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Professor Emmanuel A. Theodorakis, Chair 

Professor Mohit Jain, Co-Chair 

 

Nearly 20 years ago, mitochondria were mistakenly considered only as the 

home production of energy molecule, adenosine triphosphate. However, a large 

growing research body has uncovered numerous vital roles of the mitochondria in 

various biological processes, such as aging, signaling, immunity, calcium 

homeostasis, and diseases including diabetes, cancer, and Parkinson’s disease.  

Mitochondrial dysfunction could result from mutation of its genetic component. 

It’s quite tricky to relate mitochondrial dysfunction with certain pathogenic phenotype. 

Thus, metabolomic study was conducted to reveal causal metabolites, and classify 

their association with various symptoms. The untargeted metabolomic study was 
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performed in favor of the detection of bioactive lipid in the plasma of approximately 

two thousand patients with genetic mitochondrial diseases. Bioactive lipids are major 

chemical class in the body, containing inflammatory meditated lipids. Our studies on 

this topic led to the discovery of new hydroxyl fatty acid family that has been 

associated with mitochondrial diseases.  

Mitochondria, on the other hand, have involved in cancer, and they are 

considered a great potential therapeutic target for the initiation of death pathway, and 

hence, it leads to the apoptosis of cancerous cells. Caged Garcinia xanthones (CGXs), 

which are natural products, have been identified as potent antitumor agents targeting 

the mitochondria. On this topic, we synthesized forbesione, a member of the CGX 

family, and various synthetic analogs in order to potentially produce more potent 

analogs compared to the parent compound. 

 

 

  



 1 

Chapter 1 : Literature overview 

1.1 Introduction 
 

Mitochondria are crucial organelles that play important roles in vital cellular 

processes, such as Kreb’s cycle, fatty acid b-oxidation (FAO), and energy production. 

Mitochondrion is a very ancient organelle whose origin was theorized to be from 

bacterial phylum α-Proteobacteria (Alphaproteobacteria).1 Consistent with this theory, 

compared to other cellular organelles the mitochondrion possesses unique features 

including double membranes, double stranded deoxyribonucleic acid (DNA), and a 

self-division that is independent of the cell division.2 Many aspects of its biochemistry 

remain largely ambiguous over last century; until Dr. Peter Mitchell (Nobel Prize, 1978)  

showed the mechanism of adenosine triphosphate (ATP) synthesis in oxidative 

phosphorylation (OxPhos).1 The initial view that the main function of mitochondria is 

the generation of ATP was further refined in the 1990s’ by considering that 

mitochondria are not only bioenergetic and biosynthetic organelles but also crucial 

signaling organelles dictating cell fate by signaling metabolites, such as reactive 

oxygen species. Yet, more continuous research efforts are needed in order to unravel 

complexities of mitochondria related cellular functions in health and disease states.3, 4  

With regard to the anatomy of mitochondria, mitochondrion consists of the outer 

mitochondrial membrane (OMM), the inner mitochondrial membrane (IMM), and the 

intermembrane space (IMS), which is localized between OMM and IMM, and matrix.2 

IMM is folded into so-called cristae on which electron transfer chain (ETC) proteins 

are localized to execute OxPhos process.5 There are  nearly 1500 mitochondrial 

proteins, which mostly encoded by nuclear DNA.  



 2 

1.2 Mitochondrial genome 

Mitochondria are maintained by dual control of mitochondrial DNA (mtDNA) and 

nuclear DNA (nDNA). mtDNA consists of 16,569 base pairs, double stranded, circular 

molecule that exists in certain number of copies depending on the bioenergetic state 

of the organ.6 This genome comprises 37 genes, which encodes 13 proteins, two 

ribosomal ribonucleic acid (rRNA) molecules, and 22 transfer ribonucleic acid (tRNA) 

molecules. The mitochondrially synthesized proteins are merely associated with 

OxPhos process.7 The genes coding for the 13 proteins include ND1, 

ND2, ND3, ND4, Nd4L, ND5, and ND6, which are associated with Complex I (CoxI) 

(figure 1.1). Additionally, Cyt b is the only mtDNA-encoded subunit of Complex III 

(CoxIII). For complex IV (CoxIV), there are three genes, COXI, COXII, COXIII, 

while ATP6 and ATP8 are associated with Complex V (CoxV).8, 9 

  

 
Figure 1.1. Mitochondria structure and its DNA. Cristae is the folding structure of IMM  
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1.3 Mitochondria as energy house  

Mitochondria are known as the powerhouse because they generate cellular 

energy represented in the ATP molecules and electron transfer via OxPho process. 

This system comprises of five multimeric enzymes, supercomplexes I through V and 

two electron carriers, Coenzyme Q10 (CoQ10) and cytochrome c (Cyt c).10  This 

process is connected to other pathways such as Kreb’s cycle and FAO. Reducing 

molecules such as nicotinamide adenine dinucleotide (NADH) and flavin adenine 

dinucleotide (FADH2) produced from Kreb’s cycle fed into ETC complexes.11 

NADH:ubiquinone oxidoreductase, known as CoxI, is the largest complex consisting 

of 45 subunit proteins. CoxI, which is located on the IMM, pumps four protons into the 

IMS mediated by NADH oxidation and reduction of CoQ10. Complex II (CoxII), which 

is also called succinate-CoQ10 oxidoreductase, oxidizes succinate and reduces 

CoQ10 into ubiquinol. CoxII doesn’t pump any proton into the IMS, and it’s exclusively 

encoded by nDNA. Ubiquinol-cytochrome c oxidoreductase (CoxIII) utilizes ubiquinol 

to reduce Cyt c which is oxidized later by cytochrome c oxidase (CoxIV) to transfer the 

electrons to the molecular oxygen and pumps protons into the IMS. The pumped 

protons in the IMS generate electrochemical gradients.6, 10 This gradient produces 

energy as protons move toward the matrix through CoxV that creates mechanical 

energy catalyzing chemical bond formation between adenosine diphosphate (ADP) 

and phosphate to yield ATP.  

Tricarboxylic acid cycle (TCA) was discovered by Hans Krebs and William 

Johnson in 1937.12 The one turn of Kreb’s cycle yields three NADH and one FADH2 

molecules as result of the oxidation of acetyl-coenzyme A (acetyl-CoA) to two carbon 

dioxide molecules.9 Acetyl-CoA obtained from different pathways, such as glycolysis 

and FAO, is a substrate of the first reaction in the cycle in which Acetyl-CoA is 
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conjugated with oxaloacetate to furnish citric acid. Then, multiple oxidation steps 

proceed till forming another oxaloacetate molecule, which enters into another turn of 

the TCA as shown in figure 1.2.9  

Furthermore, FAO is another major pathway for energy homeostasis. First, fatty 

acid chain is activated by incorporation with coenzyme A (CoA) molecule to form acyl-

CoA which is subjected for repeated cycles of beta-oxidation to produce acetyl-CoA 

and acyl-CoA chain having two carbon less after each turn until the chain is thoroughly 

consumed. There are four major steps initiated first with dehydrogenation of acyl-CoA 

into trans-2-enoyl-CoA.13 The latter is hydrated to generate 3-hydroxyacyl-CoA, which 

is then oxidized to produce keto derivative. Lastly, 3-ketoacyl-CoA derivative is 

cleaved at beta position producing acetyl-CoA which is fed into TCA, and the cleaved 

acyl-CoA re-enters FAO cycle to fully be degraded. Additionally, each turn produces 

one of each NADH and FADH2 molecules, which are used in the ETC process.12, 14 

 

Figure 1.1. Mitochondrial ETC and ATP production in connection with TCA and FAO  
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1.4 Mitochondria as signaling organelle 

Mitochondria are not isolated organelles from other cellular organelles but 

rather they mediate and communicate with various cellular pathways to adjust cellular 

needs according to any physiological changes. Mitochondrial TCA intermediates play 

vital roles other than the production of the reducing agents. For example, alpha-

ketoglutarate (KG) has an epigenetic function since it’s a substrate along with oxygen 

for KG-dependent dioxygenases that promote DNA and histone demethylation leading 

to pluripotency.  Succinyl-CoA serves as a substrate in the rate-limiting step of heme 

synthesis, a condensation of succinyl-CoA and glycine to produce aminolevulinic acid 

via aminolevulinic acid synthase.15 Moreover, citrate the first intermediate in TCA cycle 

is converted to aconitic acid via aconitase and then to isocitrate. Further, cis-aconitic 

can be decarboxylated to itaconitate via aconitate decarboxylase. Itaconitate is a 

potent inhibitor of isocitrate lyase, an important enzyme in the glyoxylate cycle which 

is a critical pathway for the survival of many parasites.16 Thus, itaconitate acts as anti-

inflammatory and antimicrobial activities in the macrophages.17 When nutrients level 

is low, cells program their metabolism to increase catabolic pathways and diminish 

anabolic pathways. Under normal conditions, cells maintain ATP/ADP and ATP/ 

adenosine monophosphate (AMP) ratios to be 10:1 and 100/1, respectively. Under 

ATP deprivation, AMP level increases drastically which activates adenosine 

monophosphate-activated protein kinase (AMPK).18 The latter kinase phosphorylates 

many anabolic proteins, such as mammalian target of rapamycin (mTOR).19 

Additionally, AMPK activates FAO pathway while suppress fatty acid synthesis.   

1.5 Mitochondrial dysfunction 
 

Mitochondrial diseases can be divided into primary and secondary 

mitochondrial diseases. Primary mitochondrial diseases (PMD) are inherited diseases 



 6 

that affect directly or indirectly the ETC proteins as a result of either mtDNA or nDNA 

mutations.20 On the other hand, secondary mitochondrial diseases (SMD) include wild 

range of pathogenic mitochondrial dysfunctions resulting from inherited diseases 

caused by mutations in non-ETC genes or environmental factor or ageing diseases 

such as Alzheimer’s disease.21 An estimate of ~ 15-20% of all inherited human 

mitochondrial disorders results from mtDNA mutations, while the remaining disorders 

are caused by nDNA.22 As a matter of fact, nDNA mutations represent the large 

inherited mitochondrial abnormalities because the number of mitochondrial proteins 

encoded by mtDNA is only 13 proteins which are all respiratory protein subunits, 

whereas nDNA encodes ~ 77 of respiratory protein components along with all proteins 

required for the transcription, translation, modification, and assembly of the 13 mtDNA 

encoded proteins.23 

Heteroplasmy is a special phenomenon of mtDNA biology. Heteroplasmy 

describes or annotates for the percentage of the mutant mtDNA to the wild mtDNA.24 

On the other hand, homoplasmy means there are identical copies of mtDNA across 

the cells, which might be either mutant or wild mtDNA.24 Thus, heteroplasmy could be 

causal factor in mitochondrial diseases, and used as diagnostic measure. Depending 

on tissue bioenergetic status, certain threshold of heteroplasmy is required to develop 

pathogenic phenotype.25  

Furthermore, mitochondrial diseases account for more than 50 conditions of 

inborn errors of metabolism (IEM) that are defined as genetic diseases of the 

intermediary metabolism resulting mostly from single gene defect, which could encode 

an enzyme, membrane transporter, or any other functional protein.26 Some of these 

may present in neonates as acute sepsis-like illness, whereas others can present later 

in life with chronic progressive multisystem or specific organ involvement, e.g. 
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cardiomyopathy.27 IEM has a diverse spectrum of genetic disorders involving 

lysosomal storage diseases, peroxisomal disorders, and mitochondrial disorders 

affecting many biochemical pathways. However, mitochondrial disorders are the most 

common form, having prevalence of 1:5000 of IEM birth conditions.28  

Over the past decades, research of genetic diseases has been following the 

traditional biochemical research process of a mutated enzyme or protein, such as 

studying the effects of their deficiency within their own biochemical equation context 

omitting the effect of interactive metabolites from other pathways and/or overall the 

subsequent biochemical changes in the body.29 As expected, this approach has failed 

in explaining sequences of a mutation from the clinical standpoint when patients 

present unrelated phenotypes of the particular genetic mutations.30  

An example of a well-controlled inborn error of metabolism disease is 

phenylketonuria (PKU) that led to the discovery of more than 200 other inborn error of 

metabolism diseases.31 Patients suffering PKU have mutation in gene encodes 

phenylalanine hydroxylase enzyme which catalyzes hydroxylation of phenylalanine to 

tyrosine, an important precursor for many neurotransmitter and hormones. Patients 

suffer from growth failure, global developmental delay, seizures, and intellectual 

impairments which were thought to be due to tyrosine deficiency.32 In such a case, a 

supplement of tyrosine should take care and cure almost all neurological symptoms. 

However, this doesn’t work as it was expected. The real reasons behind the 

development of these phenotypes were not due to tyrosine deficiency but rather the 

increase of toxic by-products or metabolites of phenylalanine metabolism, such as 

phenylpyruvate. These toxic metabolites are excreted in the urine and have a distinct 

smell leading to the discovery of PKU.8, 33 Nowadays, PKU is managed by restricted 

diet of phenylalanine or proteins. Luckily, the neurological retardation is manageable 
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leading to the improvement in life quality of many PKU patients thanks to the accurate 

research investment in finding the root of metabolism error.34   

Unfortunately, diseases of inborn error of mitochondrial metabolism (IEMM) are 

pointed as orphan diseases at both diagnostic and therapeutic levels.35 Even though 

IEMM are not rare IEM diseases, neither diagnosis nor management is well 

established. As a result, mitochondrial medical society (MMS) in 2015 have reached 

consensus criteria based on Delph survey, which is a consensus method utilizing 

expert opinion to make knowledge-based decision when insufficient experimental-

based information is available.36 The next consensus was published in 2017, yet 

solidity of guidelines is still lacking evidence-based clinical protocols.37 Sadly, an 

assessment accomplished by MMS showed 99% of 207 clinicians worldwide have 

seen those conditions but they lack firm resources for experimental-based guidelines 

to diagnose or manage the conditions. It’s quite challenging to come up with correct 

and specific features of different mitochondrial diseases due to diverse overlapping 

phenotypes, and heterogenous nature of the IEM diseases. 

Generally, IEM are diagnosed by newborn screening or clinical suspicion. 

Diagnostic tests include mitochondrial biomarkers in blood, urine, and spinal fluids, 

and enzyme testing.38 However, these tests suffer from absence of sensitivity and 

specificity. For example, the blood lactate/pyruvate ratio is most reliable in 

differentiating ETC disease from disorders of pyruvate metabolism, but only when 

lactate levels are high, which is not necessary the case in some IEMM.39 Often, 

invasive procedures are required, such as tissue, e.g. liver or muscular, biopsies. 

Collectively, the lack of evidence based clinical protocols, understanding of disease 

mechanism of metabolic abnormalities, and prediction of key toxic metabolites are the 

bottle neck of IEMM management.27, 30  
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1.6 Examples of mitochondrially-related IEM diseases 
 

1.6.1 Diseases with neuro-ophthalmic manifestations  

The neuro-ophthalmology of mitochondrial diseases are diseases of mtDNA defects 

that are characterized with dysfunction of the optic nerves, extraocular muscles, and 

retina.40-43 

a) Leber’s hereditary optic neuropathy (LHON) 

In 1871, Leber’s hereditary optic neuropathy (LHON) was first clinically 

diagnosed by the German ophthalmologist Theodore Leber. LHON was the first 

discovered primary mitochondrial disease with a point mutation in the mtDNA, which 

is transmitted maternally.44 It usually affects patients between 15-35 years of old. 

Remarkably, LHON is more predominant in male patients than female.45  

Furthermore, LHON is clinically represented as rapid and painless loss of 

central vision. It is developed mainly due to the degeneration of retinal ganglion cells. 

This degeneration occurs as a result of mtDNA mutations in CoxI.44, 46 There are three 

primary LHON mutation which are located at nucleotide positions 11778 (~69% of 

LHON cases), 14484 (~14% of cases), and 3460 (13% of cases).47 In some cases, 

LHON is accompanied with other neurological signs, such as multiple sclerosis like 

symptoms. 

b) Chronic progressive external ophthalmoplegia (CPEO) 

Another neuro-ophthalmological manifestation of mitochondrial diseases is 

chronic progressive external ophthalmoplegia (CPEO), which is a specific type of 

mitochondrial myopathy affecting ocular muscles.48 This syndrome is also painless 

and progressive bilateral ptosis and ophthalmoparesis. This is serious as patient 

exhibits difficulty in reading and double vision. However, the vision acuity is not 

affected in this case. Additionally, other muscle weakness involves with CPEO like 
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neck and limb. CPEO usually occur in early adulthood, and it’s devoid of gender 

bias.49-53  

CPEO is quite different than LHON in that it can be caused by various genetic 

lesions of either mtDNA or nDNA, and frequently accompanied by various systematic 

symptoms, such as sensorineural hearing loss, myopathy, and optic neuropathy.54 

Usually, mtDNA genetic lesion is a partial deletion of a region in mtDNA molecule, 

while nDNA genetic lesion is associated with mitochondrial maintenance and 

replications, such as thymidine phosphorylase and polymerase gamma (POLG).55, 56 

1.6.2 Systematic diseases 

 
Systematic diseases are diseases characterized with different phenotypic 

variability, which means they can affect multiple organ system. Figure 1.2 represents 

some of the manifestations of systematic diseases.57 These diseases are common 

with multiple mtDNA deletion or large scale delection; hence, the synthesis of many 

ETC proteins is affected.49 In fact, CPEO has subclass known as CPEO plus which is 

simply ophthalmoplegia plus other symptoms from different organs. For instances, 

Kearns-Sayre syndrome (KSS) is a special disease with a combination of CPEO and 

one of the following abnormalities: cerebellar dysfunction or cardiac conduction 

abnormality.4 It’s quite challenging to categorize systematic diseases, however table 

1.1 summarizes major mitochondrial diseases.  
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Figure 1.2. Clinical presentation of some mitochondrial diseases  
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Table 1.1. Clinical syndromes, gene defects, and phenotypic features of some 
mitochondrial diseases. 

 
Syndrome  Genetic defect Molecular defect Clinical features 

Kearns-Sayre 

syndrome (KSS) 

Large scale 

mtDNA deletion  

Multiple proteins in 

OxPhos, beta-

oxidation and 

...etc. 

CPEO, deafness, 

diabetes, 

cerebellar ataxia 

Myoclonic epilepsy 

with ragged red 

fibers (MERRF) 

m.8344A>G, MT-

TF, MT-TP  

Mitochondrial 

tRNAs 

Ataxia, epilepsy, 

weakness, 

sensorineural 

hearing loss, 

retinopathy  

Mitochondrial 

myopathy, 

encephalopathy, 

lactic acidosis and 

stroke like 

episodes (MELAS) 

syndrome 

m.3243A>G, MT-

TQ, MT-TV 

Mitochondrial 

tRNAs 

Stroke-like 

episodes, 

cardiomyopathy, 

seizures, lactic 

acidosis 

Mitochondrial 

neuro-

gastrointestinal 

encephalopathy 

(MNGIE) 

syndrome 

POLG polymerase 

gamma that 

replicates mtDNA 

Gastrointestinal 

dysmotility, muscle 

weakness, CPEO, 

neuropathy, 

retinopathy 

 
1.7 Metabolomics 

 
The biochemical and molecular information are expressed from DNA to 

messenger RNA (mRNA) transcripts, which are translated into proteins. The proteins 

produce metabolites, which mediates phenotypes. However, cellular communications 

nowadays are far from merely being a unidirectional flow as there are complex loops 
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of interactions between DNA, RNA, proteins and metabolites opening the door of 

various scenarios to describes at best the physiological events and phenotypic 

change.58, 59 

 
Metabolome is defined as the downstream products of the genome and 

represents the complete collection of diverse metabolites in a cell, tissue, or 

organisms, which have biological function in normal and abnormal statuses.60 

Metabolites are those of low molecular weight (<1500 Da) measured in any biological 

sample, including but not limited to lipids, amino acids, short peptides, nucleic acids, 

sugars, alcohols and organic acids. Furthermore, they can be divided into two main 

types: endogenous, and xenobiotic metabolites.61 The endogenous metabolites, 

which are called primary metabolites, are produced by encoding of host genome, and 

they are essential for key cellular functions.62  Some essential metabolites can’t be 

produced by host; however, they can be provided via, for example, gut microflora. 

Additionally, metabolites can be exogenous, which are called secondary metabolites 

and obtained from the diet or the environment, such as polyphenols, drugs, herbicides, 

and alkaloids.63 The most variable metabolite type is the exogenous metabolites as 

the endogenous type is highly conserved. Despite of the difference, levels of the two 

metabolite types are affected by common factors, such as age, gender, diet, 

geographical site, and environment.64 

Metabolomic is the study of metabolites and their concentrations within cell, 

tissue, and organism using analytical techniques in order to detect change of 

physiological stimulus or genetic alterations.3 Furthermore, metabolomics as 

terminology was formulated for the first time by Oliver et al. and Nicholson et al. 

although the study of biochemical pathways and their corresponding metabolites were 

biologically characterized as far as 1950s.65, 66 
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1.8 Workflow of metabolomics 
 

Many metabolomics studies have standardized workflow, but they can be 

customized sometimes by adding or editing additional step to fulfill experiment aims.67, 

68 In general, a biological sample is quenched or homogenized in case of tissue with 

a liquid, such as ethanol, in order to produce a liquid sample containing thousands of 

metabolites.69 Then, extracted liquid can be examined using analytical chemistry 

techniques, such as integrated liquid chromatography-mass spectrometry (LC-MS), 

integrated gas chromatography-mass spectrometry (GC-MS), integrated capillary 

electrophoresis-mass spectrometry (CE-MS), and nuclear magnetic resonance 

(NMR). Figure 1.4 summarizes steps of metabolomics study.58 

 

 

Figure 1.3. Experimental steps of metabolomics workflow 
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choice used for MS metabolomics is the electrospray ionization. This method is 

extremely sensitive requiring microliter of sample; however, it is destructive, and 

sample can’t be retrieved.71 In MS technique, the measuring criteria are mass to 

charge ratio (m/z) of the parent molecule and its retention time (rt). These features are 

compared to referential MS scan of a standard compound for identification purposes 

along with fragments scans. Furthermore, each metabolite is assigned with both m/z 

and rt, and this label is called feature.72 

On the other hand, NMR technique is nondestructive, and samples can be 

recovered, but NMR is not as sensitive as MS.73 The experimental feature of NMR is 

the characteristic radio frequency absorption bands due to strong magnetic field effect 

on sample, which reorients nuclear spins of the atoms in the molecule. Each 

metabolite has a unique NMR spectrum of chemical shifts as each metabolite has its 

unique chemical structure.71   

The most challenging step in the metabolomics workflow is the data pre-

processing because of the identification of individual peak from thousands of collected 

peaks.74 After acquiring data, LC-MS raw data are corrected and filtered by so-called 

data pre-processing, which is a series of computational modifications in order to 

prepare accurate data for the next step in the metabolomics workflow.75 For example, 

noise filtering step removes noises and contaminants and enhances signals using 

methods such as, median filtering and Gaussian function. Moreover, the step of peak 

detection transforms raw continuous data into centroided discrete data, which reduces 

data dimension as it maintains true information and removes part of the noise.76  

Normally, peak detection is performed based on m/z ratio because it is more 

precise than rt through extracted ion chromatograms, which is a 2-D intensity signal 

vs rt during a small m/z window. In the LC-MS technique, the time taking to run a single 
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sample in the LC is usually ranged from minutes to hours compared to the MS run 

which is instantly as the sample is eluted from LC.74 Despite the efforts in optimizing 

the run time and elution gradient, there are several metabolites eluted at the same 

peak window or rt due to massive number of detected metabolites (~1000s) and 

similarity in their chemical features. Thus, spectral deconvolution, which is a step of 

decomposing overlapped peaks, is used to sort out individual peaks.77  

In addition, retention time alignment is extremely useful to correct the drift in 

the rt of molecular ions because rt drift is noncontrollable and occurs spontaneously, 

especially in case of larger sample size. One way to solve rt drift is to add reference 

standard compounds within the samples during sample extraction and use them as 

landmark for peak alignments (figure 1.5).75 Many metabolites are diversely ionized 

into many ions as one metabolite can be identified as multiple ions which have different 

m/z values but very similar rt, such as isotopes, adducts, and neutral loss of fragments.  

 Therefore, ion annotation step is performed to explain m/z difference of ions 

eluted at same or similar rt with known isotopes, adducts, and neutral loss of fragments 

relationships. Another larger sample size variation beside rt drift is systematic variation 

of LC-MS data.78 This can be easily resolved by calculating the ratio peaks intensities 

detected in the study to the internal standards, which are added in equal amount to all 

samples in the study. Finally, there are a good number of software tools available to 

computationally performed the abovementioned data pre-processing steps, such as 

MZmine, XCMS, and MetAlign.79 
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Figure 1.4. Examples of data pre-processing for peak detection and peak alignment. 
X-axis is the rt in min and Y-axis is the peak intensity 
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data dependent acquisition (DDA).80 In the DIA, full MS1 scans are collected to 

generate full scan mass spectrum (MS1) of accurate mass measurements for each 

metabolite separated by LC. On the other hand, DDA produces fragmentation of 

metabolites with highest intensities. Contrary to untargeted metabolomics, targeted 

metabolomics studies focus on specific metabolites that are of interest, such as a 

substrate of an enzyme or a metabolite downstream a biochemical pathway. It is 

usually used for validation of a hypothesis or findings concluded from untargeted 

metabolomics or other biochemical studies.58  

The procedure of metabolite identification will be mainly detected by MS/MS  

fragmentation of the key metabolite which would be compared with those reported in 

database searches including Human Metabolome Database (http://www.hmdb.ca), 

KEGG (http://www.kegg.com), METLIN (https://metlin.scripps.edu), MassBank 

(https://massbank.eu/MassBank/), and Chemspider (http://www.chemspider.com/). 

Some metabolite will be confirmed by comparison with available reference 

standards under the same LC-MS condition.58  

Furthermore, the global natural product social (GNPS) infrastructure is a web-

based mass spectrometry aiming to predict the structural identity and cover the 

chemical space of natural products and metabolites.81 GNPS infrastructure comprises 

some spectral libraries, such as MassBank, ReSpect, and NIST along with GNPS 

house library. Molecular networking is another feature of GNPS in which groups of 

spectra can be correlated and visualized in a network. In the molecular networking, 

each node represents spectrum, and edges or connections are spectrum to spectrum 

alignment between nodes.82  
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1.9 Mitochondria in cancer 
 

Disruption of mitochondrial functions has been linked to a wide range of 

pathologies, such as diabetes, Parkinson’s disease, cancer, and many aging 

diseases. Cancer pathogenesis was mistakenly framed as merely genetic disease and 

having similar bioenergetic needs like normal cells.83, 84 However, it has been shown 

that cancer cells have a different metabolic profile other than normal cells. The 

German physiologist Otto Warburg has suggested that cancerous cells rely on 

glycolysis as the major ATP generating pathway over OxPhos process.85 That is why 

cancerous cells have large increase in lactate level. Therefore, cancer has a large 

defect in metabolism as a component of its pathogenesis. Mitochondrial metabolism 

contributes to different stages of cancer development.86  

At malignant transformation, which is the transform of normal cell into a 

neoplastic precursor, three main mitochondrial activities enhance the proliferative 

capability: Reactive oxygen species (ROS), accumulation of toxic metabolites, such 

as fumarate and 2-hydroxyglutarate, and defect in mitochondrial permeability 

transition.87 At a particular amount, ROS, such as H2O2, can serve as signaling 

molecule to facilitate tumorigenesis. H2O2 activates phosphoinositide 3-kinase (PI3K) 

pathway, which promotes proliferation and results in cancer cell survival.88 In addition, 

H2O2 stabilizes the production of hypoxia inducible factors (HIF) by preventing their 

hydroxylation at proline residue because hydroxylation inhibits their crucial role in 

cancer; as they activate transcription of hypoxia response genes to allow cell survival 

under hypoxia.89 Cancer cells adopt hypoxic environments due to incompatibility 

between the high proliferative rate of tumor cells and the ability of the blood supply to 

provide nutrients including oxygen.90 
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Therefore, there is a great interest in studying mitochondria as therapeutic 

target and discovering therapeutic agents that potentially modulate mitochondrial 

functions. Those agents are divided into two classes based on their site of action: 

mitochondria-targeted and non-mitochondria targeted agents.88 The mitochondria-

targeted agents act directly on a molecular target in the mitochondria, while the non-

mitochondrial agents bind to a molecular entity which is located in the sub-cellular 

organelles other than the mitochondria, but this molecular target eventually modifies 

the activity of the mitochondria. Moreover, the molecule which has intrinsic affinity 

toward mitochondria is called “mitochondriotropic”.91, 92 

Mitochondriotropic agents are small molecules which accumulate at 

mitochondrial membrane or inside mitochondria without any structural modification 

using mitochondrially-targeted delivery system. For example, triphenylphosphonium 

cation was found to accumulate in mitochondria due to large mitochondrial 

membrane potential (DYm).93  

 

1.10 The family of caged Garcinia xanthones (CGX) 

One of the chemical families that is considered mitochondriotropic is the caged 

Garcinia xanthones (CGX).94-101 CGXs are isolated from the bark of Garcinia trees that 

are native to Indonesia, Brazil, India, and Africa.102 The most common Garcinia tree is 

G. mangostana which is largely grown due to its production of valuable fruit, 

mangosteen. However, there are many other Garcinia species including G. forbesii, 

G. hanburyi, G. bracteat, G. gaudichaudii, G. lateriflora G. cantleyana, G. urophylla, 

and G. oligantha.101, 103 

Various bioactive constituents are isolated from tree resins for many uses, such 

as colorants or therapeutic agents.104 Among all extract components, gambogic acid 
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is the archetype of CGXs (1.1) whose chemical structure was reported in 1963.105 The 

CGX family has distinct structural features. The general scaffold contains a xanthone 

of which the C-ring is a novel heterocyclic structure, 4-oxa-tricyclo[4.3.1.03,7]dec-8-en-

2-one (figure 1.6). Most structural differences among CGXs family arise from 

alkylation and/or oxidation on terminal prenyl group or A-ring.106 The structure of 

forbesione (1.2), which is isolated from G. forbesii and G. hanburyi, is the main 

member upon which different chemical functional groups create various related CGXs 

agents as shown in figure 1.6.107 For instance, prenylation at C5 of 1.2 yields 

desoxygaudichaudione A (1.3). Further oxidation of the latter on methyl group (C30) 

to yield aldehyde and carboxylic acid counterparts, gaudichaudione A (1.4) and 

isogaudichaudiic acid (1.5), respectively. Likewise, geranylation at C5 generates 

desoxygambogenin 1.6, and gambogin 1.7 is formed, when geranyl group forms pyran 

ring with hydroxyl group on C18. Further oxidation of C29 on 1.7 yields 1.1.108  

 

Figure 1.5. Some examples of caged Garcinia xanthone from Garcinia tree. 
Numbering of structures is depicted from the numbering of backbone of 1.1 
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1.10.1 Biosynthesis of GCXs 

CGXs are biosynthetically derive from xanthone scaffold, which is produced 

further from benzophenone products of mixed shikimate-acetate pathway.109-114  This 

pathway starts with condensation of phosphoenolpyruvate (PEP) and D-erythrose 4-

phosphate followed up with series of various reactions including oxidation, a b-

elimination of inorganic phosphate, a reduction, a ring opening, and an intramolecular 

aldol condensation to produce 3-dehydroshikimate (DHS), which is reduced to 

shikimate (scheme 1.1).115 Also, DHS yields dihydroxybenzoic acid, protocatechuic 

acid, via dehydration. The latter reacts with CoA, then, the product undergoes 

sequential condensation of acetyl units obtained from three units of malonate 

coenzyme A (malonyl-CoA) to yield intermediate 1.8, which is further transformed into 

benzophenone (1.9) intermediate by Dieckmann condensation and enolization.116, 117 

Lastly, xanthone, for example 1,3,5,6-tetrahydroxyxanthone, is produced by oxidative 

phenolic coupling of benzophenone counterpart.118 

 

Scheme 1.1. Biosynthesis of xanthone and proposed mechanism of its formation  
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oxygen onto terminal alkene of prenyl group, and subsequently oxidation of C9 and 

C10 take place to produce caged nucleus 1.12 (Scheme 1.2, A). The second proposal 

was proposed by Quillinan and Scheinmann which starts with allylation of vicinal 

hydroxyl of xanthone analog 1.13.119, 120 Afterward, Claisen rearrangement yields 

cyclohexane dienone 1.14 followed by intramolecular Diels-Alder reaction to produce 

caged nucleus 1.15.120 To approve the latter proposal, the authors approved 

experimentally that heating allylated tri-hydroxyxanthone in decalin at 190°C for 14h 

gave caged structure 1.15. The result was suggestive of Claisen/Diels-Alder cascade 

in which C12 allyloxy unit had migrated onto the C13 center of 4, and allyloxy 

dienophile conjugated to form bridged cyclohexane with diene of C-ring (scheme 1.2, 

B). The latter proposal has been approved experimentally when various natural CGXs 

products have been synthesized based on Claisen/Diels-alder cascade.  

 

Scheme 1.2. Proposed mechanisms of biosynthesis of caged Garcinia xanthone. (A) 
nucleophilic cyclization cascade and (B) a Claisen/Diel-Alder reaction cascade 
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1.10.2 The route of CGXs synthesis. 

Synthetic strategy of CGXs has been deduced from its biogenesis. There are 

three main steps: a) synthesis of the xanthone, b) installation of the reverse prenyl 

groups, and c) formation of the caged scaffold.  

a) Synthesis of xanthone 

Xanthone scaffold synthesis has been developed into different methods; 

however, there are two main approaches to construct xanthone. The more convenient 

method is a one pot reaction of salicylic acid and a phenol under higher temperature 

acidic conditions, such as ZnCl2/POCl3 or Eaton’s reagent (P2O5 in CH3SO3H).121, 122 

Benzophenone intermediates has been formed in ZnCl2/POCl3 beside the desired 

xanthone product; however, by using Eaton’s reagent, benzophenone intermediate is 

no longer or minimally formed, and xanthone is the major final product (scheme 1.3, 

pathway I). The second approach utilizes Friedel-Crafts acylation of benzoyl chloride 

with phenol using strong Lewis acid, such as AlCl3 to yield relative benzophenone 

intermediate.99 Then, cyclization of benzophenone into xanthone is accomplished 

using basic condition (scheme 1.3, pathway II). 

 

Scheme 1.3. The two synthetic approaches of xanthone formation 
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b) Installation of the reverse prenyl groups  

There are three strategies for installation of the reverse prenyl groups on 

xanthone. This is a key step in the synthesis in all members of the CGXs family as the 

selective allylation of intended hydroxy groups is required from the other free hydroxy 

groups.  The first method is the use of a-bromoisobutyraldehyde (1.16) and a strong 

base such as, tBuOK for the alkylation of intended hydroxy groups followed by Wittig 

olefination of the terminal aldehyde producing hydroxylated prenyl groups (scheme 

1.4, method I).123 These two reactions are repeated multiple times until all intended 

hydroxyl groups are prenylated, thus, this strategy was not adopted due to its chemical 

waste and time consumption. The second method is also a two steps approach 

(scheme 1.4, method II). The first step is cupper-catalyzed propargylation and of the 

hydroxyl groups using, CuI or CuCl2, and the second step is hydrogenation of alkyne 

to alkene using Pd catalyst, such as Lindlar catalyst.124 This approach is advantageous 

than the first one because a smaller number of steps is required to install reverse 

prenyl groups; however, hydrogenation step consumes time until it is optimized for 

intended alkene product.96 The third method is based on Tsuji-Trost reaction which is 

palladium catalyzed allylation (scheme 1.4, method III). This method requires 

preparation of prenylating reagent, but the installation of reverse prenyl groups takes 

place in a single step.97 
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Scheme 1.4. The three methods for reverse prenylation  
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cycloaddition of diene with the pendant C21-C22 dienophile (1.19a). Likewise, the 

intermediate 1.18b undergoes cycloaddition of diene with the pendant C25-C26 

dienophile to form the other caged isomer, neo caged nucleus (1.19b).94, 95 

 

Scheme 1.5. The two approaches of C-ring (caged nucleus) of CGXs  
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(1.20).108 Finally, Claisen rearrangements and intramolecular Diels-Alder reaction took 

place under thermal activation in DMF at 120 °C to yield 6-O-methylforbesione (1.21) 

and 6-O-methylneoforbesione (1.22) (ca. 2.4:1 ratio). The yield of overall reactions in 

favor of 6-O-methylforbesione is 26% over ten steps.  

 

Scheme 1.6. Synthesis of 6-O-methylforbesione and corresponding neoforbesione. 
Bn, benzyl; nBuLi, n-butyllithium; MnO2, manganese dioxide; KOH, potassium 
hydroxide; DMF, dimethylformamide; TBAF, tetra-n-butylammonium fluoride; TBS, 
tert-butyldimethylsilyl.  
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spectroscopic studies, it was shown that C-ring Claisen rearrangement/ Diels-Alder 

reaction cascade proceeds first and A-ring Claisen rearrangement occurs afterward. 

Claisen rearrangement in A-ring is responsible for the production of forbesione and 

isoforbesione. In this study, the neo caged isomer of forbesione is not detected. 

Acetate group protecting hydroxyl group at C6 enhances the yield in favor of 

forbesione, which has overall yield of 6 % over five steps. The steric hindrance 

generated by acetate allows the migration of prenyl group in only to C17; thus, the 

regioselectivity of Claisen rearrangement products in A-ring can be tailored by steric 

hinderance on C6. It’s interested that methoxyl group on C6 doesn’t prevent 

isoforbesione formation as O-acetyl group.  

 

Scheme 1.7. Synthesis of forbesione and isoforbesione 
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Guo et al., gambogic acid affects the expression of 23 target proteins.126 Moreover, 

the Xiao group has identified 80 and 116 GBA-targeted proteins in HeLa and K562 

cells using activity-based proteome profiling.127 The majority of these proteins are 

involved in various cellular functions such as regulation of redox state, metabolism, 

the ubiquitin-proteasome system, transcription, translation, as well as protein transport 

and modification. Selected examples include vimentin, Bax and Bcl-2, heat shock 

proteins (Hsp), steroid receptor coactivator-3, caspase-3, caspase-9, nuclear factor of 

k, and Fe-S cluster containing NEET proteins.100, 128 Among these proteins, Bcl-2 and 

Hsp 90 have been intensively studied due to their cellular function. The Bcl-2 family of 

proteins includes proapoptotic and antiapoptotic members that play a vital role in the 

programmed cell death process (apoptosis).129 When Bax protein, which is a 

proapoptotic protein, receives apoptotic stimuli, it undergoes conformational changes 

and polymerizes to generate pores at the mitochondrial outer membrane leading to its 

permeabilization. Subsequently, cytochrome c, which is an apoptogenic factor, is 

released from the mitochondria into the cytosol to activate the release of caspase-9 

and ultimately caspase-3. Under cancerous conditions, Bcl-2, which is an 

antiapoptotic member of this family and overexpressed in tumor cells, binds to and 

inhibits Bax from initiating apoptosis. Gambogic acid alters the balance between Bcl-

2 and Bax by decreasing mRNA expression of Bcl-2 and concurrently increasing 

mRNA expression of Bax. Definitely, GBA induces apoptosis in A375 cells at a rate 

that reached 41.87% in a dose-dependent manner.130  

Heat shock protein 90 (Hsp 90), a well-validated anticancer target, was found 

to be prevented by GBA.131 The Hsp 90 family supports cell viability by controlling 

protein folding (proteostasis).132 Hsp 90 binds to about 200 client proteins to 

functionalize them, some of which are crucial for cell signaling and tumor 
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generation.133 For example, pathways linked to cell apoptosis, growth, tissue invasion, 

and metastasis are functionally relied on Hsp 90. Due to its vital molecular 

contributions, Hsp 90 is considered as an indispensable target protein for cancer 

therapy. Recent competitive binding inhibition studies showed that GBA binds 

selectively to the b isoform of Hsp90 at a new site.134 

Other studies have validated the proteasome, a large proteolytic complex that 

recognizes and degrades polyubiquitinated proteins into amino acids, as a target 

protein for GBA.135 Mechanistically, GBA prevents chymotrypsin activity of the 20S 

proteasome, as well as deubiquitinating enzymes, which releases ubiquitin moieties 

for a new ubiquitination cycle. Both inhibitory effects lead to the accumulation of 

polyubiquitinated proteins leading to the death of cancerous cells.135 

Maxim Pharmaceuticals identified transferrin receptor 1 (TfR-1) as a target of 

GBA.136 This is a cell surface protein involved in iron transportation into the cell and is 

often overexpressed in various types of cancer.137 The researchers proposed that the 

interaction of GBA with TfR-1 induces activation of caspase-8 resulting in initiation of 

apoptosis (figure 1.7). More recent studies have suggested that GBA rapidly enters 

the cell and localizes in the mitochondria. This localization induces membrane 

depolarization and permeability leading to release of cytochrome c and induction of 

apoptosis.98 
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Figure 1.6. Proposed biological mode-of-action of gambogic acid based on selected 
protein targets. GBA, gambogic acid; TfR, transferrin receptor; Cyt c, cytochrome c; 
Hsp, heat shock 
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Scheme 1.8. The formation of gambogic acid analog (1.26) upon storage in methanol 

Further chemical modifications at the C9–C10 enone have confirmed its 

biological influence. Reduced (1.27) or substituted (1.28 and 1.29) analogs (scheme 

1.9) at the C9–C10 site display significant loss of activity (more than 10-fold) when 

compared to GBA in T47D, ZR751, and DLD cell lines. This suggests that α, β-

unsaturated ketone is critical to the biological activity of GBA, since it could be a site 

for nucleophilic attack from a target protein.140 Michael-type addition reaction could 

produce stable adducts that, in turn, modulate the cytotoxicity of the parent 

molecule.141  

 
 

Scheme 1.9. Analogs of gambogic acid at α,β-unsaturated ketone 
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The C29 carboxylic acid functionality of GBA provides an interesting site for 

further structural modifications. Interestingly, the methyl ester of GBA has a similar 

IC50 and biological activity as the parent molecule in a caspase activation assay.140 

Typically, carbodiimide crosslinker chemistry has been employed to generate various 

GBA analogs at the carboxyl group.142 The Cai group synthesized a series of amide- 

GBA analogs. Among them, analogs containing piperidine were found to be nearly 

twofold less active than GBA in induction of apoptosis using T47D cells.140 Similarly, 

the Zhang group has synthesized a number of GBA analogs containing various 

hydrophilic alkanolamines in an attempt to improve water solubility and overall 

bioactivity. Furthermore, compound 1.30 (figure 1.8), which encompasses a three-

carbon alkanol spacer linked to a morpholine, exhibited the highest potency of any 

other analogs tested with an IC50 of 0.045 uM. In this assay, GBA was found to exhibit 

an IC50 of 0.75 uM. Compound 1.30 also showed selectivity toward hepatocellular 

carcinoma cells without affecting normal liver cells. However, similar analogs with a 

two-carbon alkanol linker and/or piperidine as cyclic amine exhibited considerably 

lower bioactivity. Furthermore, a furazan nitric oxide donor was incorporated via an 

ester bond at the carboxyl group of GBA due to its known antitumor activity. 

Unexpectedly, this analog 1.31 (figure 1.8) displayed a dramatic decrease in 

cytotoxicity in a human lung carcinoma cell line (A549) compared to GBA.143 Various 

thioesters were also synthesized but were found to be less active compared to GBA.144 
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Figure 1.7. analogs of gambogic acid at carboxyl group.  

Likewise, the carboxylic acid group can be utilized to produce GBA probes that 

can be used for target identification and kinetic assays.100, 136 These probes, which are 

labeled with biotin, fluorescein, and agarose, are as active as the parent compound. 
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Figure 1.8. the synthetic probes of gambogic acid.    

 

1.10.6 Gambogic Acid: Conjugation and Formulation Studies  
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Quantum dots (QDs) are fluorescent semiconductor nanocrystals that have 

substantial applications in bioscience.152 Due to electrostatic interactions, negatively 

charged GBA can be simply adsorbed on cationic cysteamine- coated cadmium-

tellurium quantum dots (Cys-CdTe QDs) to yield a self- assembled GBA -Cys-CdTe 

QD nanocomplex.153 With respect to cancer therapy, a number of advantages have 

been discovered when GBA is loaded on such QDs. For example, peripheral side 

effects of GBA can be minimized since the release of GBA from the QDs is highly 

dependent on pH. This implies that GBA is predominantly released in the 

microenvironment around tumor cells which usually have a lower pH than that of 

normal cells. Moreover, Cys-CdTe QD by itself has anticancer activity and can be used 

to overcome multidrug resistance (MDR). Most importantly, GBA-Cys-CdTe QDs can 

be utilized as a methodological fluorescence nanoprobe for real-time labeling to follow-

up changes in the tumor cells. In another study, the GBA-Cys-CdTe QD nanocomplex 

was examined for the treatment of leukemia and was found to be potent against 

multiple resistant K562/A02 cell line.154 In a related study, daunorubicin, a 

chemotherapy drug for Hodgkin’s lymphoma, was added to GBA-Cys-CdTe QDs. This 

unique complex effectively bypassed P-glycoprotein, an efflux pump excreting 

xenobiotic out of the cell as mechanism of protection. As such, it considerably 

minimized MDR and increased sensitivity of tumor cells toward daunorubicin in vitro 

and in vivo.155 The above studies imply that the carboxylic group of GBA is not 

essential for its bioactivity. However, it acts as a site for chemical modifications in order 

to enhance its biological and pharmacological profile. 

 Chapter 1, in part, was adapted from published chapter, Caged Garcinia 

Xanthones: Synthetic Studies and Pharmacophore Evaluation, Studies in Natural 

Products Chemistry, on which I was a co-author. Oraphin Chantarasriwong and 
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Emmanuel Theodorakis contributed thoughts, expert ideas, and opinions to the 

chapter.101   
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Chapter 2 : Metabolomics study of 

mitochondrial diseases  

2.1 Introduction 
 
 Mitochondria are multifunctional organelles that have been involved in almost 

all interactive metabolic pathways affecting most of the vital cellular activities. 

Disturbance in their functionalities either directly or indirectly results in extremely 

complex pathogenesis that is difficult to understand.4, 21, 41, 43, 58, 62, 148, 156, 157 It is very 

complicated to find out the main defective pathway because its connected pathways 

sequentially are affected as well, even though affected pathways themselves have 

normal activities.14 On the other hand, some defective pathways are benign; however, 

accumulated substrate could activate other pathways leading to the production of toxic 

metabolites that is hard for the body to detoxify.20, 21, 157 

 Mitochondrion is unique cellular compartment as it has its own DNA. Also, 

nuclear DNA mediates mitochondrial replication and protein encoding.50 Currently, 

many aspects and concepts of mitochondrial functions and/or performance being re-

evaluated broadly. For example, resilient growing research effort has suggested that 

protein complexes of the electron chain transfer are farther from being merely a 

cascade for ATP production but also regulate vital processes such as fatty acid 

synthesis and can indicate for mitochondrial dysfunction.57, 158 Furthermore, 

mitochondria have associated with many aging related diseases lacking precise 

explanation for the mechanism of its involvement.61 In this study, we answered and 

determined unbiasedly the major metabolites and pathways presented the basis of 

mitochondrial dysfunction with certain phenotypes.  
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 In collaboration with Dr. Holger Prokisch in Germany, we have conducted 

untargeted metabolomics study on plasma sample from patients with rare 

mitochondrial mutations and diseases, so-called MitoNet cohort.159 Previous studies 

on the cohort have emphasized the overlap of various mitochondrial diseases despite 

the fact that they result from different genetic lesions. Moreover, one mutation can be 

presented with inter- and intra-familial clinical variabilities that occur in other mutation 

leading to challenging diagnosis and treatment regimes.159-161 

  This metabolomic study is, therefore, unique as it reflects the real biological 

events of mitochondrial dysfunctions taking place in the human body and the 

interaction with all counted and uncounted biochemical events. We aim to clarify some 

of ambiguous clinical observation and find out relationship between phenotype and 

metabolites level by metabolomic study. Not only that, but also this study could reveal 

some of mysterious mitochondrial mechanisms in ageing related diseases, such as 

diabetes. Figure 2.1 displays meta data of the MitoNet cohort. The majority of 

mitochondrial diseases in this cohort are mitochondrial diseases either with neuro-

ophthalmic manifestations, such as LHON, or systematic diseases, such as KSS and 

MELAS.   
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Figure 2.1. Meta-analysis of MitoNet cohort. A) Clinical diagnosis of MitoNet patients 
with their proportions; B) Number and gender of MitoNet patients and control; C) 
Number and gender of LHON cohort with genetic lesions. 

 
 
2.2 Materials 

MitoNet samples were run according to untargeted LC/MS method of bioactive 

lipids developed by Jain’s lab.162 Approximately, two thousand of plasma samples 

were stored using polypropylene storage cryotubes with socketed screw caps like 

Thermo Scientific Matrix screw-top storage tubes distributed among 96-well tube 

racks. In order to run samples, mobile phase should be prepared with LC/MS grade 

solvents including organic solvents, acetonitrile (ACN) and isopropyl alcohol (IPA), 

and water. Furthermore, deuterated and non-deuterated internal standards were 

purchased from Cayman chemicals and used to prepare two mixture. The internal 

standard mixture (1) is a mixture docosahexaenoic acid-d5, and some analogs of 

prostaglandin (PGD), hydroxy-5Z,8Z,11Z,13E-eicosatetraenoic acid (HETE), 

hydroxy-10E,12Z-octadecadienoic acid (HODE), dihydroxy-9Z-octadecenoic acid 

LHON classes 

Gender Mutation 
 

Female  Male 11778 G>A 3460 G>A 14484 T>C Multiple 
deletion 3243 A>G NA  

 

 
LHON 

symptomatic  28 124 82 22 14 4 1 29  

LHON 
asymptomatic 84 26 61 14 10 4 0 24  

Status 
Gender 

Female Male 

Mitochondrial 
disease 688 858 

Control 287 190 

CVD
1% cepo 

20%

ETC
1%
KKS
1%

LHON
19%

LHON asymptomatic 
10%MERRF

2%

MELAS
7%

SANDO
2%

MM
10%

LS
2%

Others
25%

The clinical diagnosis of MitoNet   
A. 

C. 

B. 
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(diHOME), 6E,8Z,11Z,14Z-eicosatetraenoic acid (ETE), and thromboxane B2 (TXB2), 

including 13,14-dihydro-15-keto-PGD2-d4, 13,14-dihydro-15-keto-PGF2α-d4, PGD2-

d4, PGF2α-d4, PGE2-d4, 15-deoxy-Δ12,14-PGJ2-d4, 6 k-PGF1α-d4, 5S-HETE-d8, 12S-

HETE-d8, 15S-HETE-d8, 20-HETE-d6, 13S-HODE-d4, 9S-HODE-d4, 9,10-diHOME-

d4 and 12,13 diHOME-d4, 5-Oxo-ETE-d7, and TXB2-d4. While, the internal standard 

mixture (2) includes Resolvin D1-d5, 12-[(cyclohexylcarbamoyl)amino]dodecanoic 

acid (CUDA), and leukotriene-6,7,14,15-d4(LTB4-d4). Stock internal standards were 

also prepared for the entire study at a final concentration of 1 ng/μL using LCMS grade 

ethanol in an amber glass container.  

Additionally, some types of 96-well plates are needed for this method, such 

as 450 μL V-bottom, Axygen 600 μL V-bottom and Greiner 1.2 mL deep well. Solid 

phase extraction (SPE) was performed using Phenomenex Strata-X 33 μm 

polymeric 96-well (10 mg/well) solid phase extraction plates. For ultra-performance 

liquid chromatography (UPLC) separation, Phenomenex Kinetex C18-1.8 μm 

(100 × 2.1 mm) UPLC column coupled to a guard column, e.g. Waters UPLC BEH 

RP-18. With respect to instrumentations, we used Thermo vanquish UPLC for 

chromatography, Thermo QExactive Orbitrap mass spectrometer for mass 

spectrometry.   

2.3 Methods  
 

MitoNet plasma samples were distributed in 96-tube plate, and a one or two 

plates were run per a day. Each single run has 93 plasma samples from the study and 

three samples of pooled plasma as a control. Before the run, samples are allowed to 

thaw at 4 °C, then sample rack was shaken at 4 °C at 700 rpm for 15 min using 

Fisherbrand microplate vortex mixer. After that, 20 μL of each MitoNet plasma 

sample was added to the corresponding well in a 450 μL Thermo V-bottom 96-well 
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plate. In the empty wells A1, D12, and H12 of the same plate, another 20 μL of the 

pooled plasma was added. A solution of 100 μL of Internal standard mix (1) was 

added in 8.4 ml of −20 °C ethanol into a glass scintillation vial and mixed very well 

by vortexing; then an amount of 81 μL of this solution was added to each well 

containing the plasma samples. With no mixing, residual liquid drops on the lips of 

the wells were removed with Kimwipe; then, the plate immediately was sealed with 

an EZ-Pierce zone-free seal. The plate was gently shaken at 4 °C at 550 rpm for 

15 min in order to allow mixing and quenching the sample removing protein and non-

polar lipids. After 15 min, the plate was centrifuged at 4,000 × g at 4 °C for 10 min.  

For extraction, a 96-well Strata-X SPE plate was placed on the top of the 96-

well extraction plate vacuum manifold followed by a series of sequential washes of 

600 μL ethanol, 600 μL methanol, and lastly 900 μL water. Vaccum was applied to 

pull through the solvent at 2.5 inHg until no liquid can be seen in the wells. In 96-well 

Axygen V-bottom plate, each well was filled with 350 μL water; then, 65 μL of 

supernatant of plasma/ethanol mixture from the quenching step was added. Another 

65 μL of −20 °C ethanol (containing no standards) was added to protein precipitant 

in the 450 μL Thermo V-bottom 96-well plate, gently shaken and transferred to 

Axygen V-bottom 96-well plate. The total volume of 480 μL was transferred to SPE 

plate and liquid allowed to elute by gravity. Next, 600 μL solution of 10% aqueous 

methanol was added on SPE wells under 2.5 inHg vacuum. Once all liquid pulled 

through, a new 600 μL Axygen V-bottom plate was placed into the bottom of the 

vacuum manifold, and each well was washed with 450 μL ethanol to elute targeted 

bound metabolites under gravity in the first few minutes followed by vacuum of 10 

inHg. Lastly, the eluent was dried using a vacuum concentrator operated at 40 °C.  
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For resuspension of extracted plate, 10 ml resuspension solvent (80:20 

ethanol:water with 0.1% acetic acid (AA)) was transferred into 20 ml scintillation vial 

with 8.33 μL of the internal standard mix (2) followed by vortexing it for a minute. 

Resuspension solvent of 50 μL was added into each well of dried samples and 

sealed with an EZ-Pierce zone-free seal. Then, the sample plate was shaken at 4 °C 

at 650 rpm for 10 min. The content in the sample plate was transferred into glass 

inserts placed into corresponding wells of LC/MS sample plate, and the latter plate 

was sealed using 20 μm pierceable foil seal. To remove air bubbles from liquid, the 

LC/MS sample plate was centrifuge 500 rpm at 4 °C for 10 min; lastly, the plate 

stored in the 4 °C fridge while LC/MS experiment was arranged. 

Before LC/MS analysis, two mobile phases (A) and (B) were prepared as 

following: mobile phase (A), 30% ACN in water and 0.1% of AA, and mobile phase 

(B), 50:50 mixture of IPA and ACN with 0.02% of AA. Both mobile phase bottles were 

mixed well and degassed via sonication 

For LC/MS analysis, 20 μL of each sample in the prepared plate was injected 

in a column, heated at 50 °C for at least 10 min prior to running. The sample was 

separated using the following gradient: 1% B from 0 to 0.25 min, 1% to 55% B from 

0.25 to 5.00 min, 55% to 99% B from 5.00 to 5.50 min, and 99% B from 5.50 to 

7.50 min. A 1.0 min re-equilibration at 1%B should be applied after every injection. 

The flow rate was set at 0.375 mL/min. With regard the geometry of the heated 

electrospray ionization probe, the setting are as follows: negative ion mode profile 

data, sheath gas flow of 40 units, auxiliary gas flow of 15 units, sweep gas flow of 

2 units, spray voltage of −3.5 kV, capillary temperature of 265 °C, aux gas temp of 

350 °C, S-lens radio frequency at 45. For the MS1 scan settings, the scan range was 

of m/z 225–650, mass resolution of 17.5 k, automatic gain control of 1e6, and inject 
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time of 50 MS. In order to get diagnostic fragment peaks across the possible range 

of metabolites, MS/MS of DIA was acquired using mass windows at m/z 240.7-320.7, 

m/z 320.7-400.7, m/z 400.7-480.7, and m/z 480.7-560.7 with a normalized collision 

energy of 35 arbitrary units.  

With regard to data pre-processing, raw data files suffer from many issues 

including rt drift leading to misaligned peaks, and bad peaks.72, 163 First, raw files 

were acquired using Xcalibur software, and converted to mzXML (eXtensible Markup 

Language) data format using MSconvert software. Then, all data files were loaded 

into the open source program Mzmine 2.36. The alignment of rt was computed by 

using the retention times for all deuterated internal standards and nearly 90 

endogenous landmark peaks to create a model for correcting all detected peaks. 

Then, rt corrected data file were loaded into Mzmine 2.36 for full data extraction. The 

parameters including mass detection, chromatogram builder, chromatogram 

deconvolution, and join aligner, are summarized in table 2.1.  
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Table 2.1. Mzmine 2.36 settings  

 
Parameters Values 
Mass detection  

scans MS level: 1 

Mass detector Centroid 

Chromatogram builder  

Scans  MS level: 1 

Minimum time span (min) 0.05 

Minimum height 2.00E+05 

m/z tolerance 0.0 m/z or 10.0 ppm  

Chromatogram deconvolution  

Algorithm  Local minimum search 

Chromatographic threshold 0.00% 

Search minimum in rt range (min) 0.03 

Minimum relative height  2.00% 

Minimum absolute height  4.00E+05 

Minimum ratio of peak top/edge 1.5 

Peak duration range (min) 0.04-4.00 

Join Aligner   

m/z tolerance 0.00 m/z or 5 ppm  

Weight for m/z 1 

Retention time tolerance 0.001 min 

Weight for rt 1 

Peak list rows filter  

Minimum peaks in a row 70 

Keep or remove rows  Keep rows that match all criteria 

 

Afterward, bad peaks were removed by peak quality filtering step in which 

peak windows for each putative feature were generated with ranges of m/z minimum 

and m/z maximum and rt start and end. This step is based on image-based deep 

neural network model, which generates images of stacked peaks of a window 
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reflecting the peak intensity values. Then, classification of peaks as good or bad 

peak was determined through a machine learning model, neural network model of 

produced images, that has been developed in Jain’s lab. As a result, acceptable 

peaks with good spectral features as positive signals were selected. Afterward, data 

were normalized by batch median correction across all batches. Additionally, 

machine learning pipeline produces a final comma separated values (csv) sheet 

containing all metabolites features with adduct and isotope information, peak 

intensities of all samples, and mass and rt error. The final csv sheet can now be 

utilized for statistical analysis in order to answer study’s questions and find out 

relationships between metabolites and biological events. 

There are a variety of statistical tests can be applied on different types of data 

set. In MitoNet cohort, we would like to study the association of metabolites with 

diseases, phenotypes and many more criteria by comparing case vs control samples. 

Binary logistic regression is a predictive regression model, used to classify 

independent variables into two classes of dependent variable, such as case vs 

control.164 Another important feature of logistic regression is odd ratio, which 

measure the degree of association or the likelihood of the dependent variable with 

the independent. Furthermore, clustering methods are useful to reduce 

dimensionality of data, such as principle component analysis (PCA) and partial least 

squares-discriminant analysis (PLS-DA). In PCA, principal components (PC) are 

artificial variables that assemble in a linear manner the original variables and allow 

metabolites spanned into smaller space. Calculating the variance-covariance matrix 

of eigenvalues, which explain variance of each PC, and PCs with the highest 

variance are selected to unbiasedly visualize difference in the data.165 On the other 

hand, PLS-DA is the supervised version of PCA, and it allows metabolites projection 
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into space according to categorical variable. In PLS-DA, latent variable (LV) is 

analogous to the PC of the PCA but measure covariance instead of variance. All 

statistic tests were carried out in RStudio (Version 1.1.463), an open source for direct 

code execution to run tremendous computational functions.  

2.3 Results and discussion 
 

2.3.1 Gender bias in mitochondrial diseases 

 
The meta data has been filtered in a way that the replicate samples were 

removed, and single sample of each patient was included in the analysis. Depending 

on the phenotypes available in MitoNet cohort, we divided samples into LHON and 

non-LHON cohort, which contains all other genetic mitochondrial diseases. Data 

processing yields final csv sheet of 14690 metabolites to proceed with for statistical 

analysis. Multivariate logistic regression of each cohort was calculated using RStudio. 

For LHON, logistic regression was calculated to estimate odd ratio of the metabolites 

(149 of case samples and 109 of the control). The regression was repeated twice for 

two settings: age and gender corrected and age only corrected settings. For each 

metabolite, p-value and log odd ratio were calculated. For each setting, the top 300 

significant metabolites with lower p-value were chosen to visualize the influence of 

gender bias. Likewise, logistic regression was calculated for non-LHON cohort with 

445 case samples and 126 of the control. The two settings of logistic regression were 

applied, and top 300 metabolites were selected for comparison.  

Gender bias is a common phenomenon in medical settings. In LHON, gender 

bias is a common clinical feature affecting male fivefold more than female patients.166 

Of interest, metabolomic approach was utilized to decipher gender preference in 

LHON at molecular level. Next, comparison of LHON metabolic profile to non-LHON 
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profile was performed to further examine metabolic trends of gender bias and find out 

a metabolic pattern describing the difference of the single or multiple organs 

involvement. In this study, we’ve noticed a great gender influence on LHON disease. 

The p-values of key metabolites in non-LHON subset were more significant than those 

of LHON subset by 12 order of magnitude. This could be due to sample size and 

metabolic nature of both cohorts since LHON diseases has lesser systematic 

metabolic involvement than non-LHON diseases. In LHON cohort, gender effect is 

allowed in one logistic regression model (figure 2.2, A), and the key metabolites in that 

model have dropped considerably into nonsignificant p-value range when additional 

gender adjustment was applied. For non-LHON cohort, on contrary, key metabolites 

stays significant even after correcting for gender covariate (figure 2.2, B). Thus, we 

continued to visualize this difference by PCA (figure 2.3), but there is minor clustering 

of metabolites based on gender when they are projected between PCs on x and y 

axes (PC1 explained variation is 5%, and PC2 explained variation is 2%, 

respectively).167 

PLS-DA was used to recognize whether metabolites could be clustered better 

based on patients’ gender. The model reveals segregation of metabolites based on 

gender, explaining 7% of the variance in total (5% of variance explained by LV1 and 2% 

of variance explained by LV 2) (figure 2.4). Hence, PLS-DA analysis displays better 

evidence for gender bias exhibited by patient with LHON.  Furthermore, the result of the 

two logistic models of LHON, particularly metabolites p-value and odd ratio were plotted 

as volcano plot, which is scatter plot statistical significance e.g. -log p-values vs 

magnitude of change e.g. log odd ratio, which divides plotting points into left and right 

regions (figures 2.5 and 2.6). Moreover, p-values of the key metabolites in age only 

adjusted logistic regression model (figures 2.6) are five order of magnitude significant 
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of that with both age and gender adjusted logistic regression (figures 2.5). Most likely 

these metabolites have hormonal component.168 This result is supported by case 

reported for a female patient who had vision loss upon menopause, but her vision was 

recovered as she followed hormonal replacement therapy.168 Furthermore, LHON 

cybrid cells carrying m.11778G>A mutation were treated with analog of estrogen, which 

binds to estrogen receptors.169 As sequences, mitochondrial defect was diminished via 

reducing apoptosis, enhancing mitochondrial biogenesis, and a reducing ROS. 

Collectively, these data have supported that the gender bias is an important part in 

LHON pathogenesis as well as therapeutic management.170 There are not many 

common significant metabolites between LHON and non-LHON cohorts, suggesting 

that metabolic profiles of LHON is distinct disease with great hormonal influence when 

compared to other genetic mitochondrial diseases. Furthermore, metabolic profiles 

obtained via metabolomic studies differentiate between phenotypic trends of 

mitochondrial diseases associated with defects in single or multiple organs. This 

finding recognizes metabolomics as the key analytical field to answer the questions 

related to clinical manifestations that are failed to be explained via other omics 

families, such as genomics and proteomics.  
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A. 

 
 
B. 
 

 
 
 

Figure 2.2. The plot (A) and (B) represent -log p-values of top 300 significant 
metabolites in LHON and non-LHON subset, respectively, under two settings, age 
corrected only, and age and gender corrected logistic regression 
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Figure 2.3. PCA plot of metabolites in LHON subset as they are labeled according to 
gender. Each point represents metabolites. Legend: m= male, f= female, exp. var= the 
amount of variation explained per component  
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Figure 2.4. PLSDA plot of metabolites in LHON subset as they are labeled according 
to gender. Each point represents metabolites, the confidence level is set to 95% for 
ellipses, and the separation is based on latent variables (X-variate 1 and X-variate-2) 
Legend: m= male, f= female, exp. var= the amount of variation explained per 
component. 
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Figure 2.5. Volcano plot of p-values resulting from age and gender adjusted logistic 
regression model of LHON cohort. Negative log of p-value is y axis and log odd ratio 
is x axis. Some key metabolites are labeled with increased likelihood of associating 
with LHON than control. Met. = metabolite    
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Figure 2.6. Volcano plot of p-values resulting from age only adjusted logistic 
regression model of LHON cohort. Negative log of p-value is y axis and log odd ratio 
is x axis. Some key metabolites are labeled with increased likelihood of associating 
with LHON than control.  Met. = metabolite 
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2.3.2 Prediction of toxic putative metabolites in mitochondrial diseases 

 
Over the past decades, the research in genetic mitochondrial diseases has 

been following the traditional biochemistry research process. This approach has failed 

in explaining sequences of a mutation from the clinical standpoint when patients have 

unrelated phenotypes of genetic mutations. We want to find out the causal metabolites 

that might discriminate the connections between phenotype, and genotype of 

diseases. The non-LHON cohort is a great data set to carry on MitoNet metabolomic 

study due to great statistical significance and sample size. Multivariate logistic 

regression yielded a long list of metabolites, whose p-values and odd ratios were 

plotted with volcano plot (figure 2.7). The top significant 200 metabolites were 

considered for further analysis. The following stage was to elucidate the chemical 

identity of these significant metabolites. Individual LC/MS experiments were 

performed to collect MS/MS fragment scan of 200 top metabolites. There was a certain 

fragment having m/z of 85.0280 that appears in a group of metabolites.171 With regard 

to their statistical significance, these metabolites appear to have the highest likelihood 

of association with mitochondrial disease than the control when compared to other 

significant metabolites as shown in red points in figure 2.7. Furthermore, the fragment 

(85.028 m/z) is a signature for the functional group, 1,3-diol. One of the metabolites, 

mtb.1098294, with m/z value of 287.223 and predicted chemical formula of C16H32O4 

was chosen to be the representative example of the newly discovered fatty acid (FA) 

family since it has the highest odd ratio of mitochondrial disease association among 

other family members. It was examined carefully by collecting its fragments ions, and 

overall putative structure was predicted as shown in figure 2.8 (A). The fragment 

59.0125 m/z is a common fragment for carboxyl group. To this point, mtb.1098294 

was known to be dihydroxyl saturated FA, and the dihydroxy group is 1,3-diol. To 
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further determining its chemical identity, the other fragments were examined via their 

potential cleavage with respect to carboxyl group having position one in the fatty acid 

chain. The mechanism of fragmentation pattern is mainly due to alpha cleavage of 

hydroxyl groups along with loss of water molecule. As a result of applying the 

fragmentation mechanisms, the potential chemical structure of metabolite, 

mtb.1098294, is 3,5-dihydroxy palmitic acid (3,5-DiOH-C16). Similarly, other 

metabolites of the same family 3,5-dihydroxy fatty acid (3,5-DiOH FA) were discovered 

based on this analysis. The detected metabolites of the same family are two carbon 

difference in chain length. Members of this family seem to cluster together in the 

volcano plot sharing similar significance as shown in figure 2.7.  

Furthermore, another FA family was detected, 3-hydroxy fatty acid (3-OH FA) 

as shown in green points in figure 2.7. They are more significant as they have lower 

p-values when compared to 3,5-DiOH FA. Two members of this family were found in 

patients of non-LHON cohort. Table 2.2 summarizes the two FA families. Additionally, 

the 200 top metabolites were subjected to clustering by GNPS molecular networking. 

The MS/MS spectra files were submitted to GNPS and displayed via Cytoscape 

3.7.2.172 The GNPS analysis revealed 78 nodes and six clusters. The largest cluster 

was for 3,5-DiOH FA of 14, 16, 18, and 20 carbons length chains designated as 3,5-

DiOH-C14, 3,5-DiOH-C16, 3,5-DiOH-C18, and 3,5-DiOH-C20, respectively, as 

depicted in figure 2.9. 
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Table 2.2. Metabolites of the two FA families listed with their detected molecular ions 
and chain length of each FA.  

3,5-DiOH FA 

Chain length [M-H]- 

12 231.1599 

14 259.1916 

16 287.223 

18 315.2542 

20 343.2839 

3-OH FA 

Chain length [M-H]- 

14 243.1965 

16 271.228 
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Figure 2.7. Volcano plot of p-values resulting from age and gender adjusted logistic 
regression model of non-LHON cohort. Negative log of p-value is y axis and log odd 
ratio is x axis. Some key metabolites are labeled with increased likelihood of 
associating with non-LHON mitochondrial diseases than healthy. Red points represent 
3,5-DiOH fatty acids and green points represent 3-OH fatty acids. mtb. = metabolite 
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Figure 2.8. MS/MS scans of 3,5-DiOH hexadecanoic acid (3,5-DiOH-C16) (A), 3,5-
DiOH tetradecanoic acid (3,5-DiOH-C14) (B), 3-hydroxyhexadecanoic acid (C). [M-H]- 
= molecular ion, two peaks for losing water: [M-H-H2O]- and [M-H-2H2O]-.    
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Figure 2.9. Molecular network of top 200 key metabolites in non-LHON cohort. The 
largest cluster contains 3,5-DiOH FA family in orange circles and labeled with their 
chain length. The size of cycle reflects p-value (the bigger circle the more significant 
is)  
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2.3.3 Association of 3-OH FAs and 3,5-DiOH FAs families with mitochondrial diseases 

The subsequent question in this study is how the 3,5-DiOH FA family 

accumulates and what is the main biochemical pathway responsible for that. The 

Different classes of long chain FAs are subjected to accumulate in mitochondrial 

diseases.173 For example, 3-OH FA accumulate in the diseases of beta oxidation 

insufficiency, which is a general hallmark of ETC malfunction or genetic defect. It has 

also been reported that often the level of 3-OH FA increases in long-chain 3-

hydroxyacyl-CoA dehydrogenase (LCHAD) deficiency.174, 175 More biochemical 

findings have suggested that 3-OH FAs had disturbed mitochondrial calcium retention 

capacity.176 They also induce mitochondrial permeability transition pore, reduce 

mitochondrial DYm, increase apoptosis. In this study, we’ve seen a significant increase 

in 3-hydroxytetradecanoic acid and 3-hydroxyhexadecanoic acid. Thus, this finding 

indicates involvement of FAO insufficiency, although there was no direct mutation for 

any FAO enzymes. Most likely this insufficiency is secondary for mutations in proteins 

of ETC process. This might reflect the complexity of pathways and their cross-

interactions within mitochondria components.176-179 Additionally, some 3-OH FAs were 

found to be formulated by mitochondrial de novo fatty acid synthesis pathway (mtFAS), 

which is independent of the cytoplasmic FA synthesis.180 

 In general, the substrates of fatty acid synthesis (FAS), malonic acid and acyl 

group (fatty acid), must be first transferred to a carrier, known as acyl carrier protein 

(ACP). Briefly, the FAS has universal steps starting with condensation of malonate-

ACP and acyl-ACP resulting in 3-ketoacyl-ACP intermediate. The later undergoes 

reduction to 3-hydroxyl counterpart, followed by dehydration to form enoyl derivative, 

and the reduction of enoyl to furnish new elongated FA chain with two carbons 

more.181-184 
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The diseases of MitoNet cohort were classified according to the corresponding 

affected pathways, to find out which pathway is associated with the novel family, 3,5-

DiOH FA. Heat maps were generated to examine levels of the 3,5-DiOH FA members 

across MitoNet cohort when it was divided according to the affected clinical diagnosis 

(figure 2.10) and biochemical pathways (figure 2.11). For each 3,5-DiOH FA, there are 

two isomers except for 3,5-dihydroxyicosanoic acid, which is detected as one isomer. 

Normally, isomers of each member are separated by 30-40 seconds. Moreover, most 

of 3,5-DiOH have accumulated in systematic disorders more than diseases with single 

organ involvement. They have accumulated in MERRF, MELAS, CPEO plus, and 

mitochondrial myopathy as shown in figure 2.10. Altogether, these diseases have 

muscles defect as part of their phenotypic characteristics. Similarly, it’s been observed 

in figure 2.11 that they have accumulated more in diseases with defects in tRNA 

related pathways, such as a mutation in mitochondrially-encoded tRNA genes or 

proteins involved in tRNA processing enzymes, e.g. mitochondrial tRNA -specific 2-

thiouridylase 1, which catalyzes the 2-thiolation of uridine of mitochondrial tRNA of 

lysine, glutamine and glutamic acid. Unexpectedly, 3,5-dihydroxyicosanoic acid, mtb. 

1463227, was not found to be similarly concentrated in diseases or defective pathways 

as the other 3,5-DiOH FAs. 

Remarkably, tRNA biogenesis and mtFAS has an ancient genetic linkage. 

Ribonuclease P (RNase P) is a nuclease that catalyzes the cleavage of the leader 

sequence of precursor tRNAs yielding mature 5’ end tRNAs. Ribonucleases P protein 

14 (RPP14), which is a protein subunit of RNase P, is translated from a bicistronic 

transcript along with 3-hydroxyacyl-thioester dehydratase (HTD2), which is an enzyme 

in mtFAS catalyzing the dehydration of 3-hydroxyacyl-ACP to yield enoyl 

counterpart.185  
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We hypothesized that the primary pathway for the formation of 3,5-DiOH FAs 

is mtFAS supported by a cellular model from a collaborator indicating the mitochondrial 

formation of 3,5-DiOH FAs. Additionally, 3-OH FAs could enter mtFAS as substrates 

leading to the generation and accumulation of 3,5-DiOH FAs when HTD2 enzyme 

activity is deteriorated. Figure 2.12 elucidates possible the path for the formation of 

3,5-DiOH FAs from 3-OH FAs. It was surprising to observe 3,5-DiOH FAs are 

associated with defects in tRNA biogenesis, which could also mirror the defect in 

HTD2 activity leading to their accumulation in the body.186 These findings are 

supportive to the hypothesis and additional isotopic cellular assays of substrates are 

required.  In addition, these results expand the knowledge about substrate specificity 

of mtFAS for the production of diverse FAs families.  
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Figure 2.10. Distribution of 3,5-dihydroxyfatty acids among patients with different 
clinical diagnosis 

C
linical diagnosis 
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Figure 2.11. Distribution of 3,5-dihydroxyfatty acids among different defects in 
mitochondrial pathways  
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Figure 2.12. Mitochondrial fatty acid synthesis pathway. The grey structure represents 
3-OH-ACP that enters mtFAS producing 3-keto-5-hydroxy-ACP (structure in light 
orange) leading to the production 3,5-DiOH FAs 

 
 
2.4 Conclusion and future plans  

Metabolomics study has revealed some trends of mitochondrial diseases. 

There are some clinical features manifested in mitochondrial diseases that are 

reflected at metabolic level in this study. Interestingly, gender bias of some 

mitochondrial diseases, such as LHON, was reported in the bioactive lipids profile. 

Furthermore, new FA family was discovered and highly elevated in patients with 

systematic disorders. The putative biochemical pathway that might be responsible for 

their synthesis is mtFAS. Finally, multiple cellular models are needed to predict the 

origin of 3,5-DiOH FAs, and their causality of various pathogenic phenotypes 

established in the systematic mitochondrial diseases.  

  

 Chapter 2, in full, is currently being prepared for a publication, on which I'm a 

primary author. I discovered new dihydroxyl fatty acid family that is never been 

reported or published in any scientific journals or patent. Dr. Tao Long and Kysha 
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Mercader contributed to the project biostatistics aspect. Khoi Dao, Rafael Moranchel, 

and Mahan Najhawan participated in LC/MS experiments. Dr. Mohit Jain supervised 

the overall project.  
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Chapter 3 : Synthesis of Forbesione 

analogs  

3.1 Introduction 
 
The plant of Garcinia hanburyi Hook.f. belongs to the family Guttiferae. The 

resin plant contains various caged xanthone family, such as gambogic acid (3.1) and 

forbesione (3.2).105 As summarized in the previous chapter, the vast majority of the 

research has centered around gambogic acid with only few publications presenting 

the potential of forbesione in anticancer research.187-191 

Forbesione has exhibited its predominant antitumor effect more in 

gastrointestinal tract tumors like cholangiocarcinoma, which is a malignant tumor 

generated from the bile duct epithelial cells.188 A combination of forbesione and 

doxorubicin or 5-fluoroyracil exhibited a significant synergistic effect on preventing 

growth of cholangiocarcinoma cell lines, such as KKU-100.187, 191 Similar to 3.1, 

forbesione exhibits it antitumor effect by targeting Bcl-2 which play vital role in 

mitochondrial apoptotic pathway.188  

Recent SAR studies have shown that cluvenone (3.3) is the main 

pharmacophore responsible for the antitumor activity of 3.1. In addition, both 3.1 and 

3.3 localize intrinsically in the mitochondria, the site of action.99 The C-ring is an 

essential structural feature for antitumor activity since Michael acceptor site at C9-C10 

acts as conjugate electrophile that is presumably been attached by nucleophile on 

target proteins, such as side chain amine of lysine or sulfide of cysteine.101  

Chemical modifications take place on A-ring, such as hydroxylation on C18, 

(3.4) or C6 (3.5). Hydroxylation on C6 increases potency by threefold than hydroxy 
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counterpart on C18.99 Additionally, chemical modification can be applied in different 

site, carboxyl group on gambogic acid, to generate analogs through amide bond.133, 

135, 143, 154  

To further advance these SAR profile, we studied forbesione in order to 

generate a new site of derivatization on C18 via ether linkage which turned out a new 

natural product, cyclo-forbesione (3.6) (figure 3.1). Furthermore, we studied the 

installation of couple of amine fragments to help mitochondrial delivery and localization 

as well as evaluate chemical and biological properties.  

 

 
Figure 3.1. Structure of caged Garcinia xanthones.   
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3.2 Result and discussion 
 
The synthesis of 3.2 started with the formation of the first intermediate 

tetrahydroxy xanthone (3.9), which is highlighted in scheme 3.1. The xanthone was 

formed by the reaction of 2,4,6-trihydroxybenzoic acid (3.7) and pyrogallol (3.8) under 

ZnCl2 (yield is 40%). The following step is the formation of triallylated compound (3.10), 

which is catalyzed by Pd(0) reverse prenylation using carbonate (3.11) in 70% yield. 

The carbonate reagent is formed over two steps: the first step produces intermediate 

(3.12), which is used for next step to make 3.11 in total yield of 95% as in scheme 

3.2.97  The hydroxy on C6 is not allylated because of intramolecular hydrogen bond 

with oxygen of the carbonyl group. Before forming caged structure, it’s important to 

protect hydroxyl group on C6 by acetylation to ultimately enhance forbesione yield. 

Therefore, O-acetyl-triallylated xanthone (3.13) is produced using acetic anhydride 

(Ac2O) and catalyzed by 4-(N,N-dimethylamino)pyridine (DMAP) in 51% yield. Next, 

tandem Claisen/Diels-Alder reaction cascade proceeded to form 3.14 by heating 3.13 

in DMF at 130 °C for 3 hrs (45% yield). It is worth noting that other caged structure of 

forbesione analogs, such as isoforbesione, and neo-forbesione, were formed, but it is 

not my interest to collect or proceed with these compounds.95  

In order to obtain 3.2, compound 3.14 was treated with base to deprotect 

acetate group. Out of curiosity, acidic deprotection conditions, such as hydrochloride 

(HCl) or trifluoroacetic acid (TFA), were used to yield a new cyclized compound (3.6). 

Furthermore, 3.6 is mechanistically possible to be formed as pendant alkene of prenyl 

installed on C17 gets protonated under acidic condition forming most stable 

carbocation on tertiary carbon. As result, nearby hydroxyl group on C18 acts as 

nucleophile to attack carbocation forming tetrahydropyran (D-ring) fused to xanthone 
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scaffold through C17 and C18, which is different than the usual fused tetrahydropyran 

through C5 and C18 of xanthone backbone found in some analogs of CGXs family.  

 

Scheme 3.1. a) ZnCl2 (5 equiv.), POCl3 (15 equiv.), 60 °C, 6 hr; b) Pd(PPh3)4 (0.1 
equiv.), carbonate agent (10 equiv.), 3.11 (10 equiv.) 0 °C, 0.3 hr; c) Ac2O (25 equiv.), 
DMAP (0.1 equiv.) rt, 24 hrs; d) DMF, 130 °C, 6 hrs; e) 0.5 M K2CO3, rt, 6 hrs; f) TFA 
(2.2 equiv.), rt, 24 hrs.   

O

O

HO
OH

OH

OH

OH

OH

O

HO

OH

HO
OH

OH
+

O

O

O
O

O

OH

O O

O

O

O

O
O

O

OAc

c) Ac2O, DMAP

O
O O

O
OAc

HO

O
O O

O
OH

HO

O O

O
OH

O
O

A B
C

CA

b) Pd(PPh3)4

 a) ZnCl2 , POCl3

f) [H+]

e) 0.5 M K2CO3

d) DMF

3.7 3.8

3.10

3.11

3.9

3.6

3.14

3.13

3.2

A
B

C

A
B

C

D



 73 

 
 
Scheme 3.2.  a) carbonyl diimidazole (1.3 equiv.), DCM, rt, 3 hrs; b) 2-methyl-3-buten-
2-ol (1 equiv.), n-BuLi (1.1 equiv.), THF, -78 °C for 0.5 hrs and then 3hrs at rt. 
 
 

A similar A-ring cyclization has been reported in the bractatin series 

(compounds 3.15 and 3.16).192 The main difference here is the oxygen of the hydroxyl 

group cyclizes with nearby prenyl on the most substituted carbon to form 

tetrahydrofuran ring fused to A-ring of xanthone nucleus. However, these compounds 

are found in nature and extracted from Garcinia bracteata. Thus, there is high 

probability that compound 3.6 could be produced in nature but not yet been described. 

Collectively, these cyclized analogs of CGXs could represent a new sub-class of 

CGXs. Furthermore, both 3.15 and 3.16 have potent antitumor activity against human 

lung adenocarcinoma epithelial cell line A549, yet their antitumor activities are 

comparable with IC50 values of 1.45 uM and 1.5 uM, respectively.193 Both 3.2 and 3.6 

were sent for an evaluation of their antitumor activity, and they are likely to be similar 

in their potency, accordingly.  

 
 

Figure 3.2. Structures of neobractatin (3.15) and isobractatin (3.16).   

N N

O

O
N

N

O

N N
HO O O

O

HO

3.12
3.11

a) b)

n-BuLi

O
O O

O

3.15

O
O

O O

O
HO

3.16

A
B

C

A
B

C



 74 

In an attempt to generate a library of forbesione analogs, the hydroxyl group on 

C18 is great site to link various fragments as it is more chemically flexible and novel 

to be explored. The linkage chemistry of fragment with the main xanthone scaffold of 

3.2 is through the substitution of bromide on alkyl bromide fragments with the oxygen 

of the hydroxyl group forming ether linkage. The preparation of fragment 3.17 was 

done over two steps as shown in scheme 3.5.194 First, phenylbiguanide (3.18) is 

formed under acidic condition from aniline and dicyandiamide at 90 °C. Then, the 

compound 3.18 was treated with base to free it from its HCl salt counterpart. Finally, 

condensation of 3.18 free base with ethyl bromo-acetate was occurred to furnish 

fragment 3.17. The yield over the two steps is 50%. The other fragment was formed 

by simple amide coupling reaction of bromo-acetic acid and N-Boc-ethylene diamine 

using N,N’-dicyclohexylcarbodiimide (DCC) in %90 yield.  

 

 
 

Scheme 3.3. a) 3M aq. HCl, 90 °C, 20 hrs; b) ethylbromo-acetate (2 equiv.), MeOH, 
60 °C, 24 hrs; c) DCC (1.13 equiv.), rt, 18 hr.  
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3.17 and 3.19 to afford 3.20 and 3.21, respectively. It should be mentioned that alkyl 

chloride counterpart of 3.19 fragment didn’t proceed well with substitution reaction. It 

has been found that alkylation of hydroxyl group on C18 increase potency by twofold 

than 3.4 or 3.5.99 Certain amine containing fragments, such as 3.21,  have been found 

to be good mitochondria localizing agents because of mitochondrial (DYm).  

 

 
Scheme 3.4. Reaction condition: DIPEA (5 equiv.), rt, 24 hrs.  

 
3.3 Conclusion and future plans 
 

A new derivatization site has been utilized on forbesione, and this also can be 

applied almost to all CGXs in order to generate a library of interest aiming to target 

certain organelle or acting as probes. New cyclized analog has been detected and 

isolated from the reaction, which might represent undiscovered new sub-class of 

CGXs. Evaluation of forbesione analogs is the main factor currently to prove 

usefulness of this derivatization.  
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 Chapter 3, in full, is currently being prepared for a publication, on which I'm a 

primary author. I contributed to the project novelty and the entire chemical 

experiments. I generated for first time a new chemical derivatization, that could also 

be applied to other caged garcinia xanthones, to produce unique library of forbesione 

analogs. The compounds were sent to Dr. Mary Alphaugh to perform cytotoxicity 

assays on breast cancer cell lines. Emmanuel Theodorakis is the advisor.   

3.4 Experimental procedure 

 
Compound 3.9: 

 

 

 

To a round-bottom flask, 2,4,6-trihydroxybezoic acid (2 g, 11.76 mmol, 1 equiv)) 

and pyrogallol (2.2 g, 17 mmol, 1.4 equiv) were added and followed by ZnCl2 (8 g, 

58.75 mmol, 5equiv) and POCl3 (17 mL, 176.4 mmol, 15 equiv). The reaction was 

heated to 65 °C for 6 hrs. To quench the reaction, it was cooled down to room 

temperature and added slowly to crushed ice in Erlenmeyer flask placed in ice bath. 

The product was precipitated as white precipitate and then filtered. The crude material 

was purified through flash column chromatography (silica 20-80% EtOAc-hexane) to yield 

the desired product 3.9 (1 g, 40%). 3.9: light brownish residues.  

1H NMR (300 MHz, acetone) δ 13.17 (s, 1H), 9.71 (s, 1H), 9.15 (s, 1H), 8.73 (s, 1H), 

7.63 (d, J = 8.7 Hz, 1H), 6.99 (d, J = 8.7 Hz, 1H), 6.43 (s, 1H), 6.24 (s, 1H). 13C NMR 

(126 MHz, cdcl3) δ 181.10, 165.84, 164.79, 158.71, 152.12, 146.89, 133.22, 117.45, 

114.79, 113.68, 103.09, 98.79, 94.76.  HRMS calc. for [C28H33O6]- is 259.0248, found 

259.0247.  

O

O

HO
OH

OH

OH



 77 

 

 

Figure 3.3. NMR spectra of 3.9. (A) 1H NMR (B) 13C NMR 
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Figure 3.4. MS1 spectrum of 3.9 
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Compound 3.10: 
 

 

To a 25 mL round-bottomed flask was added tetrahydroxy-xanthone 3.9 (30 mg, 

0.45 mmol) followed by THF (0.3 mL). The flask was degassed by argon and placed in an 

ice bath. To the solution was added bis(1,1-dimethylpropenyl) carbonate 3.11 (0.24 mL, 

4.50 mmol), followed by Pd(PPh3) 4 (14 mg, 45.0 µmol). The reaction vessel was stirred 

under argon at 0 °C for 20 min. The onset of a greenish suspension indicated the formation 

of triallyl-xanthone 3.10. The solvent was removed by rotary evaporation and the crude 

material was purified through flash column chromatography (silica 0-20% EtOAc-hexane) 

to yield 3.10 (21 mg, 70%). 3.10: colorless oil. 1H NMR (500 MHz, Chloroform-d) δ 12.80 

(s, 1H), 7.80 (d, J = 9.0 Hz, 1H), 7.09 (d, J = 9.0, Hz, 1H), 6.53 (d, J = 2.1 Hz, 1H), 

6.42 (d, J = 2.1Hz, 1H), 6.27 – 6.11 (m, 3H), 5.33 – 5.14 (m, 5H), 5.02 (dd, J = 10.8, 

0.8 Hz, 1H), 1.57 (s, 12H), 1.55 (s, 6H). 13C NMR (126 MHz, cdcl3) δ 180.66, 163.96, 

162.76, 157.19, 156.90, 152.38, 143.74, 143.62, 143.43, 135.60, 120.26, 116.66, 

115.75, 114.34, 114.28, 113.23, 103.43, 101.36, 97.55, 83.69, 82.38, 81.30, 27.38, 

27.29, 26.99.  HRMS calc. for [C28H33O6]+ is 465.2272, found 465.2273.  
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Figure 3.5. NMR spectra of 3.10. (A) 1H NMR (B) 13C NMR
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Figure 3.6. MS1 spectrum of 3.10  
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Compound 3.13:  

 

 

 

 

To round-bottom flask containing compound 3.10 (173 mg, 0.37 mmol) 

dissolved in 1 mL of DCM was added DMAP (4.5 mg, 0.037 mmol), pyridine (0.75 ml, 

9.25 mmol), and acetic anhydride (0.87 mL, 9.25 mmol). The reaction mixture was 

stirred for 24 h at 45 C. The product formation was monitored by TLC. The reaction 

was quenched by NaHCO3 and extracted with DCM. The organic layer was dried over 

MgSO4 and solvent was removed by rotary evaporation and purified through 

flash column chromatography (silica 10-60% Et2O-hexane) to yield 3.13 (96 mg, 51%). 1H 

NMR (300 MHz, Chloroform-d) δ 7.78 (d, J = 9.0 Hz, 1H), 7.04 (d, J = 9.0 Hz, 1H), 

6.95 (d, J= 2.4 Hz, 1H), 6.58 (d, J=2.4 Hz, 1H), 6.30 – 6.10 (m, 3H), 5.34 – 5.14 (m, 

5H), 5.02 (dd, J = 10.8, 1.1 Hz, 1H), 2.45 (s, 3H), 1.57 (s, 7H), 1.54 (s, 12H). 13C NMR 

(126 MHz, c6d6) δ 174.94, 169.94, 161.57, 158.06, 156.50, 151.70, 150.85, 143.72, 

143.64, 143.54, 135.63, 120.91, 117.73, 117.10, 114.61, 114.23, 113.06, 110.82, 

108.79, 104.21, 83.63, 82.28, 81.58, 27.29, 27.27, 26.99, 21.43. HRMS calc. for 

[C30H35O7]+ is 507.2377, found 507.2374.  
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Figure 3.7. NMR spectra of 3.13. (A) 1H NMR (B) 13C NMR  
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Figure 3.8. MS1 spectrum of 3.13 

 
  

O

O

O
O

O

OAc



 85 

Compound 3.14:  

 

 

 

 

In microwave reaction vial was added compound 3.13 (280 mg, 55.3 mmol) 

dissolved in 5 mL of DMF and the vial was sealed. Then, the reaction was stirred for 

3 h at 130 C. The product formation was monitored by TLC (30% ether:hexane). The 

reaction was cooled down to room temperature and DMF was removed by azeotropic 

mixture with several addition of toluene using rotary evaporator at 60 C. The crude 

material was purified through flash column chromatography (silica 10-60% ether-hexane) 

to yield 3.14 (125 mg, 45%). 1H NMR (500 MHz, ) δ 7.34 (d, J = 6.9 Hz, 1H), 6.31 (s, 

1H), 6.25 (s, 1H), 5.32 – 5.19 (m, 1H), 4.50 – 4.37 (m, 1H), 3.63 – 3.38 (m, 3H), 2.60-

2.56 (m, 1H), 2.53 (d, J = 9.7 Hz, 1H), 2.47 (d, J = 9.4 Hz, 1H), 2.38 (s, 3H), 2.30 (dd, 

J = 13.4, 4.8 Hz, 1H), 1.82 (s, 3H), 1.78 (s, 3H), 1.67 (s, 3H), 1.39 (s, 3H), 1.31 – 1.30 

(m, 1H), 1.27 (s, 3H), 1.06 (s, 3H).13C NMR (126 MHz, cdcl3) δ 203.78, 174.32, 

169.86, 161.27, 159.78, 150.37, 136.45, 134.98, 134.52, 133.36, 120.44, 117.76, 

112.45, 106.24, 106.02, 90.87, 84.50, 83.10, 49.05, 46.86, 30.15, 29.10, 28.84, 25.85, 

25.72, 25.47, 22.78, 21.20, 18.13, 16.84. HRMS calc. for [C30H33O7]- is 505.2232, 

found 505.2227.  
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Figure 3.9. NMR spectra of 3.14. (A) 1H NMR (B) 13C NMR  
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Figure 3.10. MS1 spectrum of 3.14 
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Compound 3.2: 
 

 

 

 

 

To a solution of compound 3.14 (30 mg, 0.06 mmol) in Methanol (2.5 mL) and 

0.6 mL of 0.5 M aq. K2CO3 was added at room temperature. The reaction was 

monitored on TLC (70% Et2O/hexane) till completion after 5 hrs. The reaction mixture 

was quenched by addition of 3 M HCl till cloudy yellow solution formed. Then, the 

product was allowed to precipitate as yellow residues. The yellow residues were 

filtered and purified further by column chromatography (10-40% Et2O/hexane) to yield 

forbesione 3.2 (25 mg, 90%). 1H NMR (500 MHz, ) δ 12.60 (s, 1H), 7.46 (d, J = 7.1 

Hz, 1H), 6.17 (s, 1H), 6.02 (s, 1H), 5.26 – 5.21 (m, 1H), 4.43 – 4.39 (m, 1H), 3.50 (dd, 

J = 6.9, 2.2 Hz, 1H), 3.47 – 3.40 (m, 2H), 2.58-2.54 (m, 2H), 2.48 (d, J = 9.4 Hz, 1H), 

2.34 (dd, J = 13.5, 4.7 Hz, 1H), 1.81 (s, 3H), 1.75 (d, J = 1.2 Hz, 3H), 1.68 (s, 3H), 

1.37 (s, 3H), 1.35 (dd, J = 4.0 Hz, 0.9 Hz, 1H), 1.28 (s, 3H), 1.04 (s, 3H).13C NMR (126 

MHz, cdcl3) δ 203.61, 179.85, 164.35, 163.40, 158.32, 135.77, 135.30, 134.28, 

133.66, 121.40, 117.96, 105.89, 101.25, 97.18, 90.75, 84.72, 83.37, 49.29, 47.11, 

30.33, 29.28, 29.10, 26.01, 25.73, 25.67, 22.31, 18.23, 16.90. HRMS calc. for [C28 H33 

O6]+ is 464.2272, found 465.2266. 
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Figure 3.11. NMR spectra of 3.2. (A) 1H NMR (B) 13C NMR 
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Figure 3.12. MS1 spectrum of 3.2 
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Compound 3.6: 

 

 

 

 

To a 10 ml round-bottom flask, compound 3.14 (3 mg, 0.006 mmol) was 

dissolved in DCM (1 ml) and TFA (1 ml, 0.013 mmol) was added and reaction left 

stirring for 36 hr. Then, was quenched by NaHCO3 and extracted with DCM. The 

organic layer was dried over MgSO4 and solvent was removed by rotary evaporation 

and purified by preparative TLC (50% Et2O-hexane) to yield cycled forbesione  (1.6 mg, 

50%) 1H NMR (500 MHz, Chloroform-d) δ 12.30 (s, 1H), 7.45 (d, J = 6.4 Hz, 1H), 5.99 

(s, 1H), 4.43 (m, 1H), 3.50 (m, 1H), 2.88 – 2.73 (m, 1H), 2.66 – 2.53 (m, 3H), 2.49 (d, 

J = 9.4 Hz, 1H), 2.34 (dd, J = 13.5, 4.7 Hz, 1H), 1.90 – 1.76 (m, 2H), 1.71 (s, 3H), 1.37 

(s, 6H), 1.33 (s, 3H), 1.30 (s, 3H), 1.02 (s, 3H). 13C NMR (126 MHz, cdcl3) δ 16.69, 

17.53, 25.36, 25.66, 26.11, 27.53, 29.13, 29.22, 30.32, 32.10, 46.93, 49.24, 83.40, 

84.70, 90.76, 97.96, 100.46, 100.77, 117.68, 133.88, 135.22, 158.53, 162.48, 163.71, 

179.34, 203.31. HRMS calc. for [C28 H33 O6]+ is 464.2272, found 465.226. 
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Figure 3.13. NMR spectra of 3.6. (A) 1H NMR (B) 13C NMR 
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Figure 3.14. MS1 spectrum of 3.6  
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Compound 3.17:  
 

 
 

 

 

To a round bottom flask, dicyandiamide (1.5 g, 18 mmol, 1 equiv) dissolved in 

3 M aq. HCl (11.22 mL, 18 mmol) was added aniline (1.64 mL, 18 mmol). The mixture 

was heated at 90 C for 20 h. Afterward, the reaction mixture was allowed to cool down 

and precipitate, phenylbiguanide hydrochloride salt, was formed, which then was 

filtered and washed with ~ 40 ml of cold water. Then, phenylbiguanide hydrochloride 

salt residues was neutralized with methanolic sodium methoxide (0.5 M, 36 mL) for 2 

h at room temperature. Following filtration, the filtrate was dried by vacuum 

evaporation. To the residues was added hot ethanol (50 ml) and precipitate was 

removed. The ethanol layer was evaporated in vacuo to yield phenylbiguanide free 

base (3.18) (2 g, 63 % yield), white residues.    

 

 

 

 

 

To a microwave vial, was added phenylbiguanide (1 g, 5.64 mmol) in methanol 

(2 mL) and the vial was sealed under argon. Then, 1.25 mL of ethylbromoacetate 

(11.29 mmol) was added and the mixture was stirred for 24 h under 60 °C. Afterward, 

the reaction was allowed to cool down to room temperature. The solvent was removed 

by rotary evaporation and the crude material was purified through flash column 

chromatography (silica 20-90% EtOAc-hexane) to yield 6-(Bromomethyl)-N2-phenyl-
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1,3,5-triazine-2,4-diamine (3.17) (1.26 g, 80%), milky-white gummy residues, Rf= 0.4 

(EtOAc:hexane (4:6)). 1H NMR (400 MHz, Chloroform-d) δ 7.56 (d, J = 8.0 Hz, 2H), 

7.34 (t, J = 7.8 Hz, 2H), 7.11 (t, J = 7.4 Hz, 1H), 5.52 (s, 2H), 4.14 (s, 2H).13C NMR 

(126 MHz, cdcl3) δ 174.20, 167.35, 164.82, 137.87, 129.11, 124.15, 120.84, 32.71. 

HRMS calc. for [C10 H11 N5 Br]+ is 280.0192, found 280.0188. 
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Figure 3.15. NMR spectra of 3.17. (A) 1H NMR (B) 13C NMR  

������������������������������������������	��	��
��
����������������
�������

�
��
�

�
��
�

�
��
�

�
��
�

�
��
	

�
��
�

�
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
�

	
��
	

����������������	�
�������������������������	��
�������������
�������

�
�
�	
�

�
�
�
�

�

�
�
�
��
�

�
�
�
��
�

�
�
	
�

	

�
�
�
�

�

�
�
	
��
�

�
	
�
��
�

N N

N

NH2

H
N

Br

N N

N

NH2

H
N

Br

(A) 

(B) 



 97 

 
 
Figure 3.16. MS1 spectrum of 3.17  
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Compound 3.19: 
  

 

 

 

To a stirred solution of bromoacetic acid (0.96 g, 6.9 mmol) and DCC (0.57 g, 

3.5 mmol) in DCM (15 mL) was stirred for 40 min at room temperature. Then, N-Boc-

ethylenediamine (0.5 mL, 3.1 mmol) in DCM (15 mL) was added to the reaction 

mixture. After 24 h, the mixture was filtered, and filtrate was dried by rotary 

evaporation. The crude residues were washed with conc. H2O and extracted with 3 X 

DCM (30 ml). The organic layer was dried over MgSO4 and solvent was removed by 

rotary evaporation and purified through flash column chromatography (silica 10-70% 

EtOAc-hexane) to yield tert-butyl (2-(2-bromoacetamido)ethyl)carbamate (3.19) (90% 

yield). 1H NMR (500 MHz, Chloroform-d) δ 7.14 (s, 1H), 4.90 (s, 1H), 3.86 (s, 2H), 3.39 

(q, J = 5.5 Hz, 3H), 3.32 (t, J = 5.9 Hz, 3H), 1.44 (s, 12H).13C NMR (126 MHz, cdcl3) 

δ 169.68, 166.57, 157.00, 80.13, 41.71, 39.80, 29.02, 28.48. HRMS calc. for [C9 H17 

Br N2 O3 Na]+ is 303.0315, found 303.0312.	
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Figure 3.17. NMR spectra of 3.19. (A) 1H NMR (B) 13C NMR  
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Figure 3.18. MS1 spectrum of 3.19  
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Forbesione library: 3.20 and 3.21 
 
 

 

 

 

 

To a 25 ml round bottom flask, was added compound 3.2 (12 mg, 0.026 mmol) 

in DCM (1 mL) and the flask was sealed under argon. Then, 22.5 uL of DIPEA (0.129 

mmol) was added and the mixture was stirred for 20 min. Then, amine fragment was 

added (0.052 mmol) and the reaction left stirring for 24 hr. Afterward, the solvent was 

removed by rotary evaporation and the crude material was purified through flash column 

chromatography (silica 20-50% Et2O-hexane) to yield forbesione analogs (52% yield for 

(3.20) and 40% yield for (3.21)): 

a)  Compound (3.20): 1H NMR (400 MHz, Chloroform-d) δ 12.71 (s, 1H), 7.54 (d, 

J = 8.1 Hz, 2H), 7.46 (d, J = 6.9 Hz, 1H), 7.32 (t, J = 7.7 Hz, 2H), 7.22 – 7.04 

(m, 1H), 6.08 (s, 1H), 5.30 (dd, J = 13.9, 7.7 Hz, 3H), 4.97 (s, 2H), 4.39 (t, J = 

7.9 Hz, 1H), 3.56 – 3.39 (m, 3H), 2.59 (d, J = 7.6 Hz, 2H), 2.50 (d, J = 9.4 Hz, 

1H), 2.38 – 2.23 (m, 1H), 1.73 (s, 6H), 1.67 (s, 3H), 1.44 (d, J = 6.8 Hz, 1H), 

1.35 (s, 3H), 1.29 (s, 3H), 0.98 (s, 3H). 13C NMR (126 MHz, cdcl3) δ 203.74, 

179.89, 166.86, 165.13, 164.43, 163.45, 157.71, 137.93, 135.25, 134.23, 

133.76, 132.26, 129.05, 123.96, 122.41, 120.63, 118.14, 109.16, 101.26, 

93.94, 90.53, 84.86, 83.38, 69.69, 49.29, 47.11, 30.22, 29.85, 29.25, 28.95, 

25.97, 25.73, 25.62, 22.09, 18.28, 16.80. HRMS calc. for [C38 H42 N5 O6]+  is 

664.3130, found 664.3122. 
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Figure 3.19. NMR spectra of 3.20. (A) 1H NMR (B) 13C NMR  
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Figure 3.20. MS1 spectrum of 3.20 
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b) Compound (3.21):1H NMR (500 MHz, Chloroform-d) δ 12.72 (s, 1H), 7.49 (d, J 

= 6.9 Hz, 1H), 6.87 (s, 1H), 6.06 (s, 1H), 5.18 – 5.12 (m, 1H), 4.85 (m, 1H), 4.54 

(s, 2H), 4.41 – 4.35 (m, 1H), 3.52 (dd, J = 7.0, 4.5 Hz, 1H), 3.43 (d, J = 6.1 Hz, 

4H), 3.27 (d, J = 5.8 Hz, 2H), 2.64 – 2.43 (m, 3H), 2.35 (dd, J = 13.3, 4.9 Hz, 

1H), 1.77 (s, 3H), 1.71 (s, 3H), 1.69 (s, 3H), 1.41 (s, 12H), 1.35 (s, 3H), 1.29 (s, 

3H), 0.98 (s, 3H).13C NMR (126 MHz, cdcl3) δ 203.41, 180.12, 168.03, 163.82, 

163.39, 157.71, 156.46, 154.16, 135.23, 134.77, 133.49, 132.95, 122.70, 

118.17, 108.55, 101.62, 93.40, 90.69, 84.70, 83.37, 67.32, 49.25, 47.12, 40.54, 

40.12, 30.17, 29.85, 29.24, 29.03, 28.46, 25.82, 25.69, 25.61, 22.12, 18.31, 

16.86. HRMS calc. for [C37 H49 N2 O9]+ is 665.3433, found 665.3428. 
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Figure 3.21. NMR spectra of 3.21. (A) 1H NMR (B) 13C NMR  
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Figure 3.22. MS1 spectrum of 3.21 
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Compound 3.12: 
 

 
 

 

 

To round-bottomed flask, 2-methyl-3-buten-2-ol (5.1 mL, 48.79 mmol) was 

dissolved in dry DCM (20 mL) the stirring solution was added carbonyl diimidazole (10 

g, 61.7 mmol) at room temperature. After 3 hrs, the reaction mixture was washed with 

water (2 x 35 mL) and extracted with DCM (45 mL). The organic layer was dried over 

MgSO4, filtered, and concentrated by rotary evaporation to yield 2-methylbut-3-en-2-

yl 1H-imidazole-1-carboxylate (3.12) ( 8.34 g, 95%) which was used in the next step 

without further purification: colorless liquid; Rf = 0.48 (25% EtOAc-hexane); 1H NMR 

(500 MHz, Chloroform-d) δ 8.08 (s, 1H), 7.37 (s, 1H), 7.03 (s, 1H), 6.16 (dd, J = 17.4, 

10.9 Hz, 1H), 5.32 (d, J = 17.4 Hz, 1H), 5.23 (d, J = 10.9 Hz, 1H), 1.69 (s, 6H).; 13C 

NMR (126 MHz, cdcl3) δ 146.97, 140.52, 137.16, 130.41, 117.23, 114.97, 85.60, 

26.30.  
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Figure 3.23. NMR spectra of 3.12. (A) 1H NMR (B) 13C NMR  
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compound 3.11: 

 

 

 

To a solution of 2-methyl-3-buten-2-ol (4.1 mL, 39 mmol) in dry THF (80 mL) 

under argon at -78 °C was added 1.6 M n-BuLi in hexane (26.7 mL, 42.7 mmol) 

dropwise via syringe. After stirring for 30 min at -78 oC, 2-methylbut-3-en-2-yl 1H-

imidazole-1-carboxylate (6.7 mL, 38.8 mmol) was added. The reaction mixture was 

allowed to warm to room temperature and stirred for another 3 hrs. The reaction 

mixture was then quenched with saturated aqueous NH4Cl (20 mL) and extracted with 

diethyl ether (2 x 25 mL). The combined organic layers were washed with water (2 x 

20 mL) and brine (20 mL), dried over MgSO4, and concentrated in vacuo. Purification 

by flash column chromatography (silica, 100% hexane) gave bis(2-methylbut-3-en-2-

yl) carbonate 3.11 (6.92 g, 90%). 10c: colorless liquid; Rf = 0.60 (25% EtOAc-hexane); 

1H NMR (500 MHz, Chloroform-d) δ 6.09 (dd, J = 17.5, 11.0 Hz, 2H), 5.18 (d, J = 17.5 

Hz, 2H), 5.10 (d, J = 10.9 Hz, 2H), 1.52 (s, 12H); 113C NMR (126 MHz, cdcl3) δ 151.79, 

142.16, 113.42, 81.88, 26.48. 

 

 

O O
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Figure 3.24. NMR spectra of 3.11. (A) 1H NMR (B) 13C NMR  
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