 

0.96 t 

(J = 7.2 Hz) 
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Compound 3 was obtained as a yellow oil and identified as arachidonic acid by 

spectroscopic analysis, including EI-MS (Fig. 32), 1H NMR (Fig. 33), 13C NMR (Fig. 34), 

and DEPT (Fig. 35). The 13C NMR showed 20 carbons in the molecular including double 

bond, methyl, and carboxy group suggesting the molecular formula C20H32O2. The 

interpretations of the proton and carbon signals were largely consistent with the findings 

of (Januar et al., 2010). 

Arachidonic acid (3): yellow oil; UV (MeOH): λmax nm = 384; EI-MS (70 eV), m/z (% 

relative intensity): 304 [M]+ (8), 233 (4), 206 (11), 193 (7), 177 (9), 166 (19), 150 (26), 133 

(19), 119 (31), 105 (41), 91 (68), 79 (100), 67 (79), 55 (40), 41 (61), 29 (19). High 

resolution EI-MS: C20H33O2+ observed: 305.24751, calculated: 305.24806. 1H NMR 

(CD3CN, 600 MHz) and 13C NMR (CD3CN, 150 MHz) are given in Table 11. The structure 

of compound 3 is shown in Fig. 36. 

 

 

 

Figure 32. EI-MS spectrum of compound 3. 
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Figure 33. 1H NMR spectrum of compound 3. 

 
Figure 34. 13C NMR spectrum of compound 3. 
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Figure 35. DEPT spectrum of compound 3. 

 

 
Figure 36. Structure of arachidonic acid. The chemical formula of arachidonic acid 

((5Z,8Z,11Z,14Z)-5,8,11,14-eicosatetraenoic acid) (3) is C20H32O2, with a molar mass 

of 304.47 g/mol. 
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Table 11. 1H and 13C NMR spectral data for compound 3 

Position 
Partial 

structure 

δC, ppm 

(CDCl3, 

150 MHz) 

δH, ppm 

(CDCl3, 

600 MHz) 

δC, ppm 

(Januar et 

al., 2010) 

δH, ppm 

(Januar et 

al., 2010) 

1 COOH 178.4 10.65 177.0  

2 CH2  33.6 
2.22 

(J = 6.4 Hz) 
33.0 

2.22 q 

(J = 6.4 Hz) 

3 CH2  24.4 
1.56 

(J = 6.4 Hz) 
24.5 

2.22 q 

(J = 6.4 Hz) 

4 CH2  26.8 
2.20 

(J = 5.5 Hz) 
26.4 

2.84 t 

(J = 5.5 Hz) 

5 CH 129.1 5.35 129.0 5.49-5.28 m 

6 CH 128.5 5.35 128.2 5.49-5.28 m 

7 CH2  26.4 
2.82 

(J = 6.5 Hz) 
25.6 

3.54 t 

(J = 6.5 Hz) 

8 CH 128.7 5.35 128.8 5.49-5.28 m 

9 CH 130.3 5.35 127.9 5.49-5.28 m 

10 CH2  27.4 
2.78 

(J = 5.5 Hz) 
25.6 

2.84 t 

(J = 5.5 Hz) 

11 CH 130.3 5.35 128.8 5.49-5.28 m 

12 CH 128.7 5.35 127.9 5.49-5.28 m 

13 CH2  26.4 
2.80 

(J = 6.5 Hz) 
25.6 

3.54 t 

(J = 6.5 Hz) 

14 CH 128.2 5.35 128.1 5.49-5.28 m 

15 CH 128.3 5.35 128.6 5.49-5.28 m 

16 CH2  25.8 
2.21 

(J = 5.5 Hz) 
25.6 

2.84 t 

(J = 5.5 Hz) 

17 CH2  29.5 
1.25 

(J = 6.6 Hz) 
29.3 

1.84 p 

(J = 6.6 Hz) 

18 CH2  31.4 
1.27 

(J = 6.6 Hz) 
31.5 

1.84 p 

(J = 6.6 Hz) 

19 CH2  22.7 
1.28 

(J = 6.6 Hz) 
22.6 

1.84 p 

(J = 6.6 Hz) 

20 CH3  14.1 0.91 14.0  
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Compound 4 was obtained as a white crystalline substance and identified as palmitic 

acid by spectroscopic analysis, including EI-MS (Fig. 37), 1H NMR (Fig. 38), 13C NMR 

(Fig. 39), and DEPT (Fig. 40). The 13C NMR showed 16 carbons in the molecular including 

methyl, and carboxy group suggesting the molecular formula C16H32O2. The interpretations 

of the proton and carbon signals were largely consistent with those of (John et al., 1998). 

Palmitic acid (4): white crystal; UV (MeOH): λmax nm = 242; EI-MS (70 eV), m/z (% 

relative intensity): 256 [M]+ (28), 227 (8), 213 (36), 171 (17), 157 (17), 143 (8), 129 (54), 

115 (19), 111 (10), 97 (21), 85 (34), 73 (100), 60 (99), 57 (98), 43 (99), 29 (47). High 

resolution EI-MS: C16H33O2+ observed: 257.24751, calculated: 257.24806. 1H NMR 

(CD3CN, 600 MHz) and 13C NMR (CD3CN, 150 MHz) are given in Table 12. The structure 

of compound 4 is shown in Fig. 41. 

 

 

 

Figure 37. EI-MS spectrum of compound 4. 
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Figure 38. 1H NMR spectrum of compound 4. 

 

Figure 39. 13C NMR spectrum of compound 4. 
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Figure 40. DEPT spectrum of compound 4. 

 

 

 

 

Figure 41. Structure of palmitic acid. The chemical formula of palmitic acid 

(hexadecanoic acid) (4) is C16H32O2, with a molar mass of 256.43 g/mol. 
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Table 12. 1H and 13C NMR spectral data for compound 4 

Position 
Partial 

structure 

δC, ppm 

(CDCl3, 

150 MHz) 

δH, ppm 

(CDCl3, 

600 MHz) 

δC, ppm 

(John et 

al., 1998) 

δH, ppm 

(John et 

al., 1998) 

1 COOH 178.6 10.67 180.60  

2 CH2  34.5  2.32 34.14 
2.55 m 

(J = 7.0 Hz) 

3 CH2  25.4  1.46 24.67 
1.67 m 

(J = 7.0 Hz) 

4 CH2  29.3  1.31 29.69 1.25 d 

5 CH2  29.5  1.32 29.70 1.25 d 

6 CH2  29.1  1.32 29.07 1.25 d 

7 CH2  29.4  1.33 29.45 1.25 d 

8 CH2  29.4  1.31 29.61 1.25 d 

9 CH2  29.4  1.30 29.45 1.25 d 

10 CH2  29.4  1.28 29.38 1.25 d 

11 CH2  22.8  1.30 22.70 1.25 d 

12 CH2  25.4  1.30 24.67 1.25 d 

13 CH2  29.2  1.31 29.26 1.25 d 

14 CH2  31.6  1.31 31.90 1.25 d 

15 CH2  22.8  1.32 22.70 1.25 d 

16 CH3  14.1  0.89 14.09 
0.90 t 

(J = 7.0 Hz) 
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Compound 5 was obtained as a yellow solid and identified as catechin by 

spectroscopic analysis, including EI-MS (Fig. 42), 1H NMR (Fig. 43), 13C NMR (Fig. 44), 

and DEPT (Fig. 45). The 13C NMR showed 15 carbons in the molecular including double 

bond, and hydroxide radical suggesting the molecular formula C15H14O6. The 

interpretations of the proton and carbon signals were largely consistent with the findings 

of (Maria et al., 2016). 

Catechin (5): yellow solid; UV (MeOH): λmax nm = 245, 280; EI-MS (70 eV), m/z (% 

relative intensity): 290 [M]+ (25), 167 (5), 152 (43), 139 (100), 123 (44), 110 (4), 85 (3), 

69 (10), 51 (8), 39 (6),19 (21). High resolution EI-MS: C15H15O6+ observed: 291.08631, 

calculated: 291.08686. 1H NMR (CD3CN, 600 MHz) and 13C NMR (CD3CN, 150 MHz) 

are given in Table 13. The structure of compound 5 is shown in Fig. 46. 

 

 

 

Figure 42. EI-MS spectrum of compound 5. 
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Figure 43. 1H NMR spectrum of compound 5. 

 
Figure 44. 13C NMR spectrum of compound 5. 
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Figure 45. DEPT NMR spectrum of compound 5. 

 

 

Figure 46. Structure of catechin. The chemical formula of catechin ((2R,3S)-2-(3,4-

dihydroxyphenyl)-3,4-dihydro-2H-chromene-3,5,7-triol) (5) is C15H14O6, with a molar 

mass of 290.27 g/mol.   
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Table 13. 1H and 13C NMR spectral data for compound 5 

Position 
Partial 

structure 

δC, ppm 

(CDCl3, 

150 MHz) 

δH, ppm 

(CDCl3, 

600 MHz) 

δC, ppm 

(Maria et 

al., 2016) 

δH, ppm 

(Maria et 

al., 2016) 

2 CH  82.5 4.74 82.9 4.56 d 

3 CH  68.4 4.76 68.8 4.56 d 

4 CH2  28.6 
a = 2.46 

b = 2.83 
28.5 

a = 2.52 dd 

(J = 8.0 Hz) 

b = 2.87 dd 

(J = 5.6 Hz) 

5 C 156.7  157.6  

6 CH  96.2 5.45 96.3 
5.85 d 

(J = 2.4 Hz) 

7 C 157.5  157.8  

8 CH  95.6 6.19 95.5 
5.93 d 

(J = 2.4 Hz) 

9 C 157.0  156.9  

10 C 100.5  100.8  

11 OH  6.17   

12 OH  8.30   

13 OH  2.22   

1’ C 131.9  132.2  

2’ CH 115.3 6.54 115.3 
6.76 d 

(J = 8.4 Hz) 

3’ C 145.7  146.2  

4’ C 145.9  146.2  

5’ CH 115.9 6.98 116.1 
6.83 d 

(J = 2.0 Hz) 

6’ CH 119.5 6.39 120.0 
6.72 dd 

(J = 2.0,8.4 Hz) 

7’ OH  5.48   

8’ OH  6.21   
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Compound 6 was obtained as a colorless crystalline solid and identified as terrein by 

spectroscopic analysis, including EI-MS (Fig. 47), 1H NMR (Fig. 48), 13C NMR (Fig. 49), 

and DEPT (Fig. 50). The 13C NMR showed 8 carbons in the molecular including double 

bond, methyl, hydroxide radical, and carbonyl group suggesting the molecular formula 

C8H10O3. The interpretations of the proton and carbon signals were largely consistent with 

the findings of (Silva et al., 2017). 

Terrein (6): colorless crystal; UV (MeOH): λmax nm = 230, 254; EI-MS (70 eV), m/z 

(% relative intensity): 154 [M]+ (19), 139 (100), 136 (11), 121 (39), 109 (26), 95 (23), 91 

(5), 79 (36), 67 (16), 60 (5), 53 (11), 41 (25), 18 (12). High resolution EI-MS: C8H11O3+ 

observed: 155.07027, calculated: 155.17310. 1H NMR (CD3CN, 600 MHz) and 13C NMR 

(CD3CN, 150 MHz) are given in Table 14. The structure of compound 6 is shown in Fig. 

51. 

 

 

 

Figure 47. EI-MS spectrum of compound 6. 
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Figure 48. 1H NMR spectrum of compound 6. 

 
Figure 49. 13C NMR spectrum of compound 6. 
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Figure 50. DEPT spectrum of compound 6. 

 

 

Figure 51. Structure of terrein. The chemical formula of terrein ((4S,5R)-4,5-

dihydroxy-3-((E)-prop-1-en-1-yl) cyclopent-2-en-1-one) (6) is C8H10O3, with a molar 

mass of 154.17 g/mol.  
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Table 14. 1H and 13C NMR spectral data for compound 6 

Position 
Partial 

structure 

δC, ppm 

(CDCl3, 

150 MHz) 

δH, ppm 

(CDCl3, 

600 MHz) 

δC, ppm 

(Silva et 

al., 2017) 

δH, ppm 

(Silva et 

al., 2017) 

1 CH  77.9 5.00 76.8 
4.68 d 

(J = 2.6 Hz) 

2 CH  82.9 4.54 81.1 
4.08 d 

(J = 2.6 Hz) 

3 C 206.8  169.5  

4 CH 126.3 5.96 124.6 6.0 s 

5 C 169.5  204.3  

6 CH 125.7 6.19 125.1 
6.44 dq 

(J = 1.3,15.8 Hz) 

7 CH 127.7 5.97 140.5 
6.84 dq 

(J = 6.8,15.8 Hz) 

8 CH3  19.4 1.73 18.1 
1.95 dd 

(J = 1.3,6.8 Hz) 

9 OH  1.97   

10 OH  2.24   
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Compound 7 was obtained as a colorless oil and identified as oleic acid by 

spectroscopic analysis, including EI-MS (Fig. 52), 1H NMR (Fig. 53), 13C NMR (Fig. 54), 

and DEPT (Fig. 55). The 13C NMR showed 18 carbons in the molecular including double 

bond, methyl, and carboxy group suggesting the molecular formula C18H34O2. The 

interpretations of the proton and carbon signals were largely consistent with those of 

(Fatope et al., 2002). 

Oleic acid (7): colorless oil; UV (MeOH): λmax nm = 243; EI-MS (70 eV), m/z (% 

relative intensity): 280 [M]+ (36), 182 (5), 168 (4), 150 (6), 137 (9), 124 (17), 110 (32), 95 

(63), 81 (88), 67 (100), 55 (60), 41 (54), 29 (21). High resolution EI-MS: C18H35O2+ 

observed: 283.26316, calculated: 283.26371. 1H NMR (CD3CN, 600 MHz) and 13C NMR 

(CD3CN, 150 MHz) are given in Table 15. The structure of compound 7 is shown in Fig. 

56. 

 

 

 

Figure 52. EI-MS spectrum of compound 7. 
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Figure 53. 1H NMR spectrum of compound 7. 

 
Figure 54. 13C NMR spectrum of compound 7. 



 

- 82 - 

 

 

Figure 55. DEPT NMR spectrum of compound 7. 

 

 

 

 

Figure 56. Structure of oleic acid. The chemical formula of oleic acid ((9Z)-octadec-9-

enoic acid) (7) is C18H34O2, with a molar mass of 282.47 g/mol.  
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Table 15. 1H and 13C NMR spectral data for compound 7 

Position 
Partial 

structure 

δC, ppm 

(CDCl3, 

150 MHz) 

δH, ppm 

(CDCl3, 

600 MHz) 

δC, ppm 

(Fatope et 

al., 2002) 

δH, ppm 

(Fatope et 

al., 2002) 

1 COOH 177.8  179.7 11.0 s 

2 CH2  35.1 
2.27 t 

(J = 7.5 Hz) 
34.0 

2.36 t 

(J = 7.5 Hz) 

3 CH2  26.2 1.60 m 24.7 1.60 m 

4 CH2  30.9 1.32 m 29.2 1.48 m 

5 CH2  30.8 1.32 m 29.2  

6 CH2  30.8 1.32 m 29.2  

7 CH2  30.6 1.32 m 29.7  

8 CH2  30.4 2.03 m 27.2 2.02 m 

9 CH 131.0 

5.35 t 

(J = 11.0 

Hz) 

129.7 
5.37 t 

(J = 11.0 Hz) 

10 CH 130.9 
5.35 

(J = 6.9 Hz) 
130.0 

5.37 t 

(J = 6.9 Hz) 

11 CH2  30.3 2.04 m 27.2 2.02 m 

12 CH2  31.0 1.32 m 29.6  

13 CH2  30.5 1.32 m 29.5  

14 CH2  28.3 1.32 m 27.2  

15 CH2  30.5 1.32 m 29.5  

16 CH2  33.2 1.32 m 31.9  

17 CH2  23.9 1.32 m 22.7  

18 CH3  14.6 
0.90 t 

(J = 6.9 Hz) 
14.13 

0.88 t 

(J = 6.9 Hz) 
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Compound 8 was obtained as white needles and identified as β-sitosterol by 

spectroscopic analysis, including EI-MS (Fig. 57), 1H NMR (Fig. 58), 13C NMR (Fig. 59), 

and DEPT (Fig. 60). The 13C NMR showed 29 carbons in the molecular including double 

bond, methyl, and hydroxide radical suggesting the molecular formula C29H50O. The 

interpretations of the proton and carbon signals were largely consistent with those of (Kang 

et al., 2014). 

β-sitosterol (8): white needle; UV (MeOH): λmax nm = 210; EI-MS (70 eV), m/z (% 

relative intensity): 414 [M]+ (28), 396 (12), 381 (8), 329 (12), 314 (4), 303 (13), 289 (3), 

273 (10), 255 (10), 241 (4) , 231 (10), 213 (16), 199 (7), 187 (8), 173 (10), 161 (18), 145 

(20), 133 (18), 119 (16) , 107 (32), 95 (28), 85 (13), 81 (29), 69 (25), 55 (36), 43 (100), 29 

(11), 18 (6). High resolution EI-MS: C29H51O+ observed: 415.39344, calculated: 

415.39399. 1H NMR (CD3CN, 600 MHz) and 13C NMR (CD3CN, 150 MHz) are given in 

Table 16. The structure of compound 8 is shown in Fig. 61. 

 

 

Figure 57. EI-MS spectrum of compound 8. 
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Figure 58. 1H NMR spectrum of compound 8. 

 

Figure 59. 13C NMR spectrum of compound 8. 
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Figure 60. DEPT spectrum of compound 8. 

 

 

Figure 61. Structure of β-sitosterol. The chemical formula of β-sitosterol (17-(5-ethyl-

6-methylheptan-2-yl)-10,13-dimethyl-2,3,4,7,8,9,11,12,14,15,16,17-dodecahydro-1H-

cyclopenta[a]phenanthren-3-ol) (8) is C29H50O, with a molar mass of 414.72 g/mol.  
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Table 16. 1H and 13C NMR spectral data for compound 8 

Position 
Partial 

Structure 

δC, ppm 

(CDCl3, 

150MHz) 

δH, ppm 

(CDCl3, 

600MHz) 

δC, ppm 

(Kang et 

al, 2014) 

δH, ppm 

(Kang et 

al, 2014) 

1 CH2 37.44 
a = 0.96 

b = 1.49 
37.33  

2 CH2 31.74 
a = 1.48 

b = 1.71 
31.63  

3 CH 71.60 3.65 71.73 3.52 m 

4 CH2 42.35  42.20  

5 C 141.08  140.71  

6 CH 121.98 5.39 121.63 5.35 m 

7 CH 32.01 1.80 31.96  

8 C 31.47  31.81  

9 CH 50.02 1.15 51.13  

10 CH 37.44  36.43  

11 CH2 21.00 
a = 1.33 

b = 1.48 
21.09  

12 CH2 39.35 1.38 39.79  

13 CH 42.28  42.37  

14 CH 56.43  56.75  

15 CH2 24.47 1.38 24.15  

16 CH2 28.42 1.68 28.25  

17 CH 55.91  56.02  

18 CH3 11.90 0.82 11.84  

19 CH3 19.32  19.46 0.69 s 

20 CH 35.52 1.38 36.07 1.01 s 

21 CH3 18.78 0.90 18.68  

22 CH2 33.94 1.37 33.95  

23 CH2 26.35 1.38 26.10  

24 CH2 46.04 1.05 45.82 
0.92 d 

(J = 6.4 Hz) 

25 CH2 29.04 1.59 29.15  

26 CH3 19.32 0.87 19.77 
0.83 d 

(J = 6.8 Hz) 

27 CH3 19.42 0.82 19.21 
0.81 d 

(J = 6.9 Hz) 

28 CH2 23.19 
a = 1.05 

b = 1.83 
23.13 

0.85 t 

(J = 7.8 Hz) 

29 CH3 12.09 
a = 0.87 

b = 1.05 
11.04 

0.90 d 

(J = 7.5 Hz) 
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Compound 9 was obtained as white powder and identified as protocatechuic acid by 

spectroscopic analysis, including EI-MS (Fig. 62), 1H NMR (Fig. 63), 13C NMR (Fig. 64) 

and DEPT (Fig. 65). The 13C NMR showed 7 carbons in the molecular including double 

bond, hydroxide radical and carboxy group suggesting the molecular formula C7H6O4. The 

interpretations of the proton and carbon signals were largely consistent with the findings 

of (Lu et al., 2016). 

Protocatechuic acid (9): white powder; UV (MeOH): λmax nm = 260; EI-MS (70 eV), 

m/z (% relative intensity): 154 [M]+ (100), 137 (95), 109 (25), 97 (4), 81 (13), 63 (12), 51 

(10), 44 (6), 39 (4), 18 (6). High resolution EI-MS: C7H7O4+ observed: 155.03389, 

calculated: 155.03443. 1H NMR (CD3CN, 600 MHz) and 13C NMR (CD3CN, 150 MHz) 

are given in Table 17. The structure of compound 9 is shown in Fig. 66. 

 

 

 

Figure 62. EI-MS spectrum of compound 9. 
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Figure 63. 1H NMR spectrum of compound 9. 

 

Figure 64. 13C NMR spectrum of compound 9. 
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Figure 65. DEPT spectrum of compound 9. 

 

 

Figure 66. Structure of protocatechuic acid. The chemical formula of protocatechuic 

acid (3,4-dihydroxybenzoic acid) (9) is C7H6O4, with a molar mass of 154.12 g/mol. 
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Table 17. 1H and 13C NMR spectral data for compound 9 

Position 
Partial 

structure 

δC, ppm 

(CDCl3, 

150 MHz) 

δH, ppm 

(CDCl3, 

600 MHz) 

δC, ppm 

(Lu et 

al., 2016) 

δH, ppm 

(Lu et 

al., 2016) 

1 C 122.1  123.8  

2 CH 117.0 
7.34 d 

(J = 1.8 Hz) 
116.6 

7.38 d 

(J = 2.0 Hz) 

3 C 145.3  146.8  

4 C 150.4  152.0  

5 CH 115.6 
6.79 d 

(J = 8.4 Hz) 
118.6 

6.8 d 

(J = 8.5 Hz) 

6 CH 122.3 
7.30 dd 

(J = 8.4 Hz) 
124.8 

7.31 dd 

(J = 1.8,8.5 Hz) 

7 COOH 167.7 12.30 s 170.9  

8 OH  9.30 s   

9 OH  9.64 s   
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1.8. In vitro antioxidant activity of isolated compounds 

The antioxidant activity of the nine constituents isolated from T. molitor adults, their 

corresponding organic pure compounds, and commercially-available antioxidants ascorbic 

acid, BHT and EGCG, which were used as positive controls, were likewise evaluated 

(Table 18). Based on the IC50 values, natural and pure organic linolenic acid had similar 

antioxidant activity, indicating that the activity of the ethanol-extracted linolenic acid was 

purely due to linolenic acid. Natural linolenic acid (IC50, 77.65 μM) and protocatechuic 

acid (153.68 μM) were the most potent antioxidants and the antioxidant activity of these 

compounds and ascorbic acid did not differ significantly. Natural catechin (IC50, 192.32 

μM) was also a potent antioxidant and the antioxidant activity of this compound was 

significantly higher than that of either BHT or EGCG. Natural arachidonic acid was a 1.8-

fold, 1.3-fold, and 1.2-fold less antioxidant than ascorbic acid, BHT, and EGCG, 

respectively. The IC50 of natural oleic acid, palmitic acid, terrain, and palmitoleic acid was 

between 437.5 and 564.1 μM. The IC50 of natural β-sitosterol was 623.23 μM, which 

exhibited low antioxidant activity. 
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Table 18. In vitro antioxidant activity of the nine constituents isolated from adults of 

Tenebrio molitor, their corresponding organic pure compounds, and four antioxidants 

using a DPPH radical scavenging assay. 

a CL denotes confidence limit. 

b Pearson χ2, goodness-of-fit test. 

 

Compound IC50, μM (95% CLa) Slope  SE χ2b P-value 

Narural linolenic acid C18:3 (2) 77.65 (75.53–79.87) 1.0  0.17 1.97 0.96 

Pure linolenic acid 69.36 (63.13–75.59) 1.7  0.29 1.58 0.94 

Natural protocatechuic acid (9) 153.68 (147.37–159.99) 1.4  0.51 1.67 0.99 

Pure protocatechuic acid 147.34 (140.11–154.57) 1.9  0.27 1.33 0.99 

Natural catechin (5) 192.32 (159.51–225.13) 1.3  0.59 2.17 0.98 

Pure catechin 184.74 (142.13–227.35) 1.8  0.52 2.09 0.98 

Natural arachidonic acid C20:4 (3) 256.16 (249.65–262.67) 1.7  0.54 1.36 0.99 

Pure arachidonic acid 251.35 (243.11–259.59) 2.0  0.38 1.57 0.99 

Natural oleic acid C18:1 (7) 354.23 (342.10–366.36) 1.9  0.25 2.36 0.99 

Natural palmitic acid C16:0 (4) 437.54 (363.30–511.78) 1.3  0.38 1.65 0.97 

Natural terrein (6) 500.03 (461.01–539.05) 1.3  0.49 2.35 0.97 

Natural palmitoleic acid C16:1 (1) 564.10 (511.90–616.40) 2.1  0.55 2.03 0.97 

Natural β-sitosterol (8) 623.23 (586.90–659.46) 3.2  0.78 2.95 0.98 

α- tocopherol 23.32 (22.27–24.36) 1.2 ± 0.15 2.92  0.93 

Ascorbic acid 142.08 (113.67–170.49) 2.5  0.45 1.55 0.98 

Butylated hydroxytoluene 194.65 (183.34–206.06) 1.4  0.18 1.59 0.99 

Epigallocatechin gallate 208.67 (174.35–242.89) 1.5  0.21 1.41 0.99 
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1.9. Structure–activity relationship 

Because of the antioxidant activity of fatty acids, comparisons were made to determine 

the activity differences involving the chemical structures using the antioxidant activity data 

that were obtained (Table 19). Among the 41 tested fatty acids and fatty acid esters, 

linolenic acid was the best antioxidant activity compound, following by cis-13,16,19-

docosatrienoic acid, cis-8,11,14-eicosatrienoic acid, arachidonic acid, arachidic acid, 

undecylenic acid, and cis-11-vaccenic acid (IC50, 69.36–298.36 μM). By the quantitative 

analysis for the relationship between the structure and activity of all the fatty acids (Fig. 

67), more of the unsaturated fatty acids showed potential antioxidant activity than the 

saturated fatty acids. Otherwise, as for the antioxidant activity of flavonoids, comparisons 

were also made to determine the activity differences involving the chemical structures 

using the antioxidant activity data that were obtained (Table 20). Among the 29 tested 

flavonoids, isoquercetin show the best antioxidant activity, following by fisetin, kaempferol, 

galangin, chrysin, luteolin, and quercetin (IC50, 3.54–8.03 μM). By the quantitative analysis 

for the relationship between the structure and activity of all the fatty acids (Fig. 68), phenol, 

a basic structure, exhibited the positive impact. 

Multiple regression analysis of the antioxidant activities of fatty acids was examined 

using their IC50 values and the values of the physical parameters (MW, log P, and MR) for 

the 41 compounds (R2 = 0.729 (P = 0.031)) (Fig. 69). Correlation coefficient (r) analysis 

showed that MW, log P and MR may only be positive close correlated with IC50 (molecular 

weight (MW), r = 0.743; log P, r = 0.642; and molecular refraction (MR), r = 0.815). As 

for the multiple regression analysis of the antioxidant activities of flavonoids was examined 

using their IC50 values and the values of the physical parameters (MW, log P, and MR) for 

the 29 compounds (R2 = 0.521 (P = 0.054)) (Fig. 70). Correlation coefficient (r) analysis 

showed that MW, log P and MR may only be negatively loosely correlated with IC50 

(molecular weight (MW), r = 0.642; log P, r = 0.495; and molecular refraction (MR), r = 

0.643). 
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Table 19. In vitro antioxidant activity of fatty acids and four antioxidants using a 

DPPH radical scavenging assay. 

Compound IC50, μM (95% CLa) Slope ± SE χ2b P-value 

Caproic acid C6:0 2880.83 (2862.81–2898.95) 2.1 ± 0.23 2.17  0.94 

Oclanoic acid C8:0 1325.29 (1304.89–1345.68) 1.0 ± 0.34 2.16  0.97 

Nonanoic acid C9:0 847.91 (823.24–872.57) 1.1 ± 0.27 1.05  0.95 

Decanoic acid C10:0 751.28 (714.71–787.84) 2.0 ± 0.16 2.40  0.92 

Undecanoic acid C11:0 803.14 (797.78–808.49) 0.9 ± 0.39 2.98  0.99 

Lauric acid C12:0 507.17 (493.15–521.09) 1.3 ± 0.27 1.09  0.93 

Tridecanoic acid C13:0 512.93 (495.44–530.41) 1.1 ± 0.15 2.08  0.94 

Myristic acid C14:0 352.84 (336.00–369.78) 2.3 ± 0.27 2.44  0.93 

Pentadecanoic acid C15:0 816.04 (805.31–826.77) 2.1 ± 0.14 2.15  0.96 

Palmitic acid C16:0 437.54 (363.30–511.78) 1.3 ± 0.38 1.65  0.97 

Heptadecanoic acid C17:0 318.63 (307.22–330.04) 1.4 ± 0.37 2.45  0.91 

Stearic acid C18:0 2146.23 (2131.31–2161.25) 2.5 ± 0.38 1.20  0.9 

Arachidic acid C20:0 257.76 (249.15–266.27) 2.4 ± 0.19 2.39  0.95 

Behenic acid C22:0 772.14 (756.50–787.88) 2.1 ± 0.06 1.68  0.98 

Lignoceric acid C24:0 2330.32 (2321.01–2339.73) 2.5 ± 0.41 1.20  0.9 

Undecylenic acid C11:1 257.71 (251.96–263.45) 1.0 ± 0.18 2.19  0.96 

cis-5-dodecenoic acid C12:1 314.93 (308.96–320.89) 0.8 ± 0.19 2.38  0.97 

Myristoleic acid (cis-9) C14:1 387.29 (378.57–396.00) 1.1 ± 0.42 2.44  0.96 

cis-10-pentadecenoic acid C15:1 984.45 (964.31–1004.49) 1.9 ± 0.20 1.42  0.95 

Palmitoleic acid C16:1 564.10 (511.90–616.40) 2.1 ± 0.55 2.03  0.97 

cis-10-heptadecenoic acid C17:1 387.37 (374.35–400.49) 1.6 ± 0.49 1.33  0.88 

Oleic acid (cis-9) C18:1 354.23 (342.10–366.36) 1.9 ± 0.25 2.36  0.99 

Elaidic acid (trans-9) C18:1 476.42 (450.31–502.53) 1.7 ± 0.75 1.76  0.94 

cis-11-vaccenic acid C18:1 298.36 (279.59–317.12) 1.1 ± 0.22 1.86  0.90 

Linoleic acid (cis-9,12) C18:2 1824.47 (1808.85–1839.99) 2.4 ± 0.21 2.00  0.95 

Linolenic acid (cis-9,12,15) C18:3 69.36 (63.13–75.59) 1.7 ± 0.29 1.58  0.94 
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Continued     

cis-10-nonadecenoic acid C19:1 517.35 (483.92–550.77) 1.9 ± 0.19 2.40  0.90 

Gadoleic acid (cis-9) C20:1 423.42 (413.31–433.53) 2.8 ± 0.08 2.03  0.98 

cis-11-eicosenoic acid C20:1 401.67 (398.99–404.34) 1.0 ± 0.45 2.88  0.99 

cis-11,14-eicosadienoic acid C20:2 354.23 (338.48–369.97) 0.8 ± 0.26 2.02  0.93 

cis-8,11,14-eicosatrienoic acid C20:3 201.95 (194.75–209.14) 1.4 ± 0.42 1.52  0.94 

Arachidonic acid (cis-5,8,11,14) C20:4 251.35 (243.11–259.59) 2.0 ± 0.38 1.57  0.99 

cis-13-erucic acid C22:1 501.33 (497.98–504.67) 0.6 ± 0.19 2.80  0.99 

cis-13,16-docosadienoic acid C22:2 309.28 (297.61–320.94) 0.7 ± 0.12 2.81  0.94 

cis-13,16,19-docosatrienoic acid C22:3 173.55 (165.91–181.18) 1.4 ± 0.31 2.00  0.93 

Nervonic acid (cis-15) C24:1 314.29 (303.80–324.77) 1.3 ± 0.45 2.17  0.94 

Ethyl oleate 413.25 (401.35–425.14) 1.2 ± 0.46 1.46  0.95 

Ethyl linoleate 259.31 (257.58–261.03) 0.9 ± 0.35 2.27  0.99 

Ethyl palmitate 574.82 (564.04–585.59) 0.7 ± 0.37 1.94  0.97 

Methyl oleate 800.88 (792.07–809.69) 1.2 ± 0.39 2.45  0.9 

Methyl linoleate 844.43 (832.90–855.86) 1.9 ± 0.17 1.63  0.96 

α- tocopherol 23.32 (22.27–24.36) 1.2 ± 0.15 2.92  0.93 

Ascorbic acid 159.87 (154.48–165.25) 1.0 ± 0.42 2.48  0.94 

Butylated hydroxytoluene (BHT) 217.23 (213.20–221.25) 1.3 ± 0.54 1.84  0.97 

Epigallocatechin gallate (EGCG) 214.85 (213.23–216.46) 1.5 ± 0.59 1.31  0.98 

a CL denotes confidence limit. 

b Pearson χ2, goodness-of-fit test. 
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Table 20. In vitro antioxidant activity of flavonoids using a DPPH radical scavenging 

assay. 

Compound IC50, μM (95% CLa) Slope±SE χ2b P-value 

isoquercetin 3.54 (3.35–3.72) 1.1  0.27 1.09  0.93 

Fisetin 5.53 (5.18–5.88) 2.5  0.37 1.36  0.91 

Kaempferol 5.80 (2.91–8.68) 1.3  0.35 1.96  0.91 

Galangin 6.58 (4.37–8.78) 2.7  0.18 2.45  0.95 

Chrysin 7.50 (4.61–10.3) 2.8  0.09 1.53  0.98 

Luteolin 7.72 (5.25–10.1) 2.5  0.14 1.92  0.96 

Quercetin 8.03 (5.21–10.8) 1.6  0.05 2.01  0.99 

Fustin 19.76 (18.59–20.92) 0.8 ± 0.18 2.18  0.91 

Taxifolin 25.88 (25.70–26.05) 0.8 ± 0.26 1.08  0.99 

Kaempferide 28.35 (27.39–29.30) 1.1 ± 0.44 1.18  0.94 

Rutin 30.94 (28.98–32.89) 1.3 ± 0.15 1.73  0.90 

Morin 35.87 (35.63–36.10) 1.4 ± 0.59 2.32  0.99 

Robinetin 39.85 (39.58–40.11) 1.4 ± 0.35 1.85  0.99 

3-hydroxyflavone 49.54 (47.89–51.18) 0.7 ± 0.31 1.98  0.95 

Laricitrin 61.72 (58.89–64.54) 1.5 ± 0.41 2.29  0.93 

Myricetin 98.45 (91.98–104.9) 1.4 ± 0.22 2.51  0.90 

Acacetin 132.44 (109.56–155.32) 2.9  0.01 1.61  0.99 

Catechin 184.74 (142.13–227.35) 1.8  0.52 2.09  0.98 

Flavanone 187.90 (175.84–199.95) 1.2 ± 0.12 2.55  0.90 

Genistein 214.35 (209.10–219.59) 1.1 ± 0.29 1.73  0.96 

Daidzein 247.94 (231.53–264.34) 1.2 ± 0.02 2.13  0.90 

Naringin 301.47 (295.25–307.68) 1.0 ± 0.33 1.37  0.96 

Formononetin 312.51 (302.55–322.46) 1.4 ± 0.25 2.43  0.95 

Biochanin 365.39 (350.54–380.23) 1.7 ± 0.44 2.01  0.93 

8-methoxyflavone 414.30 (394.79–433.80) 1.4 ± 0.31 2.51  0.92 

Coumestrol 494.66 (476.80–512.51) 0.8 ± 0.27 1.38  0.94 

7-hydroxyflavone 512.90 (495.60–530.19) 1.5 ± 0.20 2.32  0.94 

5-hydroxyflavone 584.30 (577.25–591.34) 0.6 ± 0.31 1.07  0.98 

Flavone 619.80 (597.15–642.44) 1.0 ± 0.26 3.00  0.94 

a CL denotes confidence limit. 
b Pearson χ2, goodness-of-fit test. 
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Figure 67. Quantitative fatty acids structure-activity relationship. 
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Figure 68. Quantitative flavonoids structure-activity relationship. 

 



 

- 100 - 

 

 

Figure 69. Multiple regression analyses for fatty acids. 

 

 
Figure 70. Multiple regression analyses for flavonoids. 
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DISCUSSION 

Beetles, including T. molitor, have been widely used in traditional foods and medicines 

to treat various human diseases worldwide (Costa et al., 2002; Youn et al., 2014). 

According to the Food and Agriculture Organization of the United Nations, beetles are the 

most consumed edible insects throughout the world. In addition, there has been an interest 

in developing effective bioactive products using beetles for health supplements or 

functional foods because of rich source of nutrients of them such as unsaturated fatty acids, 

proteins, vitamins, fiber, and minerals (Finke et al., 2002; Yi et al., 2013; Yoo et al., 2013). 

Indeed, insects have proven to be very important as sources of drugs for modern medicine 

since they have anticancer, immunological, analgesic, antimicrobial, diuretic, anesthetic, 

anticoagulant, and antirheumatic properties (Costa et al., 2005; Yamakawa, 1998). 

Chemical screening applied to 14 insect species has confirmed the presence of proteins, 

terpenoids (triterpenoids and steroids, carotenoids, iridoids, tropolones), sugars, polyols 

and mucilages, saponins, polyphenolic glycosides, quinones, anthraquinone glycosides, 

cyanogenic glycosides, and alkaloids (Andary et al., 2000; Costa et al., 2002; Costa et al., 

2005; Ramos et al., 1999). Despite the increasing interest in insect-based bioactive products, 

the biological activities of these products have not been studied adequately. The biological 

activities of T. molitor have been reported to include antiobesity (Seo et al., 2017), anti-

factor Xa and anti-platelet (Lee et al., 2017), antimicrobial (Jung et al., 1995; Moon et al., 

1994; Noh et al., 2014), anticancer (Lee et al., 2017), antidementia (Youn et al., 2014), and 

antihypertensive effects (Dai et al., 2013). Despite this, T. molitor has not been explored 

extensively for its chemical attributes. The T. molitor larvae contains various compounds, 

such as diketopiperazines (e.g., cyclo(L-Pro-L-Tyr), cyclo(L-Val-L-Pro)), phenylethanoids 

(e.g., N-acetyltyramine, hydroxytyrosol), isoquinoline alkaloid (e.g., oleracein E), fatty 

acids (oleic acid, linoleic acid), peptides and proteins (e.g., apolipophorin-III, tenecin 1, 

tenecin 3) (Jung et al., 1995; Lee et al., 2017; Moon et al., 1994; Noh et al., 2014; Yi et al., 

2013; Zhao et al., 2016). In the current study, the ethanol extract (0.095 mg/mL) from 

whole body of T. molitor adults and its hexane-, butanol-, chloroform-, and ethyl acetate-

soluble fractions exhibited good antioxidant activity (IC50, 0.042–0.088 mg/mL). 
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Various compounds existed in natural products, alone or in combination, contribute to 

antioxidant efficacy. These antioxidant products can be applied to humans in the same 

manner as conventional drugs. However, in contrast to secondary metabolites from plants, 

insect-derived antioxidant substances have not been studied adequately. Naturally 

occurring antioxidant compounds (based on the IC50, DPPH assay) include alkaloids [e.g., 

solasodine and tomatidine, 0.99 and 5.39 μg/mL (Koduru et al., 2007); cepharanthine and 

fangchinoline, 22.2 and 6.4 μg/mL (Gülҫin et al., 2010)], flavonoids [e.g., epicatechin and 

its six analogs, 0.41–7.02 μM (Budiman et al., 2015); quercetin, kaempferol, and their 

analogs, 0.84–11.19 μM (Zhao et al., 2013); baicalein and baicalin, 24 and 32 μM (Gao et 

al., 1999)], terpenoids [e.g., carnosic acid, 33.1 μM (Erkan et al., 2008); canarien A–C, 

19.81–28.59 ug/mL (Gutierrez et al., 2015)], lignans [e.g., sesamol, 13.5–168 μM; 

didemethylmatairesinol and its 11 derivatives, 8.5–31.3 μM (Eklund et al., 2005)], 

phenylpropanoids [e.g., 3-O-caffeoyl-1-methylquinic acid and its two derivatives, 

chlorogenic acid, caffeic acid, and ferulic acid, 6.9–16.0, 12.3, 13.7 and 36.5 μM (Kweon 

et al., 2001)], diarylalkyls [e.g., curcumin and its two analogs, 28.2–36.2 μg/mL (Kim et 

al., 2001)], stilbenes [e.g., (E)-piceatannol and other six stilbenes, 28–142 μM (Teguo et 

al., 1998)], and benzoic acids [e.g., gallic acid, 4.2 μM]. 

In the current study, a DPPH radical scavenging assay to identify the antioxidant 

constituents from the ethanol extract from whole bodies of T. molitor adults was used. The 

active constituents were determined to be the monounsaturated omega-7 fatty acid 

palmitoleic acid (1), the polyunsaturated omega-3 fatty acid linolenic acid (2), the 

polyunsaturated omega-6 fatty acid arachidonic acid (3), the saturated fatty acid palmitic 

acid (4), the flavanol catechin (5), the ketone terrein (6), the monounsaturated omega-9 

fatty acid oleic acid (7), the steroid β-sitosterol (8), and the dihydroxybenzoic acid 

protocatechuic acid (9). The IC50 values of these constituents were between 69.36 and 

748.33 μM, while the IC50 values of the natural compounds described above are between 

77.65 and 623.23 μM. linolenic acid and protocatechuic acid were more potent in 

scavenging the free radicals than ascorbic acid. This original finding indicates that 

materials derived from T. molitor adults can hold promise for the development of novel, 
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effective, naturally occurring antioxidant agent. 

QSAR analysis of the antioxidant activity of natural compounds has been well studied. 

Not only can the QSAR information contribute to the search for additional compounds with 

higher activity, it can also promote the understanding of the mechanism of antioxidant 

action of natural compounds, as described by (Amić et al., 2007) and (Alov et al., 2015). 

For example, the antioxidant activity of flavonoids depends strongly on the configuration, 

substitution, and total number of hydroxyl groups in the molecule. Dihydroxylated B-ring, 

presence of unsaturation, and of 4-oxo function in the C-ring are also presumed to increase 

the antioxidant capacity (Cao et al., 1997; Rice et al., 1996). The B ring hydroxyl 

configuration is the most significant determinant of scavenging of ROS and RNS because 

it donates hydrogen and an electron to hydroxyl, peroxyl, and peroxynitrite radicals, 

stabilizing them and giving rise to relatively stable flavonoids radical (Chen et al., 2015). 

In the current study, only some of the fatty acids with antioxidant activity, and the 

unsaturated fatty acids (linolenic acid, cis-13,16,19-docosatrienoic acid, cis-8,11,14-

eicosatrienoic acid, arachidonic acid, undecylenic acid, and cis-11-vaccenic acid) were 

better pronounced antioxidant activity than the saturated fatty acids (arachidic acid, 

heptadecanoic acid, myristic acid, palmitic acid, lauric acid, tridecanoic acid, and decanoic 

acid). Among the unsaturated fatty acids have potential antioxidant activity, except 

linolenic acid show excellent activity and the cis-13,16,19-docosatrienoic acid possessed 

equivalent activity to ascorbic acid, the positive control, the others did not differ 

significantly. Five FAMEs methyl oleate and methyl linoleate were ineffective. These 

findings indicate that it might be possible to use unsaturated fatty acids as effective 

antioxidant agents. 
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CHAPTER II 

 

Anti-BACE-1 Activity of Constituents Identified in 

adults of Tenebrio molitor 
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INTRODUCTION 

Alzheimer’s disease (AD) is a chronic, progressive, age-related 

neurodegenerative disorder and are some of the most serious global public health 

problems (Burns et al., 2009). The prevalence and severity of these clinical 

conditions are distinctly increasing, although prevalence rates in less developed 

regions are lower (Ferri et al., 2005). Worldwide, the number of people with 

dementia was estimated to be 35.6 million in 2010; this figure is expected to almost 

double every 20 years, to 65.7 million in 2030 and 115.4 million in 2050 (Prince et 

al., 2013). The worldwide societal cost of dementia, including direct and indirect 

care, was an estimated 604 billion USD in 2010, an increase of 288.6 billion from 

315.4 billion USD in 2005 (Wimo et al., 2013). Fourteen and 39% of the people in 

low- and middle-income countries have dementia, respectively, which accounts for 

less than 1% and 10% of the total worldwide costs, respectively. However, 46% of 

the people in high-income countries have dementia, accounting for 89% of the costs 

(Wimo et al., 2013). AD accounts for an estimated 60–80% of dementia cases 

(Alzheimer’s, 2017), with symptoms of problem with memory, learning, behavior, 

emotion, and social and executive functioning (Katzman, 1986), which usually 

develop slowly. The major histopathological hallmarks of AD are neurofibrillary 

tangles composed of hyperphosphorylated tau protein filaments, and extracellular 

senile plaques, which are deposits of β-amyloid (Aβ) generated via sequential 

proteolytic processing of the transmembrane amyloid precursor protein (APP) by 

two enzymes in the amyloidogenic processing pathway, namely β-secretase (β-site 

APP cleaving enzyme or BACE-1) and γ-secretase (Hardy et al., 2002; Sadigh et 

al., 2015; Serrano et al., 2011). 

AD is currently treated using acetylcholinesterase (AChE) inhibitors (Anand et 

al., 2013; Mehta et al., 2012) and N-methyl-D-aspartate (NMDA) receptor 

antagonists (Danysz et al., 2012; Olivares et al., 2012). However, these medications 

can only alleviate some symptoms and slow down the pathogenetic process without 

stopping the disease process or prevent neuronal degeneration (Mendiola et al., 

2016). These treatments also have serious side effects (Burock et al., 2014). BACE-

1 is a prime drug target for inhibiting Aβ generation because it is responsible for 

initiating Aβ production (De et al., 2010; Mancini et al., 2011; Yan et al., 2014). 
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Many peptidomimetics and heterocyclic compounds have been evaluated as 

BACE-1 inhibitors (Thompson et al., 2005; Ulrich et al., 2010); unfortunately, 

there are currently no approved anti-BACE-1 therapies for the prevention or 

treatment of AD. Therefore, there is a pressing need to develop innovative anti-AD 

agents derived from natural sources aimed at neuroprotection or neurorestoration 

(neurorescue). 

Insects have been suggested as a significant untapped source of novel therapeutic 

drugs, such as antimicrobials as well as anticancer, antiangiogenesis and 

anticoagulant factors, and wound healing agents (Costa et al., 2005; Dimarcq et al., 

2003; Dossey et al., 2010; Ratcliffe et al., 2011), although almost half the drugs 

currently on the market are derived from plants or microbes (Dimarcq et al., 2003; 

Kingston et al., 2011). This approach is appealing, in part, because they are sources 

of bioactive compounds and that often act at multiple, novel target sites (Dimarcq 

et al., 2003; Dossey et al., 2010; Ratcliffe et al., 2011), thereby reducing the 

potential for resistance to antibiotics in bacteria and human immunodeficiency virus 

(Dossey et al., 2010; Ratcliffe et al., 2011). An estimated commercial value of 

insect-related products is over 100 million USD. Insect-derived medicines come 

from adult insects or larval bodies, insect eggs, insect egg shells, exuvium, cocoons, 

secretions, and toxins of insects, or the insect body infected with fungi (Feng et al., 

2009). Previous studies have shown that an ethanol extract from the adults of the 

mealworm beetle, Tenebrio molitor (Coleoptera: Tenebrionidae), possessed good 

AChE and BACE-1 inhibitory activity. However, no previous studies have 

investigated the potential use of T. molitor for managing AD, although this edible 

insect larvae is gaining attention as a source of protein for food purposes worldwide 

(Van, 2013). In addition, the Ministry of Food and Drug Safety of Korea approved 

T. molitor larvae as a food resource (Kingston et al., 2011). The modern trends in 

the development of the utilization and commercialization of insect resources has 

been reviewed by (Zhang et al., 2008). 

In this study, we aimed to assess whether the 12 constituents extracted from the 

whole T. molitor adults had acetylcholinesterase and/or BACE-1 inhibitory activity 

in comparison with commercial organic pure corresponding compounds as well as 

three positive controls for BACE-1, the cell-permeable isophthalamide BACE-1 

inhibitor IV (Vassar, 2014), and the natural two BACE-1 inhibitors, 
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epigallocatechin gallate (EGCG) (Jeon et al., 2003) and curcumin (Wang et al., 

2014), and two positive controls for AChE, the commercial AChE inhibitor, 

donepezil (Yang et al., 2013) and the natural AChE inhibitor, huperzine A 

(Cherniak et al., 2010). Quantitative structure–activity relationship (QSAR) of the 

test compounds is also discussed. 
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MATERIALS AND METHODS 

2.1. Instrumental analysis 

The 1H and 13C NMR spectra were recorded in CD3CN, MeOD, or DMSO-d6 on an 

AVANCE 600 spectrometer at 600 and 150 MHz, respectively, as stated in Materials and 

Methods section of Chapter I. The chemical shifts are given in δ (ppm). The DEPT spectra 

were acquired using the Bruker software. The UV, the mass spectra were obtained, as stated 

in Materials and Methods section of Chapter I. Merck silica gel 60 (0.063–0.2 mm) was 

used for column chromatography. Merck precoated silica gel plates (Kieselgel 60 F254) were 

used for analytical TLC. Merck preparative TLC plates (2 mm thickness), an Isolera One 

MPLC, and an Agilent 1200 series HPLC were used to isolate the active compounds, as 

stated in Materials and Methods section of Chapter I. 

 

2.2. Materials 

The 12 commercially available organic pure compounds identified in T. molitor adults 

and 64 structurally related compounds are listed in Table 21, along with their sources and 

purities. For the quantitative structure-activity relationship (QSAR) analysis, values of 

molecular weight (MW), hydrophobic parameter (log P), and steric effects for the test 

compounds were obtained from ChemDraw Professional 16.0 (Cambridge Soft 

Corporation, Cambridge, MA, USA) and recorded in the table. Molecular refraction (MR) 

was used as the parameter for describing steric effects. Epigallocatechin gallate (EGCG) 

and Inhibitor IV were purchased from Sigma-Aldrich and Merck, respectively. 

Recombinant human BACE-1 and fluorogenic peptide substrate Mca-SEVNLDAEFRK 

(Dnp) RR-NH2 were purchased from R&D system (Minneapolis, MN, USA). 

Acetylcholinesterase from Electrophorus electricus (electric eel) (Type VI-S, lyophilized 

powder, 1000 units/mg protein) was obtained from Sigma-Aldrich. All of the other 

chemicals and reagents used in this study were of analytical grade quality and are available 

commercially. 
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Table 21. Values of physical parameters of the 79 organic pure compounds examined 

in this study for antioxidant activity 

Compound MW
a
 Log Pb MRc Sourced Purity(%) 

Protocatechuic acid 154.00  0.81  35.72  TCI >98 

Adenosine 267.00  -1.80  64.60  S-A ≥99 

Ergosterol 396.00  6.93  127.80  S-A ≥95 

Cantharidin 196.00  0.98  44.83  TCI >98 

Terrein 154.00  -0.59  43.35  S-A ≥99 

Tryptophol 161.00  1.28  48.42  TCI >98 

Epigallocatechin gallate (EGCG) 458.08  2.07  110.79  S-A ≥98 

BACE-1 inhibitor IV 578.26  1.23  —— S-A ≥97 

Tacrine 198.12  2.91  62.54  S-A ≥98 

Caproic acid C6:0 116.08 1.60 30.51 TCI >98 

Octanoic acid C8:0 144.12 1.43 39.70 S-A ≥98 

Nonanoic acid C9:0 158.13 2.85 44.30 TCI >98 

Decanoic acid C10:0 172.15 3.27 48.90 TCI >98 

Undecanoic acid C11:0 186.16 3.69 53.50 TCI >98 

Lauric acid C12:0 200.18 4.10 58.11 TCI >98 

Tridecanoic acid C13:0 214.19 4.52 62.70 TCI >98 

Myristic acid C14:0 228.21 4.94 67.31 TCI >99 

Pentadecanoic acid C15:0 242.22 5.35 71.90 TCI >98 

Palmitic acid C16:0 256.24 5.77 76.49 TCI >99.5 

Heptadecanoic acid C17:0 270.26 6.19 81.09 TCI >98 

Stearic acid C18:0 284.27 6.61 85.69 TCI >98 

Arachidic acid C20:0 312.30 7.44 94.89 TCI >98 

Behenic acid C22:0 340.33 8.28 104.09 TCI >99 

Lignoceric acid C24:0 368.37 9.11 113.29 TCI >96 

Undecylenic acid (cis-10) C11:1 184.15 3.67 55.35 TCI >98 

cis-5-dodecenoic acid C12:1 198.16 3.78 59.46 S-A ≥99 

Myristoleic acid (cis-9) C14:1 226.19 4.62 68.66 S-A ≥99 

cis-10-pentadecenoic acid C15:1 240.21 5.33 73.75 S-A ~98 

Palmitoleic acid (cis-9) C16:1 254.22 5.45 77.86 TCI >98 

cis-10-heptadecenoic acid C17:1 268.24 6.17 82.95 S-A ≥99 

Oleic acid (cis-9) C18:1 282.26 6.29 87.06 S-A ≥99 

Elaidic acid (trans-9) C18:1 282.26 6.29 87.06 TCI >97 



 

- 110 - 

 

Continued      

cis-11-vaccenic acid C18:1 282.26 6.29 87.06 S-A ≥97 

Linoleic acid (cis-9,12) C18:2 280.24 5.97 88.42 S-A ≥99 

Linolenic acid (cis-9,12,15) C18:3 278.22 5.65 89.79 TCI >98 

cis-10-nonadecenoic acid C19:1 296.27 6.70 91.66 S-A ≥99 

Gadoleic acid (cis-9) C20:1 310.29 7.12 96.26 S-A ≥98 

cis-11-eicosenoic acid C20:1 310.29 7.12 96.26 S-A ≥99 

cis-11,14-eicosadienoic acid C20:2 308.27 6.80 97.62 S-A ≥98 

cis-8,11,14-eicosatrienoic acid C20:3 306.26 6.48 98.98 TCI >98 

Arachidonic acid (cis-5,8,11,14) C20:4 304.24 6.16 100.35 S-A >95 

cis-13-erucic acid C22:1 338.32 7.96 105.45 S-A ≥99 

cis-13,16-docosadienoic acid C22:2 336.30 7.64 106.82 S-A ~99 

cis-13,16,19-docosatrienoic acid C22:3 334.29 7.32 108.18 S-A ~98 

Nervonic acid (cis-15) C24:1 366.35 8.79 114.65 TCI >95 

Ethyl oleate 310.29 6.89 97.29 TCI >95 

Ethyl linoleate 308.27 6.57 98.66 TCI >97 

Ethyl palmitate 284.27 6.37 86.73 S-A ≥99 

Methyl oleate 296.27 6.55 92.49 TCI >99 

Methyl linoleate 294.26 6.23 93.86 TCI >98 

Kaempferol 286.05 2.25 77.54 TCI >97 

Catechin 290.08 1.50 74.05 TCI >97 

Galangin 270.05 1.13 72.88 S-A ≥98 

Quercetin 302.04 0.35 76.51 TCI >96 

isoquercetin 464.10 -1.39 109.79 S-A ≥98 

Robinetin 302.04 0.35 76.51 Ext ≥99 

Fisetin 286.05 0.74 74.70 S-A ≥98 

Luteolin 286.05 1.51 75.32 S-A ≥98 

Acacetin 284.07 2.17 78.94 S-A ≥97 

Kaempferide 286.05 0.74 74.70 TCI >96 

3-hydroxyflavone 238.06 1.91 69.26 TCI >98 

Laricitrin 332.05 0.22 83.76 Ext ≥99 

Myricetin 318.04 -0.04 78.33 TCI >97 

Rutin 610.15 -2.28 141.69 S-A ≥94 

Morin 302.04 0.35 76.51 TCI >90 

Flavone 222.07 3.07 68.07 TCI >98 
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Continued      

5-hydroxyflavone 238.06 2.68 69.88 S-A ≥97 

7-hydroxyflavone 238.06 2.68 69.88 TCI >97 

Chrysin 330.07 1.65 88.01 TCI >98 

8-methoxyflavone 252.08 2.95 75.32 S-A ≥98 

Flavanone 224.08 2.80 66.23 TCI >98 

Naringin 580.18 -1.10 137.52 TCI >90 

Fustin 288.06 0.97 73.62 Ext ≥99 

Taxifolin 304.06 0.58 75.43 S-A ≥85 

Daidzein 254.06 2.13 69.93 S-A ≥98 

Formononetin 254.06 2.13 69.93 S-A ≥99 

Genistein 270.05 1.74 71.74 S-A ≥98 

Biochanin 284.07 2.01 77.18 S-A ≥98 

Coumestrol 268.04 2.05 69.30 S-A ≥95 

a Molecular weight. 
b Hydrophobic parameter expressed as the log of the octanol/water partition coefficient. 
c Parameter for steric effects as described using molecular refraction. 
d S-A, Sigma-Aldrich (St. Louis, MO, USA); and TCI, Tokyo Chemical Industry (Tokyo, 

Japan); and Ext, Extrasynthese (Lyon area, France). 
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2.3. Insect materials 

Air-dried of adults, larvae, and feces from T. molitor were obtained from the Korea 

Beneficial Insects Labpratory, as stated in Materials and Methods section of Chapter I. Each 

voucher specimen was deposited in the Research Institute of Agriculture and Life Science, 

as stated in Materials and Methods section of Chapter I. 

 

2.4. FRET-based enzyme assay 

The methods of Lv et al., (2008) and Wang et al., (2015) were used to assess the BACE-

1 inhibitory activity of the test compounds. In brief, assay mixtures containing 1 μL of 0.5 

μg/μL recombinant human BACE-1, 0.75 L of a 2.5 μg/μL fluorogenic peptide substrate, 

47.25 μL of 50 Mm sodium acetate (PH 4.5), and the isolated compounds (1–1000 μg/mL) 

in 2% DMSO were preincubated for 1 h at 25 ℃ in darkness, followed by the addition of 

16.6 μL of 2.5 M sodium acetate to terminate the reaction. Natural BACE-1 inhibitors 

EGCG and Inhibitor IV served as standard references and were similarly prepared. The 

fluorescence intensity was measured at room temperature using a SpectraMAX Gemini XS 

plate reader (Molecular Devices, Sunnyvale, CA, USA) at 320 nm excitation and 405 nm 

emission. The inhibition percentage was determined using the following equation: % 

inhibition = 100 – [(Fs – Fs0) / (Fc – Fc0)] × 100, where Fs and Fs0 are the fluorescence of 

the samples at 120 min and 0 min, and Fc and Fc0 are the fluorescence of the control at 

120 min and 0 min, respectively (Lv et al., 2008).  

 

2.5. Acetylcholinesterase inhibitory activity assay in vitro 

The 96-well microplate AChE assay was carried out following the method of Kennedy 

et al., (2006) adapted from Ellman et al., (1961) with a slight modification. The reaction 

mixture consisted of 20 μL of electric eel AChE (0.1 U/mL), 140 μL of 0.1 M phosphate 

buffer (PH 8.0), 10 μL of various concentration of each test sample in 1% ethanol of 1% 

DMSO, 10 μL of 1 mM DTNB in 0.1 M phosphate buffer (PH 7.0), and 10 μL of 5 mM 

acetylcholine iodide. After incubation for 30 min at 37 ℃, the absorbance was recorded at 

412 nm using a VersaMax microplate reader. 
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2.6. Bioassay-guided fractions and isolation 

The extraction and fractionation procedures of T. molitor adults were performed, as 

stated in Materials and Methods section of Chapter I. To isolate the active constituents, 

0.1–0.5 mg/mL of each T. molitor adult-derived fraction was tested in a FRET-based 

enzyme assay, as described by Lv et al., (2008) and Wang et al., (2015). 

The hexane-soluble fraction (10 g) was most active and was chromatographed on a 

5.5 × 70 cm silica gel (600 g) column by elution with a gradient of chloroform and methanol 

[100:0 (2.5 L), 99:1 (2 L), 98:2 (2 L), 95:5 (2 L), 90:10 (2 L), 70:30 (2 L), 50:50 (1 L), 

40:60 (2 L), and 0:100 (0.9 L) by volume] to afford 87 fractions (each approximately 180 

mL) (Fig. 71). The column fractions were monitored by TLC on silica gel plates developed 

with a chloroform and methanol (95:5 by volume) mobile phase. Fractions with similar Rf 

values on the TLC plates were pooled. Spots were detected by spraying the plate with 2% 

H2SO4 and then heating the samples on a hot plate. Active fractions 1–7 (H1), 14–21 (H3) 

and 22–31 (H4) were obtained. Fraction H1 was separated by MPLC with a UV detector 

at 254 and 365 nm and a SNAP column cartridge (25 g silica gel) with a column volume 

of 22 mL and then elution with a gradient of chloroform and methanol [100:0 (300 mL), 

99:1 (440 mL), 98:2 (210 mL), 95:5 (690 mL), and 0:100 (200 mL) by volume] at a flow 

rate of 20 mL/min to provide 92 fractions (each approximately 20 mL). The column 

fractions were monitored by TLC on silica gel plates, as stated previously. Active fractions 

37–58 (H13) were obtained. Fraction H3 was separated by MPLC with a UV detector at 

254 and 365 nm and a SNAP column cartridge (100 g silica gel) with a volume of 132 mL 

by elution with a gradient of chloroform and methanol [100:0 (900 mL), 99:1 (1454 mL), 

98:2 (737 mL), 95:5 (1293 mL), 90:10 (1324 mL), 85:15 (712 mL), 80:20 (510 mL), 70:30 

(470 mL), and 0:100 (340 mL) by volume] at a flow rate of 25 mL/min to provide 43 

fractions (each approximately 180 mL). The column fractions were monitored by TLC on 

silica gel plates, as stated previously. Active fractions 17–25 (H32) were pooled and 

recrystallized in methanol to get solid fraction H32S and liquid fraction H32L. Fraction 

H32S was purified by methanol recrystallization at –20 ℃ to afford the compound 10. 

Fraction H4 was separated by MPLC with a UV detector at 254 and 365 nm and a column 
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cartridge (100 g silica gel) with a volume of 132 mL by elution with a gradient of 

chloroform and methanol [100:0 (1500 mL), 99:1 (1215 mL), 98:2 (841 mL), 97:3 (1765 

mL), 95:5 (983 mL), 90:10 (1760 mL), 85:15 (813 mL), 80:20 (995 mL), 70:30 (1100 mL), 

60:40 (700 mL), and 0:100 (928 mL) by volume] at a flow rate of 40 mL/min to provide 

70 fractions (each approximately 180 mL). The column fractions were monitored, as stated 

previously. Active fractions 9–23 (H42) was pooled. A preparative HPLC was used to 

separate the constituents from active fractions H13, H32L and H42. The column was a 7.8 

mm i.d. × 300 mm μBondapak C18 with a mobile phase of methanol and water (85:15, 

90:10 and 90:10 by volume, respectively) at a flow rate of 1 mL/min. Chromatographic 

separations were monitored using a UV detector at 242, 250 and 233 nm, respectively. 

Finally, three active compounds 1 (6.81 mg) from H13, 11 (7.02 mg) from H32L and 4 

(9.45 mg) from H42 were isolated at the retention times of 15.61 min (Fig. 10), 17.63 min 

(Fig. 72) and 26.45 min (Fig. 14), respectively. 

 
Figure 71. Procedures to isolate BACE-1 inhibitory compounds from hexane-soluble 

fraction of ethanol extract from adults of Tenebrio molitor. 
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Figure 72. HPLC chromatogram of compound 11. 

 

The chloroform-soluble fraction (10.13 g) was separated by MPLC with a UV detector 

at 254 and 365 nm and a SNAP column cartridge (340 g silica gel) with a volume of 510 

mL by elution with a gradient of chloroform and methanol [100:0 (0.7 L), 99:1 (1.8 L), 

98:2 (2 L), 90:10 (1.8 L), 70:30 (3.3 L), 50:50 (1.1 L), 40:60 (1.7 L), and 0:100 (0.9 L) by 

volume] at a flow rate of 50 mL/min to provide 74 fractions (each approximately 180 mL) 

(Fig. 73). The column fractions were monitored by TLC on silica gel plates developed with 

chloroform and methanol (95:5 by volume) mobile phase, as stated previously. Active 

fractions 26–40 (C3), and 41–57 (C4) were obtained. Fraction C3 was separated by MPLC 

with a UV detector at 254 and 365 nm and a column cartridge (100 g silica gel) with a 

volume of 132 mL by elution with a gradient of chloroform and methanol [100:0 (0.7 L), 

98:2 (1.3 L), 96:4 (0.6 L), 95:5 (0.4 L), 90:10 (1.7L), 80:20 (1.5 L), 40:60 (1.4 L), and 

0:100 (0.9 L) by volume] at a flow rate of 40 mL/min to provide 47 fractions (each 

approximately 180 mL). The column fractions were monitored by TLC on silica gel plates 

developed with a chloroform and methanol (9:1 by volume) mobile phase. Active fractions 

7–11 (C32) were pooled and purified by preparative TLC with chloroform and methanol 

(9:1 by volume) to yield two active fractions C322 and C324. A preparative HPLC was 

used to separate the constituent from fractions C322 and C324, as stated previously. 
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Chromatographic separation was monitored using a UV detector at 243 and 210 nm, 

respectively, using a mobile phase of methanol and water (95:5 by volume) at a flow rate 

of 1 mL/min. Finally, two active constituents 5 (17.31 mg) from C322 and 6 (5.93 mg) 

from C324 were isolated at retention times of 12.11 min (Fig. 15) and 20.81 min (Fig. 16), 

respectively. Another active fraction C4 was separated by MPLC with a UV detector at 254 

and 365 nm and a column cartridge (100 g silica gel) with a volume of 132 mL by elution 

with a gradient of chloroform and methanol [100:0 (100 mL), 99:1 (350 mL), 98:2 (440 

mL), and 90:10 (470 mL), and 0:100 (200 mL) by volume] at a flow rate of 30 mL/min to 

provide 78 fractions (each approximately 20 mL). The column fractions were monitored 

by TLC on silica gel plates developed with a chloroform and methanol (9:1 by volume) 

mobile phase. Active fractions 8–23 (C43) were pooled and was separated by MPLC with 

UV detector and a column cartridge (25 g silica gel) with a volume of 22 mL by elution 

with a gradient of chloroform and methanol [100:0 (100 mL), 98:2 (220 mL), 90:10 (310 

mL), 80:20 (300 mL), 60:40 (210 mL), and 0:100 (200 mL) by volume] at a flow rate of 

20 mL/min to provide 67 fractions (each approximately 20mL). The column fractions were 

monitored by TLC on silica gel plates developed with a chloroform and methanol (95:5 by 

volume) mobile phase. Active fractions 10–32 (C432) was pooled and purified by 

preparative TLC with chloroform and methanol (8:2 by volume) to yield an active fraction 

C4322. A preparative HPLC was used to separate the constituent from fractions C4322, as 

stated previously. Chromatographic separation was monitored using a UV detector at 230 

nm, with a mobile phase of methanol and water (80:20 by volume) at a flow rate of 1 

mL/min. Finally, an active constituent 7 (17.9 mg) was isolated at a retention time of 11.17 

min (Fig. 17). 
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Figure 73. Procedures to isolate BACE-1 inhibitory compounds from chloroform-

soluble fraction of ethanol extract from adults of Tenebrio molitor. 
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The ethyl acetate-soluble fraction (5.19 g) was separated by MPLC with a UV detector 

at 254 and 365 nm and a column cartridge (340 g silica gel) with a volume of 510 mL. 

Separation was achieved with a gradient of chloroform and methanol [100:0 (800 mL), 

99:1 (924 mL), 97:3 (1211 mL), 95:5 (762 mL), 90:10 (2139 mL), 80:20 (673 mL), 70:30 

(1752 mL), 60:40 (910 mL), and 0:100 (1089 mL)] at a flow rate of 50 mL/min to provide 

57 fractions (each approximately 180 mL) (Fig. 74). The column fractions were monitored 

by TLC on silica gel plates developed with chloroform and methanol (95:5 by volume) 

mobile phase, as stated previously. Active fractions 13–25 (E3) and 44–57 (E6) were 

obtained. The fraction E3 was separated by MPLC with UV detector at 254 and 365 nm 

and a column cartridge (100 g silica gel) with a volume of 132 mL by elution with a gradient 

of chloroform and methanol [100:0 (1.1 L), 99:1 (1.3 L), 98:2 (2.1 L), 95:5 (1 L), 9:1 (0.8L), 

8:2 (1 L), 7:3 (0.7 L), 5:5 (1.4 L), 4:6 (0.63 L), 0:100 (1.13 L) by volume] at a flow rate of 

30 /min to provide 62 fractions (each approximately 180mL). The column fractions were 

monitored by TLC on silica gel plates developed with chloroform and methanol (95:5 by 

volume) mobile phase, as stated previously. Active fractions 8-13 (E32) was obtained. 

Fraction E32 was separated by MPLC with UV detector at 254 and 365 nm and a column 

cartridge (25 g silica gel) with a volume of 22 mL by elution with a gradient of chloroform 

and methanol [100:0 (170 mL), 98:2 (340 mL), 95:5 (310 mL), 0:100 (200 mL) by volume] 

at a flow rate of 20 mL/min to provide 51 fractions (each approximately 20mL). The 

column fractions were monitored by TLC on silica gel plates developed with chloroform 

and methanol (95:5 by volume) mobile phase, as stated previously. Active fractions 13-31 

(E322) was obtained. The fraction E322 was purified by preparative TLC with chloroform 

and methanol (95:5 by volume) to yield active fraction E3223. The active fraction E6 was 

separated by MPLC with UV detector at 254 and 365 nm and a column cartridge (100 g 

silica gel) with a volume of 132 mL by elution with a gradient of chloroform and methanol 

[100:0 (600 mL), 99:1 (750 mL), 97:3 (1123 mL), 9:1 (1469 mL), 8:2 (1138 mL), 7:3 (783 

mL), 0:100 (437 mL)] at a flow rate of 30 mL/min to provide 35 fractions (each 

approximately 180 mL). The column fractions were monitored, as stated previously. Active 

fraction 4–21 (E62) was pooled and recrystallized in ethyl acetate to get solid fraction E62S 
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and liquid fraction E62L. A preparative HPLC was used to separate the constituents from 

active fraction E62S, as stated previously. Chromatographic separations were monitored 

using a UV detector at 280 and 284 nm, with a mobile phase of methanol and water (8:2 

and 95:5 by volume, respectively) at a flow rate of 1 mL/min. Finally, two active 

compounds 12 (5.23 mg) and 13 (15.72 mg) were isolated at a retention time of 11.45 min 

(Fig. 75) and 11.83 min (Fig. 76). 

 

 
Figure 74. Procedures to isolate BACE-1 inhibitory compounds from ethyl acetate-

soluble fraction of ethanol extract from adults of Tenebrio molitor. 
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Figure 75. HPLC chromatogram of compound 12. 

 

 

 
Figure 76. HPLC chromatogram of compound 13. 
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The butanol-soluble fraction (5.72 g) was separated by MPLC with a UV detector at 

254 and 365 nm and a SNAP column cartridge (100 g silica gel) with a volume of 123 mL 

by elution. Separation was achieved with a gradient of chloroform and methanol [100:0 

(200 mL), 99:1 (410 mL), 97:3 (250 mL), 95:5 (370 mL), 90:10 (520 mL), 80:20 (440 mL), 

70:30 (300 mL), 40:60 (370 mL), and 0:100 (400 mL) by volume] at a flow rate of 30 

mL/min to provide 163 fractions (each approximately 20 mL) (Fig. 77). The column 

fractions were monitored by TLC on silica gel plates developed with a chloroform and 

methanol (9:1 by volume) mobile phase, as stated previously. Active fractions 1–17 (B1), 

37–51 (B3) and 51–81 (B4) were obtained. Fraction B1 was separated by MPLC with UV 

detector at 254 and 365 nm and a column cartridge (100 g silica gel) with a volume of 132 

mL by elution with a gradient of chloroform and methanol [100:0 (150 mL), 98:2 (410 mL), 

95:5 (200 mL), 90:10 (480 mL), 80:20 (320 mL), and 0:100 (300 mL) by volume] at a flow 

rate of 30 mL/min to provide 93 fractions (each approximately 20 mL). Active fractions 

12–21 (B12) were pooled and purified by preparative TLC with chloroform and methanol 

(9:1 by volume) to yield active fraction B122. Fraction B3 was pooled and recrystallized 

in chloroform to get solid fraction B3S and liquid fraction B3L. Fraction B3L was separated 

by MPLC with UV detector at 254 and 365 nm and a column cartridge (100 g silica gel) 

with a volume of 132 mL by elution with a gradient of chloroform and methanol [100:0 

(190 mL), 99:1 (300 mL), 98:2 (260 mL), 95:5 (410 mL), 9:1 (550 mL), 7:3 (340 mL), 6:4 

(120 mL), 5:5 (300 mL), 4:6 (230 mL), 0:100 (300) by volume] at a flow rate of 30 mL/min 

to provide 150 fractions (each approximately 20mL). The column fractions were monitored 

by TLC on silica gel plates developed with chloroform and methanol (95:5 by volume) 

mobile phase, as stated previously. Active fractions 52–71 (B3L3) was obtained. The 

fraction B3L3 was purified by preparative TLC with chloroform and methanol (9:1 by 

volume) to yield active fraction B3L31. Fraction B4 was separated by MPLC with UV 

detector at 254 and 365 nm and a column cartridge (100 g silica gel) with a volume of 132 

mL by elution with a gradient of chloroform and methanol [100:0 (80 mL), 9:1 (230 mL), 

7:3 (690 mL), 5:5 (400 mL), 0:100 (200 mL) by volume] at a flow rate of 25 mL/min to 

provide 80 fractions (each approximately 20mL). The column fractions were monitored by 
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TLC on silica gel plates developed with chloroform and methanol (95:5 by volume) mobile 

phase, as stated previously. Active fractions 30–37 (B45) was obtained. The fraction B45 

was purified by preparative TLC with chloroform and methanol (9:1 by volume) to yield 

active fraction B451. Chromatographic separations were monitored using a UV detector at 

260, 260 and 215 nm, with a mobile phase of methanol and water (8:2, 8:2 and 7:3 by 

volume, respectively) at a flow rate of 1 mL/min. Finally, two active compounds 9 (4.12 

mg), 14 (9.75 mg) and 15 (8.29 mg) were isolated at a retention time of 11.54 min (Fig. 

21), 12.30 min (Fig. 78) and 21.21 min (Fig. 79). 

 

 

Figure 77. Procedures to isolate BACE-1 inhibitory compounds from butanol-soluble 

fraction of ethanol extract from adults of Tenebrio molitor 
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Figure 78. HPLC chromatogram of compound 14. 

 

 

 

Figure 79. HPLC chromatogram of compound 15. 
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2.7. Data analysis 

The fifty percent inhibitory concentration (IC50) was defined as the concentration of 

the compound that resulted in a 50% loss of BACE-1 activity. The IC50 values were 

determined using GraphPad Prism 6.0 software (GraphPad Software, La Jolla, CA, USA). 

The IC50 values for the treatments were considered significantly different from one another 

when their 95% confidence limits (CLs) did not overlap. The results are expressed as the 

means  standard errors (SEs) of triplicate samples from three independent experiments. 
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RESULTS 

2.8. FRET bioassay-guided fractionation and isolation 

The fractions obtained from the solvent hydrolysable of the ethanol extract from adults 

of Tenebrio molitor were examined for inhibitory activity against human BACE-1 using a 

FRET-based enzyme assay (Table 22). Significant differences in inhibitory activity were 

observed among the fractions. As judged by the 24 h IC50 values, the hexane- and ethyl 

acetate-soluble fractions showed best potent inhibitory activity and the butanol- showed 

good activity but less than the two fractions mentioned above obviously. Therefore, the 

hexane-, ethyl acetate- and butanol-soluble fractions were mainly used to identify peak 

activity fractions for the next step in the purification. 

 

Table 22. In vitro human BACE-1 inhibitory activity of fractions obtained from the 

solvent hydrolysable of the adults of Tenebrio molitor 

a CL denotes confidence limit. 

b Pearson χ2, goodness-of-fit test. 

c Fraction. 

 

  

Material IC50, mg/mL (95% CLa) Slope±SE χ2b P-value 

Ethanol extract 0.021 (0.015-0.027) 1.3±0.53 1.33 0.991 

Hexane-soluble fr. 0.015 (0.007-0.023) 1.4±0.19 2.01 0.993 

Chloroform-soluble fr. >10    

Ethyl acetate-soluble fr. 0.027 (0.021-0.033) 1.7±0.09 1.55 0.984 

Butanol-soluble fr. 0.537 (0.523-0.551) 2.1±0.37 3.49 0.986 

Water-soluble fr. >10    

BACE-1 inhibitor IV 0.014 (0.009-0.019) 1.7±0.16 1.58 0.989 
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The BACE-1 inhibitory activity of each subfraction derived from the hexane-, 

chloroform-, ethyl acetate-, and butanol-soluble fractions is given in Tables 23, 24, 25, and 

26, respectively. 

 

Table 23. In vitro BACE-1 inhibitory activity of each subfraction from the hexane-

soluble fraction derived from adults of Tenebrio molitor using a FRET bioassay 

No. Fraction 
Antioxidant activity (%) 

50μg of sample 100μg of sample 

1 H1 80.9±0.68 87.4±2.13 

2 H2 - 4.1±1.75 

3 H3 84.1±1.82 90.1±1.26 

4 H4 91.3±1.39 95.3±0.76 

5 H5 43.5±0.87 57.4±2.10 

6 H6 47.9±0.55 66.9±1.59 

7 H7 - - 

8 H11 34.1±1.21 57.3±0.55 

9 H12 56.8±0.71 71.1±2.31 

10 H13 90.2±1.64 96.4±0.78 

11 H14 - - 

12 H31 71.9±0.36 83.0±1.93 

13 H32 77.4±0.78 85.3±3.00 

14 H33 33.3±4.36 65.3±2.52 

15 H41 63.7±1.12 75.7±0.55 

16 H42 90.1±0.38 96.5±1.27 

17 H43 76.2±1.34 86.2±1.39 

18 H44 27.5±2.18 67.3±1.52 

19 H32L 52.2±2.02 64.5±3.16 

20 H32S 70.4±1.08 82.2±0.61 
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Table 24. In vitro BACE-1 inhibitory activity of each subfraction from the 

chloroform-soluble fraction derived from adults of Tenebrio molitor using a FRET 

bioassay 

No. Fraction 
Antioxidant activity (%) 

50μg of sample 100μg of sample 

1 C1 22.2±1.26 27.2±2.12 

2 C2 30.4±0.74 38.4±1.53 

3 C3 89.5±1.17 97.5±0.15 

4 C4 83.8±0.36 91.8±1.60 

5 C5 53.0±0.32 61.0±1.76 

6 C31 38.1±0.35 52.1±2.25 

7 C32 88.4±1.04 97.4±2.08 

8 C33 12.3±1.61 20.3±2.13 

9 C34 31.0±1.37 43.0±0.27 

10 C41 20.0±1.90 25.0±2.18 

11 C42 84.9±0.58 90.9±1.33 

12 C43 43.1±1.02 57.1±2.33 

13 C44 23.4±1.69 31.4±2.41 

14 C321 22.1±2.32 29.1±1.40 

15 C322 80.1±2.22 88.1±2.18 

16 C323 31.7±1.22 46.7±0.54 

17 C324 84.9±0.58 90.9±1.33 

18 C431 54.1±2.45 65.1±0.68 

19 C432 90.9±0.30 96.9±1.39 

20 C433 43.0±1.65 56.0±1.37 

21 C4321 39.0±1.87 44.0±1.96 

22 C4322 86.8±1.32 96.8±2.41 

23 C4323 47.8±0.72 53.8±1.68 

24 C4324 34.1±1.19 42.1±1.84 
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Table 25. In vitro BACE-1 inhibitory activity of each subfraction from the ethyl 

acetate-soluble fraction derived from adults of Tenebrio molitor using a FRET 

bioassay 

No. Fraction 
Antioxidant activity (%) 

50μg of sample 100μg of sample 

1 E1 16.5±1.52 23.5±2.13 

2 E2 34.0±0.35 39.0±1.81 

3 E3 74.0±2.07 81.0±1.86 

4 E4 10.6±2.35 18.6±0.95 

5 E5 1.04±1.32 12.0±1.00 

6 E6 91.6±1.76 97.6±1.56 

7 E31 49.3±0.03 59.3±0.58 

8 E32 60.1±1.18 74.1±2.41 

9 E33 12.0±1.31 26.0±0.19 

10 E34 31.2±0.44 42.2±0.91 

11 E61 6.55±2.47 19.5±1.59 

12 E62 93.1±0.16 96.1±2.06 

13 E63 39.0±2.12 49.0±2.45 

14 E321 37.9±1.43 45.9±1.14 

15 E322 52.2±1.28 76.2±0.45 

16 E323 33.3±1.14 44.3±1.41 

17 E62L 24.4±1.38 31.4±1.92 

18 E62S 94.3±0.61 99.3±1.25 

19 E3221 30.8±1.13 39.8±1.88 

20 E3222 32.4±2.21 41.4±0.28 

21 E3223 51.08±0.58 65.0±1.55 

22 E3224 28.3±2.28 38.3±0.36 
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Table 26. In vitro BACE-1 inhibitory activity of each subfraction from the butanol-

soluble fraction derived from adults of Tenebrio molitor using a FRET bioassay 
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Direct-contact inhibition bioassay-guided fractionation of the adults of Tenebrio 

molitor led to 12 active compounds that were identified through spectroscopic analyses, 

including electron ionized mass spectrometry (EI-MS) and NMR spectroscopy. Among all 

the compounds isolated, six are different from the part I. 

The compound 10 was obtained as a white solid and identified as stearic acid by 

spectroscopic analysis, including EI-MS (Fig. 80), 1H NMR (Fig. 81), 13C NMR (Fig. 82), 

and DEPT (Fig. 83). The 13C NMR showed 18 carbons in the molecular including methyl, 

and carboxy group suggesting the molecular formula C18H36O2. The interpretations of 

proton and carbon signals were largely consistent with those of previous studies (Santos et 

al., 2015). 

Stearic acid (10): White flake crystals; UV (MeOH): λmax nm = 254; EI-MS (70 eV), 

m/z (% relative intensity): 284 [M]+ (80), 241 (10), 199 (32), 185 (9), 171 (8), 157 (9), 143 

(25), 129 (11), 125 (8), 115 (7), 111 (43), 98 (12), 83 (24), 73 (64), 69 (59), 60 (43), 57 

(12), 43 (24), 29 (64), 18 (59). High resolution EI-MS: C18H37O2+ observed: 285.27881, 

calculated: 285.27936. 1H NMR (CD3CN, 600 MHz) and 13C NMR (CD3CN, 150 MHz) 

are given in Table 27. The structure of compound 10 is shown in Fig. 84. 

 

 

Figure 80. EI-MS spectrum of compound 10. 
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Figure 81. 1H NMR spectrum of compound 10. 

 
Figure 82. 13C NMR spectrum of compound 10. 
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Figure 83. DEPT spectrum of compound 10. 

 

 

 

 

 

 

Figure 84. Structure of stearic acid. The chemical formula of stearic acid 

(Octadecanoic acid) (10) is C18H36O2, with a molar mass of 284.48 g/mol. 
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Table 27. 1H and 13C NMR spectral data for compound 10. 

Position 
Partial 

Structure 

δC, ppm 

(CDCl3, 

150MHz) 

δH, ppm 

(CDCl3, 

600MHz) 

δC, ppm 

(Santos et 

al., 2015) 

δH, ppm 

(Santos et 

al., 2015) 

1 COOH 180.06 11.30 s 174.2 12.0 s 

2 CH2 34.20 
2.36 t 

(J = 7.2 Hz) 
33.6 

2.18 t 

(J = 7.2 Hz) 

3 CH2 32.14 1.64 m 31.3 1.63 m 

4 CH2 29.26 1.26 m 29.2 1.26 m 

5 CH2 29.45 1.26 m 29.3 1.26 m 

6 CH2 29.57 1.26 m 29.5 1.26 m 

7 CH2 29.80 1.26 m 29.8 1.26 m 

8 CH2 29.85 1.26 m 29.8 1.26 m 

9 CH2 29.87 1.26 m 29.8 1.26 m 

10 CH2 29.90 1.26 m 29.8 1.26 m 

11 CH2 29.90 1.26 m 29.8 1.26 m 

12 CH2 29.90 1.26 m 29.8 1.26 m 

13 CH2 29.87 1.26 m 29.8 1.26 m 

14 CH2 29.85 1.26 m 29.8 1.26 m 

15 CH2 29.64 1.26 m 29.5 1.26 m 

16 CH2 24.88 1.26 m 24.5 1.26 m 

17 CH2 22.90 1.26 m 22.1 1.26 m 

18 CH3 14.32 
0.89 t 

(J = 6.8 Hz) 
14.0 

0.85 t 

(J = 6.8 Hz) 
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The compound 11 was obtained as a colorless oil and identified as linoleic acid by 

spectroscopic analysis, including EI-MS (Fig. 85), 1H NMR (Fig. 86), 13C NMR (Fig. 87), 

and DEPT (Fig. 88). The 13C NMR showed 18 carbons in the molecular including double 

bond, methyl, and carboxy group suggesting the molecular formula C18H32O2. The 

interpretations of proton and carbon signals were largely consistent with those of previous 

studies (Kim et al., 2015). 

Linoleic acid (11): Colorless oil; UV (MeOH): λmax nm = 250; EI-MS (70 eV), m/z (% 

relative intensity): 280 [M]+ (38), 182 (2), 168 (1), 150 (2), 137 (7), 124 (6), 110 (10), 95 

(15), 81 (20), 67 (39), 55 (77), 41 (97), 29 (100), 27 (51). High resolution EI-MS: 

C18H33O2+ observed: 281.24751, calculated: 281.24806. 1H NMR (CD3CN, 600 MHz) and 

13C NMR (CD3CN, 150 MHz) are given in Table 28. The structure of compound 11 is 

shown in Fig. 89. 

 

 

 

Figure 85. EI-MS spectrum of compound 11. 
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Figure 86. 1H NMR spectrum of compound 11. 

 

Figure 87. 13C NMR spectrum of compound 11. 
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Figure 88. DEPT spectrum of compound 11. 

 

 

 

 

 

 

Figure 89. Structure of linoleic acid. The chemical formula of linoleic acid ((9Z,12Z)-

octadeca-9,12-dienoic acid) (11) is C18H32O2, with a molar mass of 280.45 g/mol. 
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Table 28. 1H and 13C NMR spectral data for compound 11. 

Position 
Partial 

Structure 

δC, ppm 

(CDCl3, 

150MHz) 

δH, ppm 

(CDCl3, 

600MHz) 

δC, ppm 

(Kim et 

al., 2015) 

δH, ppm 

(Kim et 

al., 2015) 

1 COOH 177.8 - 179.1 11.0 s 

2 CH2 35.3 
2.27 t 

(J = 7.0 Hz) 
34.0 

2.35 t 

(J = 7.0 Hz) 

3 CH2 33.2 
1.59 q 

(J = 7.0 Hz) 
31.5 

1.63 q 

(J = 7.0 Hz) 

4 CH2 30.8 1.37 m 29.6 1.29 m 

5 CH2 30.7 1.30 m 29.3 1.29 m 

6 CH2 30.5 1.34 m 29.2 1.29 m 

7 CH2 30.4 1.34 m 29.1 1.28 m 

8 CH2 28.3 
2.07 q 

(J = 7.0 Hz) 
27.2 

2.05 q 

(J = 7.0 Hz) 

9 CH 129.2 5.34 m 127.9 5.35 m 

10 CH 131.1 5.34 m 130.2 5.35 m 

11 CH2 26.5 
2.78 t 

(J = 6.5 Hz) 
25.6 

2.77 t 

(J = 6.5 Hz) 

12 CH 131.0 5.34 m 130.0 5.35 m 

13 CH 129.2 5.34 m 128.1 5.35 m 

14 CH2 28.3 
2.07 q 

(J = 7.0 Hz) 
27.2 

2.05 q 

(J = 7.0 Hz) 

15 CH2 30.4 1.34 m 29.1 1.28 m 

16 CH2 26.1 1.34 m 24.7 1.28 m 

17 CH2 23.8 1.37 m 22.6 1.34 m 

18 CH3 14.6 
0.91 t 

(J = 7.0 Hz) 
14.1 

0.89 t 

(J = 7.0 Hz) 
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The compound 12 was obtained as white crystal and identified as cantharidin by 

spectroscopic analysis, including EI-MS (Fig. 90), 1H NMR (Fig. 91), 13C NMR (Fig. 92), 

and DEPT (Fig. 93). The 13C NMR showed 10 carbons in the molecular including methyl, 

and carbonyl group suggesting the molecular formula C10H12O4. The interpretations of 

proton and carbon signals were largely consistent with those of previous studies (Sun et al., 

2013). 

Cantharidin (12): White crystal; UV (MeOH): λmax nm = 230; EI-MS (70 eV), m/z (% 

relative intensity): 168 [M]+ (4), 163 (4), 128 (88), 125 (20), 109 (70), 100 (12), 96 (26), 

91 (11), 81 (88), 70 (20), 67 (70), 53 (12), 39 (26), 27 (11). High resolution EI-MS: 

C10H13O4+ observed: 197.08084, calculated: 197.08138. 1H NMR (CD3CN, 600 MHz) and 

13C NMR (CD3CN, 150 MHz) are given in Table 29. The structure of compound 12 is 

shown in Fig. 94. 

 

 

 

Figure 90. EI-MS spectrum of compound 12. 
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Figure 91. 1H NMR spectrum of compound 12. 

 
Figure 92. 13C NMR spectrum of compound 12.
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Figure 93. DEPT spectrum of compound 12. 

 

 

 

Figure 94. Structure of cantharidin. The chemical formula of cantharidin (2,6-

Dimethyl-4,10-dioxatricyclo-[5.2.1.02,6]decane-3,5-dione) (12) is C10H12O4, with a 

molar mass of 196.20 g/mol. 
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Table 29. 1H and 13C NMR spectral data for compound 12. 

Position 
Partial 

Structure 

δC, ppm 

(CDCl3, 

150MHz) 

δH, ppm 

(CDCl3, 

600MHz) 

δC, ppm 

(Sun et 

al., 2013) 

δH, ppm 

(Sun et 

al., 2013) 

1 CH2 23.18 1.59 23.98 

a = 1.44 d 

(J = 8.51 Hz) 

b = 1.76 d 

(J = 7.88 Hz) 

2 CH2 23.18 1.79 23.98 

a = 1.44 d 

(J = 8.51 Hz) 

b = 1.76 d 

(J = 7.88 Hz) 

3 CH 84.74 4.12 84.29 4.53 s 

4 C 52.49  58.45  

5 C 52.49  58.45  

6 CH 84.74 4.12 84.29 4.53 s 

7 C 180.49  183.94  

8 C 180.49  183.94  

9 CH3 16.76 1.06 17.26 1.03 s 

10 CH3 15.27 1.06 17.26 1.03 s 
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The compound 13 was obtained as a white needle-shaped crystal and identified as 

ergosterol by spectroscopic analysis, including EI-MS (Fig. 95), 1H NMR (Fig. 96), 13C 

NMR (Fig. 97), and DEPT (Fig. 98). The 13C NMR showed 28 carbons in the molecular 

including double bond, methyl, and hydroxyl radical suggesting the molecular formula 

C28H44O. The interpretations of proton and carbon signals were largely consistent with 

those of previous studies (Wang et al., 2012). 

Ergosterol (13): White needle-shaped crystal; UV (MeOH): λmax nm = 284; EI-MS (70 

eV), m/z (% relative intensity): 396 [M]+ (67), 378 (10), 363 (75), 337 (33), 309 (24), 271 

(46), 253 (13), 245 (12), 237 (27), 227 (19), 217 (14), 211 (20), 197 (35), 185 (42), 175 

(19), 171 (24), 157 (22), 143 (23), 131 (45), 125 (96), 119 (75), 107 (46), 95 (11), 81 (5), 

69 (96), 55 (75), 43 (46), 29 (11), 18 (5). High resolution EI-MS: C28H45O+ observed: 

397.34649, calculated: 397.34704. 1H NMR (CD3CN, 600 MHz) and 13C NMR (CD3CN, 

150 MHz) are given in Table 30. The structure of compound 13 is shown in Fig. 99. 

 

 
Figure 95. EI-MS spectrum of compound 13. 
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Figure 96. 1H NMR spectrum of compound 13. 

 
Figure 97. 13C NMR spectrum of compound 13. 
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Figure 98. DEPT spectrum of compound 13. 

 

 
Figure 99. Structure of ergosterol. The chemical formula of ergosterol 

((3S,9S,10R,13R,14R,17R)-17-((2R,5R,E)-5,6-dimethylhept-3-en-2-yl)-10,13-

dimethyl-2,3,4,9,10,11,12,13,14,15,16,17-dodecahydro-1H-

cyclopenta[a]phenanthren-3-ol) (13) is C28H44O, with a molar mass of 396.66 g/mol. 
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Table 30. 1H and 13C NMR spectral data for compound 13. 

 

Position 
Partial 

Structure 

δC, ppm 

(CDCl3, 

150MHz) 

δH, ppm 

(CDCl3, 

600MHz) 

δC, ppm 

(Wang et 

al, 2012) 

δH, ppm 

(Wang et 

al, 2012) 

1 CH2 38.4  38.4  

2 CH2 28.3  28.3  

3 CH 70.4 3.64 m 70.5 3.64 m 

4 CH2 33.1  33.1 
2.30 t 

(J = 8.5 Hz) 

5 C 139.8 - 139.8 - 

6 CH 119.6 
5.39 dd 

(J = 2.4,6.0 Hz) 
119.6 

5.39 dd 

(J = 2.4,6.0 Hz) 

7 CH 116.3 
5.58 dd 

(J = 2.4,5.4 Hz) 
116.3 

5.57 dd 

(J = 2.4,5.4 Hz) 

8 C 141.3 - 141.4 - 

9 CH 46.2  46.3  

10 CH 37.0  37.1  

11 CH2 21.1  21.1  

12 CH2 39.2  39.1  

13 CH 42.8  42.8  

14 CH 54.5  54.6  

15 CH2 23.0  23.0  

16 CH2 28.3  28.3  

17 CH 55.7  55.8  

18 CH3 11.8 0.64 s 12.1 0.63 s 

19 CH3 16.3 0.95 s 16.3 0.95 s 

20 CH 40.4  40.4  

21 CH3 19.6 
1.04 d 

(J = 6.8 Hz) 
19.7 

1.03 d 

(J = 6.8 Hz) 

22 CH 132.0 
5.22 dd 

(J = 15.2,8.0 Hz) 
132.0 

5.22 dd 

(J = 15.2,8.0 Hz) 

23 CH 135.5 
5.18 dd 

(J = 15.2,8.0 Hz) 
135.6 

5.18 dd 

(J = 15.2,8.0 Hz) 

24 CH 42.8  42.8  

25 CH 33.1  33.1  

26 CH3 20.0 
0.83 d 

(J = 6.4 Hz) 
20.0 

0.82 d 

(J = 6.4 Hz) 

27 CH3 21.1 
0.84 s 

(J = 6.0 Hz) 
21.1 

0.84 s 

(J = 6.0 Hz) 

28 CH3 17.6 
0.93 s 

(J = 6.8 Hz) 
17.6 

0.92 s 

(J = 6.8 Hz) 
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The compound 14 was obtained as white solid and identified as adenosine by 

spectroscopic analysis, including EI-MS (Fig. 100), 1H NMR (Fig. 101), 13C NMR (Fig. 

102), and DEPT (Fig. 103). The 13C NMR showed 7 carbons in the molecular including 

double bond, methyl, amidogen, and hydroxide radical suggesting the molecular formula 

C10H13N5O4. The interpretations of proton and carbon signals were largely consistent with 

those of previous studies (Sun et al., 2015). 

Adenosine (14): White solid; UV (MeOH): λmax nm = 260; EI-MS (70 eV), m/z (% 

relative intensity): 267 [M]+ (1), 223 (1), 164 (25), 135 (73), 108 (6), 98 (94), 81 (5), 66 

(30), 54 (6), 43 (10), 39 (6), 28 (12), 18 (6), 15 (12). High resolution EI-MS: C10H14N5O4+ 

observed: 268.10403, calculated: 268.10458. 1H NMR (CD3CN, 600 MHz) and 13C NMR 

(CD3CN, 150 MHz) are given in Table 31. The structure of compound 14 is shown in Fig. 

104. 

 

 

 

Figure 100. EI-MS spectrum of compound 14. 
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Figure 101. 1H NMR spectrum of compound 14. 

 

Figure 102. 13C NMR spectrum of compound 14.
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Figure 103. DEPT spectrum of compound 14. 

 

 

Figure 104. Structure of adenosine. The chemical formula of adenosine 

((2R,3R,4S,5R)-2-(6-amino-9H-purin-9-yl)-5-(hydroxymethyl)tetrahydrofuran-3,4-

diol) (14) is C10H13N5O4, with a molar mass of 267.10 g/mol. 
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Table 31. 1H and 13C NMR spectral data for compound 14. 

Position 
Partial 

Structure 

δC, ppm 

(CDCl3, 

150MHz) 

δH, ppm 

(CDCl3, 

600MHz) 

δC, ppm 

(Sun et 

al., 2015) 

δH, ppm 

(Sun et 

al., 2015) 

2 CH 140.45 8.35 153.3 8.61 s 

4 C 149.98  149.9  

5 C 119.95  121.6  

6 C 154.95  157.6  

8 CH 152.67 8.17 140.6 8.56 s 

1’ CH 88.18 6.34 90.5 
6.64 d 

 

2’ CH 74.19 4.63 75.5 
5.44 d 

 

3’ CH 70.69 4.27 72.4 5.00 s 

4’ CH 86.17 4.09 87.8 4.71 s 

5’ CH2 61.76 
a = 3.85 

b = 3.51 
63.1 

a = 4.27 d 

b = 4.11 d 

(J = 12.0 

Hz) 

 

 

  



 

- 150 - 

 

The compound 15 was obtained as beige solid and identified as tryptophol by 

spectroscopic analysis, including EI-MS (Fig. 105), 1H NMR (Fig. 106), 13C NMR (Fig. 

107), and DEPT (Fig. 108). The 13C NMR showed 4 carbons in the molecular including 

double bond, amidogen, and hydroxide radical suggesting the molecular formula C10H11NO. 

The interpretations of proton and carbon signals were largely consistent with those of 

previous studies (Davir et al., 2014). 

Tryptophol (15): Beige solid; UV (MeOH): λmax nm = 215; EI-MS (70 eV), m/z (% 

relative intensity): 161 [M]+ (26), 130 (93), 103 (5), 77 (7), 51 (5), 18 (7). High resolution 

EI-MS: C10H12NO+ observed: 162.09134, calculated: 162.09189. 1H NMR (CD3CN, 600 

MHz) and 13C NMR (CD3CN, 150 MHz) are given in Table 32. The structure of compound 

15 is shown in Fig. 109. 

 

 

 

Figure 105. EI-MS spectrum of compound 15. 
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Figure 106. 1H NMR spectrum of compound 15. 

 

Figure 107. 13C NMR spectrum of compound 15.
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Figure 108. DEPT spectrum of compound 15. 

 

 
Figure 109. Structure of tryptophol. The chemical formula of tryptophol (2-(1H-indol-

3-yl)ethan-1-ol) (15) is C10H11NO, with a molar mass of 161.08 g/mol. 
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Table 32. 1H and 13C NMR spectral data for compound 15. 

Position 
Partial 

Structure 

δC, ppm 

(CDCl3, 

150MHz) 

δH, ppm 

(CDCl3, 

600MHz) 

δC, ppm 

(Davir et 

al., 2014) 

δH, ppm 

(Davir et 

al., 2014) 

1 NH  7.67  8.16 s 

2 C 112.10  112.1  

3 CH 122.50 6.99 122.6 6.9 s 

4 C 127.40  127.4  

5 CH 119.10 7.61 118.8 
7.59 d 

(J = 7.5 Hz) 

6 CH 119.45 6.97 119.4 
7.11 t 

(J = 7.5 Hz) 

7 CH 121.28 7.20 122.1 
7.19 t 

(J = 7.5 Hz) 

8 CH 111.46 7.33 111.3 
7.30 d 

(J = 7.5 Hz) 

9 C 137.25  136.4  

10 CH2 28.70 2.80 28.7 
3.0 t 

(J = 6.5 Hz) 

11 CH2 62.65 3.64 62.5 
3.86 t 

(J = 6.5 Hz) 

12 OH  2.61  1.9 s 
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2.9. In vitro BACE-1 inhibitory activity of isolated compounds 

The BACE-1 inhibitory activity of the12 constituents isolated from T. molitor adults, 

their corresponding organic pure compounds, and commercially-available human BACE-

1 inhibitor IV and EGCG, which were used as positive controls, were likewise evaluated 

(Table 33). Based on the IC50 values, natural and pure organic linolenic acid had similar 

BACE-1 inhibitory activity, indicating that the activity of the ethanol-extracted linolenic 

acid was purely due to linolenic acid. Natural linolenic acid (IC50, 28.41 μM), ergosterol 

(32.80 μM), linoleic acid (37.72 μM), palmitoleic acid (41.84 μM) and tryptopol (46.16 

μM) were the most potent BACE-1 inhibitors and the BACE-1 inhibitory activity of these 

compounds and EGCG (IC50, 13.13 μM) did not differ significantly but much lower than 

the BACE-1 inhibitor IV (IC50, 1.12 μM). The IC50 of natural terrein, stearic acid, adenosine, 

and catechin were less than 500 μM. The IC50 of natural cantharidin was 676.65 μM, 

exhibited low BACE-1 inhibitory activity. 
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Table 33. In vitro human BACE-1 inhibitory activity of isolated and two BACE-1 

inhibitors BACE-1 inhibitor IV and EGCG using a FRET-based enzyme assay. 

Compound IC50, μM (95% CLa) Slope  SE χ2b P-value 

Natural linolenic acid (2) 28.41 (24.24–32.57) 2.1  0.49 1.07 0.88 

Pure linolenic acid 23.22 (19.76–26.67) 2.2 ± 0.43 1.73 0.89 

Natural ergosterol (13) 32.80 (25.20–40.40) 1.4  0.41 1.25 0.99 

Pure ergosterol 33.41 (28.18–38.63) 2.7 ± 0.44 2.13 0.89 

Natural linoleic acid 18:2n6 (11) 37.72 (32.00–43.44) 1.7  0.30 1.11 0.92 

Pure linoleic acid 34.79 (29.05–40.52) 2.5 ± 0.19 1.81 0.95 

Natural palmitoleic acid (1) 41.84 (35.37–48.31) 1.4  0.17 2.14 0.96 

Pure palmitoleic acid 37.18 (30.2–44.12) 1.3 ± 0.31 2.36 0.92 

Natural tryptopol (15) 46.16 (41.58–50.73) 1.3  0.06 1.56 0.98 

Pure tryptopol 41.04 (39.19–42.88) 2.2 ± 0.40 1.66 0.9 

Natural oleic acid (7) 50.19 (49.84–50.55) 1.7  0.32 2.39 0.92 

Pure oleic acid 45.82 (42.99–48.64) 1.3 ± 0.34 1.39 0.91 

Natural protocatechuic acid (9) 62.97 (60.95–64.99) 3.0  0.00 1.01 0.98 

Pure protocatechuic acid 70.14 (63.25–77.02) 1.9 ± 0.31 1.57 0.92 

Natural terrein (6) 146.64 (139.91–153.47) 2.0  0.40 1.81 0.90 

Pure terrein 154.53 (140.71–168.35) 1.9 ± 0.24 1.59 0.94 

Natural stearic acid 18:0 (10) 225.20 (203.20–247.10) 2.8  0.16 2.21 0.96 

Pure stearic acid 195.00 (178.60–211.40) 1.6 ± 0.43 2.46 0.89 

Natural adenosine (14) 350.82 (340.11–361.53) 2.3  0.19 1.97 0.95 

Pure adenosine 365.96 (358.03–373.89) 2.5 ± 0.35 2.47 0.91 
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a CL denotes confidence limit. 

b Pearson χ2, goodness-of-fit test. 

 

 

 Continued     

Natural catechin (5) 431.27 (423.85–438.69) 2.6  0.45 1.87 0.89 

Pure catechin 448.95 (439.34–458.56) 1.5 ± 0.43 1.04 0.89 

Natural cantharidin (12) 676.65 (668.24–684.96) 1.6  0.36 1.16 0.91 

Pure cantharidin 707.84 (698.11–717.67) 1.7 ± 0.12 2.47 0.97 

Epigallocatechin gallate 13.13 (10.91–15.35) 2.0  0.33 1.68 0.99 

BACE-1 inhibitor IV 1.12 (0.46–1.78) 1.9 ± 0.06 1.23 0.99 
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2.10. Structure–activity relationship (anti-BACE-1) 

Because of the BACE-1 inhibitory activity of fatty acids and flavonoids, comparisons 

were made to determine the activity differences involving the chemical structures using the 

BACE-1 inhibitory activity data that were obtained (Table 34, 35). Among the 41 tested 

fatty acids and fatty acid esters, linolenic acid was the best BACE-1 inhibitory activity 

compound, following by cis-8,11,14-eicosatrienoic acid, cis-13,16,19-docosatrienoic acid, 

elaidic acid, linoleic acid, myristoleic acid, palmitoleic acid, nervonic acid, cis-11-vaccenic 

acid, cis-13,16-docosadienoic acid, and arachidonic acid (IC50, 23.22–43.76 μM). By the 

quantitative analysis for the relationship between the structure and activity of all the fatty 

acids (Fig. 110), the unsaturated fatty acids showed better potential BACE-1 inhibitory 

activity than the saturated fatty acids. Among the 29 tested flavonoids, most of them 

showed BACE-1 inhibitory activity well, especially the isoquercetin show the same activity 

to the EGCG. By the quantitative analysis for the relationship between the structure and 

activity of all the flavonoids (Fig. 111), the special group in isoquercetin play an essential 

role, and the phenol, a basic structure, exhibited the positive impact. 

Multiple regression analysis of the BACE-1 inhibitory activities of fatty acids was 

examined using their IC50 values and the values of the physical parameters (MW, log P, 

and MR) for the 41 fatty acids (R2 = 0.674 (P = 0.044)) (Fig. 112). Correlation coefficient 

(r) analysis showed that MW, log P and MR may only be positive close correlated with 

IC50 (molecular weight (MW), r = 0.658; log P, r = 0.471; and molecular refraction (MR), 

r = 0.713). Furthermore, the multiple regression analysis of the BACE-1 inhibitory 

activities of flavonoids was also examined using their IC50 values and the values of the 

physical parameters (MW, log P, and MR) for the 41 fatty acids (R2 = 0.587 (P = 0.063)) 

(Fig. 113). Correlation coefficient (r) analysis showed that MW, log P and MR may only 

be negatively loosely correlated with IC50 (molecular weight (MW), r = 0.547; log P, r = 

0.644; and molecular refraction (MR), r = 0.591). 
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Table 34. In vitro human BACE-1 inhibitory activity of fatty acids using a FRET-

based enzyme assay. 

Compound IC50, μM (95% CLa) Slope±SE χ2b P-value 

Caproic acid C6:0 229.40 (222.80–235.90) 2.6 ± 0.17 1.34  0.96 

Oclanoic acid C8:0 178.51 (175.76–181.25) 1.3 ± 0.48 1.50  0.97 

Nonanoic acid C9:0 105.29 (102.22–108.35) 0.7 ± 0.20 2.28  0.95 

Decanoic acid C10:0 144.86 (137.81–151.90) 1.1 ± 0.29 2.26  0.92 

Undecanoic acid C11:0 121.43 (120.62–122.23) 0.5 ± 0.16 1.55  0.99 

Lauric acid C12:0 50.02 (40.74–59.30) 1.5 ± 0.49 1.45  0.88 

Tridecanoic acid C13:0 69.82 (67.43–72.20) 1.4 ± 0.41 1.40  0.94 

Myristic acid C14:0 73.63 (64.90–82.36) 1.5 ± 0.10 1.86  0.97 

Pentadecanoic acid C15:0 55.04 (50.28–59.80) 1.6 ± 0.10 2.42  0.97 

Palmitic acid C16:0 350.80 (343.20–358.40) 2.1 ± 0.29 1.70  0.93 

Heptadecanoic acid C17:0 193.00 (168.70–217.40) 2.3 ± 0.07 1.04  0.98 

Stearic acid C18:0 195.00 (178.60–211.40) 1.6 ± 0.43 2.46  0.89 

Arachidic acid C20:0 138.70 (131.40–146.00) 1.8 ± 0.01 1.70  0.99 

Behenic acid C22:0 248.10 (231.70–264.50) 2.1 ± 0.04 1.44  0.99 

Lignoceric acid C24:0 73.91 (64.57–83.25) 2.2 ± 0.30 2.41  0.92 

Undecylenic acid C11:1 74.93 (73.25–76.60) 1.0 ± 0.37 1.26  0.96 

cis-5-dodecenoic acid C12:1 45.29 (44.43–46.14) 1.2 ± 0.41 2.72  0.97 

Myristoleic acid (cis-9) C14:1 36.55 (35.72–37.37) 0.6 ± 0.11 1.31  0.96 

cis-10-pentadecenoic acid C15:1 58.99 (50.73–67.26) 2.9 ± 0.13 2.45  0.97 

Palmitoleic acid C16:1 37.18 (30.2–44.12) 1.3 ± 0.31 2.36  0.92 

cis-10-heptadecenoic acid C17:1 121.90 (105.30–138.60) 2.3 ± 0.45 1.76  0.89 

Oleic acid (cis-9) C18:1 45.82 (42.99–48.64) 1.3 ± 0.34 1.39  0.91 

Elaidic acid (trans-9) C18:1 30.28 (27.61–32.95) 1.8 ± 0.32 1.68  0.97 

cis-11-vaccenic acid C18:1 38.26 (35.85–40.66) 0.6 ± 0.30 2.17  0.90 

Linoleic acid (cis-9,12) C18:2 34.79 (29.05–40.52) 2.5 ± 0.19 1.81  0.95 

Linolenic acid (cis-9,12,15) C18:3 23.22 (19.76–26.67) 2.2 ± 0.43 1.73  0.89 

cis-10-nonadecenoic acid C19:1 54.35 (50.83–57.86) 0.9 ± 0.18 1.20  0.90 

Gadoleic acid (cis-9) C20:1 209.40 (204.40–214.40) 2.1 ± 0.22 1.32  0.94 

cis-11-eicosenoic acid C20:1 76.81 (76.29–77.32) 1.1 ± 0.39 1.44  0.99 

cis-11,14-eicosadienoic acid C20:2 51.33 (49.04–53.61) 0.9 ± 0.10 2.40  0.93 

cis-8,11,14-eicosatrienoic acid C20:3 26.41 (25.46–27.35) 1.1 ± 0.35 2.49  0.94 

Arachidonic acid (cis-5,8,11,14) C20:4 43.76 (37.11–50.41) 1.4 ± 0.65 1.49  0.93 
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cis-13-erucic acid C22:1 49.85 (49.51–50.18) 0.8 ± 0.33 1.91  0.99 

cis-13,16-docosadienoic acid C22:2 41.63 (40.06–43.19) 0.9 ± 0.35 2.38  0.94 

cis-13,16,19-docosatrienoic acid C22:3 29.22 (27.93–30.50) 1.2 ± 0.13 1.30  0.93 

Nervonic acid (cis-15) C24:1 37.61 (36.35–38.86) 0.8 ± 0.17 2.77  0.94 

Ethyl oleate 61.28 (59.51–63.04) 1.2 ± 0.38 2.52  0.95 

Ethyl linoleate 34.19 (33.96–34.41) 1.1 ± 0.30 1.83  0.99 

Ethyl palmitate 81.36 (79.83–82.88) 1.4 ± 0.40 2.14  0.97 

Methyl oleate 140.20 (125.60–154.80) 2.7 ± 0.28 1.81  0.93 

Methyl linoleate 43.07 (39.16–46.99) 2.5 ± 0.15 2.19  0.96 

Epigallocatechin gallate (EGCG) 16.31 (16.18–16.43) 0.6 ± 0.30 1.96  0.98 

BACE-1 inhibitor IV 2.01 (1.94–2.07) 0.6 ± 0.34 1.17  0.95 

a CL denotes confidence limit. 
b Pearson χ2, goodness-of-fit test. 
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Table 35. In vitro human BACE-1 inhibitory activity of flavonoids using a FRET-

based enzyme assay. 

Compound IC50, μM (95% CLa) Slope±SE χ2b P-value 

isoquercetin 17.68 (16.93–18.43) 1.6  0.17 2.16  0.99 

Quercetin 24.57 (23.06–26.08) 3.0  0.35 1.08  0.91 

Taxifolin 25.28 (25.11–25.44) 0.9 ± 0.33 1.21  0.99 

Fustin 26.97 (25.38–28.55) 0.9 ± 0.08 2.66  0.91 

Morin 31.42 (31.21–31.62) 0.6 ± 0.35 1.32  0.99 

Fisetin 33.80 (29.41–38.19) 3.0  0.06 1.34  0.98 

Robinetin 41.59 (41.31–41.86) 1.3 ± 0.35 1.30  0.99 

Myricetin 42.76 (39.95–45.56) 1.2 ± 0.11 2.29  0.90 

Chrysin 50.29 (41.15–59.44) 2.4  0.16 2.47  0.96 

Kaempferide 55.26 (53.40–57.11) 0.9 ± 0.22 1.27  0.94 

Luteolin 56.99 (51.34–62.65) 2.0  0.08 1.85  0.98 

Kaempferol 57.23 (54.07–60.39) 1.8  0.12 2.20  0.97 

Laricitrin 59.88 (57.14–62.61) 1.4 ± 0.29 2.11  0.93 

Rutin 61.39 (57.51–65.26) 1.2 ± 0.18 1.06  0.90 

Galangin 63.56 (54.84–72.28) 1.7  0.12 1.22  0.97 

Acacetin 84.30 (80.58–88.01) 2.4  0.29 1.63  0.93 

7-hydroxyflavone 96.29 (93.04–99.53) 0.5 ± 0.24 1.09  0.94 

Flavanone 104.85 (98.124–111.57) 0.7 ± 0.12 1.14  0.90 

5-hydroxyflavone 113.57 (112.19–114.94) 0.9 ± 0.37 2.16  0.98 

3-hydroxyflavone 124.66 (120.51–128.80) 1.4 ± 0.22 2.12  0.95 

Formononetin 132.16 (127.94–136.37) 1.5 ± 0.43 1.61  0.95 

Daidzein 152.43 (142.34–162.51) 1.2 ± 0.18 2.39  0.90 

8-methoxyflavone 162.33 (154.68–169.97) 0.6 ± 0.09 1.11  0.92 

Naringin 176.85 (173.20–180.49) 0.5 ± 0.37 1.64  0.96 

Genistein 201.86 (196.91–206.80) 0.6 ± 0.20 1.51  0.96 

Flavone 227.45 (219.14–235.75) 1.2 ± 0.37 2.52  0.94 

Coumestrol 241.29 (232.58–249.99) 1.4 ± 0.40 1.12  0.94 

Biochanin 254.73 (244.37–265.08) 1.2 ± 0.30 1.25  0.93 

Catechin 448.95 (439.34–458.56) 1.5 ± 0.43 1.04  0.89 

a CL denotes confidence limit. 
b Pearson χ2, goodness-of-fit test. 
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Figure 110. Quantitative fatty acids structure-activity relationship (anti-BACE-1). 
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Figure 111. Quantitative flavonoids structure-activity relationship (anti-BACE-1). 
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Figure 112. Multiple regression analyses for fatty acids (anti-BACE-1). 

 
Figure 113. Multiple regression analyses for flavonoids (anti-BACE-1). 
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2.11. In vitro AChE inhibitory activity of test compounds 

As AChE inhibiroty is one of the other famous targets of Alzheimer’s disease, the 

inhibitory activity of all the compounds isolated in our research and the fatty acids, 

flavonoids related were compared with commercially-available tacrine and EGCG, which 

were used as positive controls, were likewise evaluated (Table 36). As judged by IC50 

values, ergosterol (IC50, 20.36 μM), β-Sitosterol (25.99 μM), and arachidonic acid (34.30 

μM) were the most potent AChE inhibitors. The AChE inhibitory activity of these 

compounds was lower than the EGCG (IC50, 8.14 μM) and much lower than tacrine (IC50, 

0.81 μM). The IC50 of terrein, palmitic acid, stearic acid, adenosine, and cantharidin were 

more than 200 μM. The IC50 of natural cantharidin was 647.90 μM, exhibited lowest AChE 

inhibitory activity. 
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2.12. Structure–activity relationship (anti-AChE) 

Because of the AChE inhibitory activity of fatty acids and flavonoids, comparisons 

were made to determine the activity differences involving the chemical structures using the 

AChE inhibitory activity data that were obtained (Table 37, 38). Among the 41 tested fatty 

acids and fatty acid esters, arachidonic acid was the best BACE-1 inhibitory activity 

compound, following by cis-13,16,19-docosatrienoic acid, cis-11-vaccenic acid, linoleic 

acid, cis-8,11,14-eicosatrienoic acid, cis-13,16-docosadienoic acid, oleic acid, cis-13-

erucic acid, myristic acid, linolenic acid, and palmitoleic acid (IC50, 34.30–84.52 μM). By 

the quantitative analysis for the relationship between the structure and activity of all the 

fatty acids (Fig. 114), the unsaturated fatty acids showed better potential AChE inhibitory 

activity than the saturated fatty acids. Among the 29 tested flavonoids, the taxifolin, chrysin, 

and fustin show best AChE inhibitory activity but not better than EGCG. By the 

quantitative analysis for the relationship between the structure and activity of all the 

flavonoids (Fig. 115), the phenol, a basic structure, exhibited the positive impact. 

Multiple regression analysis of the AChE inhibitory activities of fatty acids was 

examined using their IC50 values and the values of the physical parameters (MW, log P, 

and MR) for the 41 fatty acids (R2 = 0.672 (P = 0.047)) (Fig. 116). Correlation coefficient 

(r) analysis showed that MW, log P and MR may only be positive close correlated with 

IC50 (molecular weight (MW), r = 0.681; log P, r = 0.563; and molecular refraction (MR), 

r = 0.711). Furthermore, the multiple regression analysis of the AChE inhibitory activities 

of flavonoids was also examined using their IC50 values and the values of the physical 

parameters (MW, log P, and MR) for the 41 fatty acids (R2 = 0.693 (P = 0.041)) (Fig. 117). 

Correlation coefficient (r) analysis showed that MW, log P and MR may only be positive 

close correlated with IC50 (molecular weight (MW), r = 0.695; log P, r = 0.638; and 

molecular refraction (MR), r = 0.739). 
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Table 36. In vitro electric eel AChE inhibition activity of all isolated compounds and 

two AChE inhibitors Tacrine and EGCG. 

a CL denotes confidence limit. 
b Pearson χ2, goodness-of-fit test. 

 

  

Compound IC50, μM (95% CLa) Slope  SE χ2b P-value 

Ergosterol (13) 20.36 (18.84–21.89) 0.9 ± 0.13 1.56 0.85 

β-Sitosterol (8) 25.99 (23.47–28.50) 1.0 ± 0.20 1.73 0.81 

Arachidonic acid (3) 34.30 (30.78–37.83) 1.0 ± 0.22 1.47 0.89 

Linoleic acid (11) 55.42 (49.77–61.07) 1.0 ± 0.21 1.76 0.86 

Protocatechuic acid (9) 60.51 (56.60–64.41) 0.8 ± 0.11 1.48 0.87 

Oleic acid (7) 71.59 (59.30–83.88) 1.4 ± 0.49 2.29 0.89 

Linolenic acid (2) 82.44 (72.26–92.62) 1.1 ± 0.29 1.93 0.91 

Palmitoleic acid (1) 84.52 (76.42–92.62) 1.0 ± 0.20 1.72 0.91 

Tryptophol (15) 95.77 (88.24–103.30) 0.9 ± 0.15 1.59 0.86 

Terrein (6) 191.42 (181.91–201.03) 0.8 ± 0.08 1.37 0.94 

Palmitic acid (4) 222.85 (190.83–254.87) 1.3 ± 0.37 2.08 0.99 

Stearic acid (10) 301.55 (273.61–329.39) 1.0 ± 0.19 1.69 0.99 

Adenosine (14) 325.48 (290.87–360.09) 1.1 ± 0.23 1.80 0.99 

Catechin (5) 413.44 (400.91–425.97) 0.7 ± 0.04 1.23 0.97 

Cantharidin (12) 647.90 (620.70–675.10) 0.7 ± 0.06 1.31 0.97 

Tacrine 0.81 (0.73–0.89) 1.0 ± 0.21 1.77 0.91 

EGCG 8.14 (7.45–8.83) 0.9 ± 0.16 1.63 0.93 
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Table 37. In vitro electric eel AChE inhibition activity of fatty acids. 

Compound IC50, μM (95% CLa) Slope±SE χ2b P-value 

Caproic acid C6:0 223.16 (210.95–235.37) 0.8 ± 0.09 1.41  0.93 

Oclanoic acid C8:0 249.13 (245.29–252.96) 0.6 ± 0.27 1.27  0.97 

Nonanoic acid C9:0 187.55 (182.09–193.00) 1.1 ± 0.32 1.50  0.95 

Decanoic acid C10:0 164.32 (156.32–172.31) 1.3 ± 0.29 2.33  0.92 

Undecanoic acid C11:0 118.28 (117.49–119.06) 0.6 ± 0.31 1.72  0.99 

Lauric acid C12:0 498.74 (478.03–519.35) 0.7 ± 0.06 1.31  0.98 

Tridecanoic acid C13:0 297.61 (287.46–307.75) 1.6 ± 0.47 1.10  0.94 

Myristic acid C14:0 78.68 (69.04–88.32) 1.1 ± 0.28 1.92  0.88 

Pentadecanoic acid C15:0 110.96 (99.724–122.28) 1.0 ± 0.22 1.76  0.93 

Palmitic acid C16:0 222.85 (190.83–254.87) 1.3 ± 0.37 2.08  0.99 

Heptadecanoic acid C17:0 233.45 (208.21–258.59) 1.1 ± 0.24 1.81  0.99 

Stearic acid C18:0 301.55 (273.61–329.39) 1.0 ± 0.19 1.69  0.99 

Arachidic acid C20:0 171.13 (159.51–182.75) 0.9 ± 0.12 1.51  0.99 

Behenic acid C22:0 152.64 (136.21–169.17) 1.1 ± 0.24 1.81  0.99 

Lignoceric acid C24:0 91.52 (78.68–104.3) 1.2 ± 0.36 2.05  0.96 

Undecylenic acid C11:1 121.59 (118.87–124.30) 1.4 ± 0.44 1.61  0.96 

cis-5-dodecenoic acid C12:1 181.33 (177.89–184.76) 0.9 ± 0.46 2.01  0.97 

Myristoleic acid (cis-9) C14:1 94.26 (92.13–96.38) 0.5 ± 0.30 1.28  0.96 

cis-10-pentadecenoic acid C15:1 97.91 (89.88–105.9) 0.9 ± 0.16 1.62  0.91 

Palmitoleic acid C16:1 84.52 (76.42–92.62) 1.0 ± 0.20 1.72  0.91 

cis-10-heptadecenoic acid C17:1 186.57 (171.35–201.79) 0.9 ± 0.16 1.61  0.99 

Oleic acid (cis-9) C18:1 71.59 (59.30–83.88) 1.4 ± 0.49 2.29  0.89 

Elaidic acid (trans-9) C18:1 90.14 (80.49–99.79) 1.1 ± 0.23 1.80  0.92 

cis-11-vaccenic acid C18:1 54.19 (50.78–57.59) 0.9 ± 0.12 1.52  0.90 

Linoleic acid (cis-9,12) C18:2 55.42 (49.77–61.07) 1.0 ± 0.21 1.76  0.86 

Linolenic acid (cis-9,12,15) C18:3 82.44 (72.26–92.62) 1.1 ± 0.29 1.93  0.91 

cis-10-nonadecenoic acid C19:1 87.36 (81.71–93.00) 0.7 ± 0.01 1.00  0.90 

Gadoleic acid (cis-9) C20:1 146.85 (135.64–157.96) 0.9 ± 0.14 1.57  0.98 

cis-11-eicosenoic acid C20:1 121.54 (120.72–122.35) 0.8 ± 0.44 2.42  0.99 

cis-11,14-eicosadienoic acid C20:2 87.26 (83.38–91.13) 0.8 ± 0.22 2.37  0.93 

cis-8,11,14-eicosatrienoic acid C20:3 59.31 (57.19–61.42) 0.9 ± 0.30 2.39  0.94 

Arachidonic acid (cis-5,8,11,14) C20:4 34.30 (30.78–37.83) 1.0 ± 0.22 1.47  0.89 

cis-13-erucic acid C22:1 74.53 (74.03–75.02) 0.9 ± 0.46 2.57  0.99 
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cis-13,16-docosadienoic acid C22:2 65.91 (63.42–68.39) 1.0 ± 0.24 1.04  0.94 

cis-13,16,19-docosatrienoic acid C22:3 39.88 (38.12–41.63) 1.0 ± 0.12 1.35  0.93 

Nervonic acid (cis-15) C24:1 96.77 (93.54–99.99) 0.8 ± 0.20 1.18  0.94 

Ethyl oleate 84.65 (82.21–87.08) 0.9 ± 0.42 2.48  0.95 

Ethyl linoleate 62.94 (62.52–63.35) 0.7 ± 0.34 2.91  0.99 

Ethyl palmitate 154.33 (151.43–157.22) 1.2 ± 0.43 2.80  0.97 

Methyl oleate 126.87 (109.35–144.39) 1.2 ± 0.35 2.04  0.97 

Methyl linoleate 153.01 (133.20–172.82) 1.2 ± 0.32 1.97  0.98 

Epigallocatechin gallate (EGCG) 9.26 (9.19–9.32) 1.1 ± 0.29 2.21  0.98 

Tacrine 0.75 (0.70–0.79) 1.4 ± 0.22 2.99  0.90 

a CL denotes confidence limit. 
b Pearson’s chi-square goodness-of-fit test. 
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Table 38. In vitro electric eel AChE inhibition activity of flavonoids. 

Compound IC50, μM (95% CLa) Slope±SE χ2b P-value 

Taxifolin 40.29 (40.02–40.55) 1.5 ± 0.62 2.24  0.99 

Chrysin 41.45 (38.18–44.72) 0.9 ± 0.15 1.59  0.81 

Fustin 43.81 (41.23–46.38) 1.3 ± 0.09 2.65  0.91 

Quercetin 51.22 (41.70–60.74) 1.4 ± 0.55 2.39  0.86 

Myricetin 59.33 (55.43–63.22) 1.5 ± 0.23 1.33  0.90 

Morin 60.25 (59.84–60.65) 1.1 ± 0.57 2.43  0.99 

Rutin 73.28 (68.65–77.90) 0.6 ± 0.30 1.22  0.90 

Kaempferide 78.96 (76.30–81.61) 0.5 ± 0.17 1.93  0.94 

Luteolin 79.53 (75.96–83.11) 0.8 ± 0.27 1.34  0.92 

Robinetin 83.53 (82.97–84.08) 1.2 ± 0.56 1.53  0.99 

Fisetin 85.76 (84.68–86.85) 0.6 ± 0.11 1.10  0.92 

isoquercetin 108.30 (96.10–120.50) 1.1 ± 0.26 1.85  0.99 

Galangin 108.60 (97.60–119.60) 1.0 ± 0.21 1.76  0.94 

7-hydroxyflavone 135.47 (130.90–140.03) 0.7 ± 0.34 2.72  0.94 

5-hydroxyflavone 145.99 (144.22–147.75) 0.7 ± 0.26 2.99  0.98 

Formononetin 147.61 (142.90–152.31) 1.5 ± 0.34 1.29  0.95 

Kaempferol 151.50 (144.30–158.70) 0.8 ± 0.07 1.36  0.98 

Genistein 152.86 (149.11–156.60) 0.5 ± 0.20 2.33  0.96 

Naringin 154.33 (151.14–157.51) 1.2 ± 0.51 2.65  0.96 

Laricitrin 157.86 (150.64–165.07) 1.0 ± 0.20 2.31  0.93 

Daidzein 159.88 (149.30–170.45) 1.0 ± 0.18 1.20  0.90 

3-hydroxyflavone 171.28 (165.58–176.97) 0.9 ± 0.21 1.94  0.95 

Biochanin 219.34 (210.42–228.25) 1.1 ± 0.21 2.51  0.93 

Acacetin 244.10 (223.30–264.90) 1.0 ± 0.17 1.64  0.99 

Flavone 268.54 (258.72–278.35) 0.8 ± 0.31 2.55  0.94 

8-methoxyflavone 316.43 (301.53–331.32) 1.7 ± 0.17 2.35  0.92 

Flavanone 397.23 (371.75–422.70) 1.0 ± 0.29 1.65  0.90 

Catechin 413.44 (400.91–425.97) 0.7 ± 0.04 1.23  0.97 

Coumestrol 527.61 (508.56–546.65) 1.7 ± 0.33 1.60  0.94 

a CL denotes confidence limit. 
b Pearson χ2, goodness-of-fit test. 
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Figure 114. Quantitative fatty acids structure-activity relationship (anti-AChE). 
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Figure 115. Quantitative flavonoids structure-activity relationship (anti-AChE). 
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Figure 116. Multiple regression analyses for fatty acids (anti-AChE). 

 
Figure 117. Multiple regression analyses for flavonoids (anti-AChE). 
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DISCUSSION 

In the current study, the ethanol extract (IC50, 0.021 mg/mL) from whole T. 

molitor adults and its hexane- and ethyl acetate-soluble fractions exhibited good 

anti-BACE-1 activity (IC50, 0.015 and 0.027 mg/mL). 

Various compounds existed in natural products, alone or in combination, 

contribute to biological efficacy. These natural product-derived preparations can be 

applied to humans in the same manner as conventional drugs. However, in contrast 

to secondary metabolites from plants, insect-derived anti-BACE-1 or anti-AChE 

substances have not been studied adequately. Naturally occurring compounds that 

inhibit human BACE-1 (based on the IC50, FRET-based enzyme assay) include 

alkaloids (e.g., epiberberine and groenlandicine (Jung et al., 2009), IC50 8.55 and 

19.68 μM, respectively), terpenoids (e.g., 16α-hydroxy-17-isovaleroyloxy-ent-

kauran-19-oic acid and 10 other diterpenoids (Jung et al., 2009), IC50 18.58–92.20 

μM; bakuchiol (Choi et al., 2008), IC50 21.38 μM), flavonoids (e.g., 

epigallocatechin gallate and other two catechins(Jeon et al., 2003), IC50 1.6–4.5 μM; 

neocorylin and other five flavonoids (Choi et al., 2008), IC50 0.7–10.2 μM ), 

benzopyranoids (e.g., aloeresin D and C-2′-decoumaroyl-aloeresin G (Lv et al., 

2008), IC50 39.0 and 20.5 μM), phenylpropanoids (e.g., p-coumaric acid (Youn et 

al., 2012), IC50 90 μM), stilbenoids (e.g., resveratrol and its eight derivatives (Choi 

et al., 2011), IC50 0.34–19.80 μM), diarylalkyls (e.g., bisdemethoxycurcumin, IC50 

17 μM), and tannins (e.g., geraniin and corilagin (Youn et al., 2013), IC50 4 and 34 

μM, respectively). In the current study, linolenic acid, ergosterol, and linoleic acid 

(IC50, 28.41–37.72 μM) were proved to have potent BACE-1 inhibitory activity. 

These constituents did not differ significantly from each other and were less potent 

inhibitors than EGCG. The IC50 values of the natural compounds described above 

are between 0.54 and 92.20 μM. Small molecule BACE-1 inhibitors with a low 

molecular weight and good plasma membrane permeability are crucial for drug 

development. Many in vivo studies have shown that flavonoids can be absorbed by 

oral administration, cross the blood brain barrier, and work on the central nervous 

system (Faria et al., 2014; Jager et al., 2011). 

In the study of chapter I, a DPPH radical scavenging assay to identify the 

antioxidant constituents from the ethanol extract from whole bodies of T. molitor 

adults was used and nine active constituents were determined. Oxidative stress may 
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be defined as an imbalance between oxidant production and the antioxidant capacity 

of the cell to prevent oxidative injury. Oxidative damage is associated with aging 

and is widespread in the brain in AD (Choi et al., 2008; Jeon et al., 2003). Free 

radical species mediate damage to proteins, lipids, mitochondria, and DNA and may 

activate the cell cycle; overwhelm endogenous antioxidant defenses in the brain; 

and contribute to neuronal damage (Choi et al., 2008; Jeon et al., 2003). 

Observational studies suggest that an antioxidant-rich diet may reduce the risk of 

AD(Lv et al., 2008). 

AChE is one of the other major targets of AD (Kingston et al., 2011; Ratcliffe 

et al., 2011). Both nicotinic and muscarinic acetylcholine (ACh) receptors are 

decreased in AD, and reduction in the number of ACh receptors precedes other 

pathologic changes (Youn et al., 2012). Inhibition of AChE, responsible for the 

breakdown of ACh in the neural synapse, is a possible strategy for treatment of AD, 

which is characterized by a decline in cognitive function and mental atrophy. No 

information, however, is available concerning the BACE-1 inhibitory activity of T. 

molitor and its constituents. The BACE-1 inhibitor may be help to slow or cure AD 

by lowing the formation of amyloid plaque. The phytochemicals (IC50 < 100 μM) 

that inhibit electric eel AChE include alkaloids (e.g., groenlandicine, 0.54 μM (Choi 

et al., 2011); neferine, 14.19 μM), terpenoids (e.g., betulinic acid, 24.2 μM (Youn 

et al., 2013); cycloartenol, 11.89 μM), flavonoids (e.g., isoorientin, 26.8 μM), 

phenylpropanoids (e.g., hydroxychavicol, 51.07 μM (Jung et al., 2009)), neolignans 

(e.g., neotaiwanensol B, 14.46 μM (Jung et al., 2009)), benzopyranoids (e.g., 

murranganone, 79.14 μM (Choi et al., 2008)), benzoic acids (e.g., cycloartenol, 

11.89 μM (Utsuki et al., 2006); p-hydroxybenzoic acid, 20.07 μM (Utsuki et al., 

2006)), benzyl alcohol (e.g., vanilloloside, 4.55 μM (Utsuki et al., 2006)), 

anthracenes (e.g., bianthrone 1a, 63.0 μM (Jeon et al., 2003)), xanthones (e.g., 

macluraxanthone, 8.47 μM (Lv et al., 2008)), steroids (e.g., haloxysterol A-D, 0.89–

17.2 μM (Youn et al., 2012)), carbohydrates (e.g., nuciferoside, 3.20 μM (Utsuki et 

al., 2006)), and tannins (e.g., 1,2,3,4,6-pentagalloyl-β-D-glucopyranoside, 29.9 μM 

(Choi et al., 2011)). In the current study, ergosterol (IC50, 20.36 μM), β-Sitosterol 

(25.99 μM) and arachidonic acid (34.30 μM) were proved to have potent and 

moderate AChE inhibitory activity, respectively. Overall, these constituents were 

less inhibitory than the AD drug, tacrine.  
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CONCLUSIONS 

Ramos-Elorduy et al. and Andray et al. used chemical screening to confirm the 

presence of proteins, terpenoids, sugars, polyols, saponins, polyphenolic glycosides, 

quinones, anthraquinone glycosides, cyanogenic glycosides, and alkaloids in just 14 

species of insects. Based on the huge diversity of insect species and the magnitude of the 

chemical diversity which they produce, numerous papers are published annually (Meyer-

Rochow, 2017). It is well known that the annual global trade in animal-based medicinal 

products accounts for billions of dollars per year (Kunin and Lawton 1996). The 

investigation of traditional medicines has proven a valuable tool in the developing art of 

bioprospecting for pharmaceutical compounds. Of the 252 essential chemicals that have 

been selected by the World Health Organization, 11.1% come from plants, and 8.7% from 

animals (Marques 1997). And of the 150 prescription drugs currently in use in the United 

States of America, 27 have animal origin (World Resources Institute 2000). 

In addition to proteins or peptides (Kimbrell, 1991; Laszlo, 2000; Pullet and Stoklin, 

2005), a few of non-peptide defensive small molecules with intriguing chemical structures 

have also been characterized, demonstrating their potential in drug discovery (Laurent et 

al., 2005; Dossy, 2010). However, in contrast to metabolites from plants or microorganisms, 

insect-derived substances and their potential roles in drug discovery have been largely 

ignored. 

Indeed, insects have proven to be very important as sources of drugs for modern 

medicine since they have immunological, analgesic, antibacterial, diuretic, anesthetic, and 

antirheumatic properties (Yamakawa, 1998). Chemical screening applied to 14 insect 

species has confirmed the presence of proteins, terpenoids (triterpenoids and steroids, 

carotenoids, iridoids, tropolones), sugars, polyols and mucilages, saponins, polyphenolic 

glicosides, quinones, anthraquinone glycosides, cyanogenic glycosides, and alkaloids 

(Andary et al., 1996). Chitosan, a compound derived from chitin, has been used as an 

anticoagulant and to lower serum cholesterol level, as well as to repair tissues, and even in 

the fabrication of contact lenses (Goodman, 1989). 

In conclusion, T. molitor adult-derived preparations containing linolenic acid and 

ergosterol could be useful as sources of potential antioxidants or lead molecules for 

treatment of several diseases in which there is an increase in free radical production. In 

particular, ergosterol possessed antioxidant, anti-AChE, and anti-BACE-1 properties. The 

biological activity of these constituents provides an indication of at least one of the 

pharmacological actions of T. molitor adult. Further research is needed on the practical 

applications of T. molitor adult-derived preparations as novel antioxidant products to 
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establish their safety profiles in humans. In addition, detailed tests are needed to understand 

how to improve the antioxidant potency and stability of the compounds isolated from T. 

molitor adults for eventual product development. 

These results verify that materials derived from Tenebrio molitor adult merits further 

study as potential chemopreventive or therapeutic agents with a specific target site and lead 

molecules in disease treatment in the light of global efforts to reduce the level of synthetic 

drugs. 
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갈색거저리 성충에서 분리한 조성물의 항산화활성 및 

BACE-1 저해활성에 미치는 영향 
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초 록 

 

곤충류는 전 세계적으로 전통식품 및 인간의 질병을 치료하기 위한 

약제로서 널리 이용되어 왔다. 또한, 곤충의 체내 구성성분은 불포화지방산, 

단백질, 비타민, 미네랄 등과 같은 영양소를 풍부하게 함유하고 있어, 이들을 

이용한 건강보조식품 및 기능성식품 개발이 기대되어 왔으나, 실제로 이에 

대한 연구는 거의 이루어지지 않고 있다. 

자유라디칼을 가진 활성산소는 구조적으로 불안정하여 주변 물질과 

반응해 세포내 단백질이나 지질분자 및 DNA 등에 치명적인 산화적 손상을 

야기한다. 또한, 인간 베타아밀로이드 전구체단백질 분해효소(BACE-1)는 

아밀로이드 플라크 생산을 담당하는 주요 효소로서, 이에 따른 노인성치매를 

일으킨다고 알려져 있다. 

본 연구에서는 갈색거저리(Tenebrio molitor) 성충 추출물로부터 항산화 및 

BACE-1 저해성분을 각종 크로마토그라피 및 기기분석을 통하여 
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분리･동정하였다. 항산화 성분으로서 리놀렌산과 같은 지방산 및 카테킨과 

같은 플라보노이드 화합물 등 9 종의 화합물을 분리하였다. 이들 화합물의 IC50 

값은 77.65 와 623.23 μM 사이에 있었으며, 양성대조화합물인 아스코르브산에 

비해 낮은 항산화 활성을 보였다. 또한, BACE-1 저해성분으로서 리놀렌산 

등의 지방산 및 에르고스테롤과 같은 스테로이드 화합물 등 12 종의 화합물을 

분리하였다. 이들 화합물의 IC50 값은 28.41 과 676.65 μM 사이에 있었으며, 

양성대조화합물인 eigallocatechin gallate 에 비해 낮은 BACE-1 저해활성을 

보였다. 

본 연구는 분리된 모든 화합물의 AChE 억제 활성을 조사하였다. 한편, 

연관된 41 종의 지방산 및 29 종의 플라보노이드에 대한 양적 구조-활성 관계 

(QSAR, quantitative structure-activity relationship) 분석을 수행한 결과 

대부분의 불포화지방산은 포화지방산에 비하여 [잠재적 생물활성]을 

나타내었고, 페놀플라보노이드는 강력한 활성이 나타났다. 다중회귀분석 결과 

구조-생물활성간 일부 연관성이 있음을 보였다. 차후 연구는 분리된 화합물의 

항산화 및 anti-BACE-1 작용기작에 관하여 진행될 것이다. 
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