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Aging is a natural and inevitable process that leads to the irreversible impairment of 

biological functions and increased vulnerability to death. Great efforts have been spent 

to study the mechanisms underlying the aging process, with the ultimate goal of 

developing effective interventions to delay the onset of aging and to extend lifespan. 

Mitochondria, more than just being the powerhouses of the cell, are involved in a wide 

range of cellular and metabolic processes. Multiple lines of evidence have suggested 

that mitochondria play a vital role in the process of aging. Therefore, my research aims 

to investigate the effect of both dietary supplements and mitochondrial DNA content on 

lifespan.  

Chapter one reviews the contemporary knowledge of mitochondrial DNA genetics and 

the implication of mitochondrial dysfunction in human diseases. It also summarizes the 

interaction between mitochondria and different dietary components or dietary patterns. 

I want to emphasize the importance of investigating the role of mitochondria in the 

development of complex diseases, and to suggest future directions in identifying 

nutritional interventions to restore mitochondrial functions.  

Chapter two and Chapter three describe the discoveries of two compounds that extend 

the lifespan of Drosophila melanogaster. The first one is konjac glucomannan 



 

hydrolysate, which can promote longevity in both genders across different genetic 

backgrounds, and regardless of mating status. By investigating the potential underlying 

mechanisms, we found it extends the lifespan through promoting the growth of gut 

microbiome and preserving the intestinal proliferative homeostasis. The second 

compound is oligofructose, the hydrolyzed form of inulin. It can also prolong the 

lifespan but is restricted to specific genetic backgrounds and mating status. Revealed by 

the transcriptome analysis, it is very likely that it extends lifespan through the inhibition 

of mitochondrial respiration and suppression of stress signaling pathways.  

Chapter four describes an exploratory project on the relationship between mitochondrial 

DNA content and lifespan in both normal and stress conditions. By implementing both 

survival test and transcriptome analysis, we found a possible connection between 

mtDNA copy number and the lifespan in male flies through regulation of fertility.  
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Chapter 1 – Current knowledge of mitochondrial genetics and the interaction 

between dietary components and mitochondrial function 

1.1 Introduction  

Mitochondria are double membrane organelles, presenting in almost all eukaryotic cells. 

Different from other organelles, mitochondria host their own genome: mitochondrial 

DNA (mtDNA). The primary function of mitochondria is the production of ATP, 

supplying over 90% of cellular energy (1). Mitochondria are also responsible for a series 

of cellular processes, including calcium signaling, iron homeostasis, and cell apoptosis 

(2, 3). In addition to the well-established mitochondrial diseases, such as Leber 

hereditary optic neuropathy (LHON), mitochondrial encephalomyopathy, and lactic 

acidosis and stroke-like episodes (MELAS), a growing spectrum of human diseases 

have been found to be associated with mitochondrial dysfunction, including cancer, 

neurodegenerative diseases, and metabolic disorders (3-7). Multiple molecular 

mechanisms have been proposed to explain the precise roles of mitochondria in these 

pathological processes, such as the excessive generation of reactive oxygen species 

(ROS), the accumulation of mtDNA mutations, and the mitochondria-mediated 

apoptosis. However, there is still no consensus on these issues. On the other hand, 

understanding the contributions of mitochondrial dysfunction to these common diseases 

may suggest a new way of intervention just by preserving mitochondrial functions. 

Besides drugs, many nutrients actively interact with mitochondria and have the potential 

to protect and improve mitochondrial functions. Disentangling the effects of various 

nutrients on mitochondria and elucidating the underlying molecular mechanisms will 

assist the development of new strategies for treating complex diseases.  
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In this review, we will start with a brief overview of the mtDNA genetics and the 

implications of mitochondrial dysfunction in human diseases with a focus on mtDNA 

mutations. We will then summarize the interactions between mitochondria and different 

dietary components or dietary patterns.  

1.2 Current knowledge of mitochondrial DNA 

mtDNA genetics 

Compelling evidence suggests that mitochondria were once primitive bacterial cells, 

and were acquired by the host through an endosymbiotic event. Along the way of 

endosymbiosis, the bacteria became double membrane organelles and gradually 

transferred genes to their symbiotic cell nucleus, with only a few genetic materials 

retained as mtDNA (3, 8, 9). Human mtDNA is a circular double-stranded molecule 

comprising 16,569 base pairs. The two strands are distinguished by their molecular 

weight: a guanine-rich heavy strand and a cytosine-rich light strand. mtDNA encodes 

13 peptides, serving as core subunits of the five enzyme complexes in the oxidative 

phosphorylation (OXPHOS) system. mtDNA also encodes 2 rRNA and 22 tRNA, which 

are essential for intra-mitochondrial protein synthesis (Figure 1.1).  

Unlike human nuclear DNA (nDNA), mtDNA is condensed with genes. About 93% of 

its entirety encodes genes, which also lack intronic regions. The 13 protein-coding genes 

are separated by tRNA or 1~2 non-coding bases. The non-coding region is mainly 

located in the displacement loop (D-loop), which hosts the mtDNA replication initiation  
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Figure 1. 1 Schematic diagram of the human mitochondrial genome. 
Human mtDNA is a 16,569 bp double-stranded circular DNA molecule. 13 protein-
encoding genes are shown in yellow blocks, 22 transfer RNA genes are shown in blue 
blocks and 2 ribosomal RNA genes are shown in red blocks. Figure was generated with 
mtviz (http://pacosy.informatik.uni-leipzig.de/mtviz) 
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site and two H-strand transcription promoters. Because of this functionally dense 

organization, nucleotide substitutions in mtDNA are more likely to cause functional 

outcomes than nDNA mutations.   

mtDNA heteroplasmy   

In comparison to only two copies of nDNA in a single cell, there are hundreds to 

thousands of copies of mtDNA. As a result, the mutation could be present in all copies 

of mtDNA (homoplasmy) or only a proportion of them (heteroplasmy), as illustrated in 

Figure 1.2. The proportion of mutant copies is referred as heteroplasmy frequency. This 

frequency critically determines the phenotypic effect of a specific mutation. It has been 

suggested that there is a “phenotypic threshold effect”. At low heteroplasmy frequencies, 

the deleterious effect of mutant mtDNA is masked by coexisting wild-type copies, and 

once exceeding a threshold value (typically 60%-80%), mutant mtDNA will result in an 

altered phenotype (Figure 1.2) (10-12). This frequency threshold varies across 

mutations and tissues (3). The heteroplasmy frequency of a specific mtDNA mutation 

can vary across individuals. Take mutation 3243A>G as an example, which is the most 

common pathogenic heteroplasmic mutation and can cause multiple mitochondrial 

diseases, including MELAS, chronic progressive external ophthalmoplegia (CPEO), 

and Kearns–Sayre syndrome (KSS). Rajasimha et al. examined the frequencies of this 

mutation in 275 individuals and found they range from a few percent to higher than 80% 

(13). It has also been reported that heteroplasmy frequency is highly tissue-specific 

within the same individual (14). Heteroplasmy 72T>C showed high frequencies in the 

liver and kidney, a moderate frequency in skeletal muscle and low frequencies in other  
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Figure 1. 2 mtDNA heteroplasmy and the threshold effects 

The mtDNA within the same cell can be all identical (homoplasmic) or a mixture of 
wild-type and mutant (heteroplasmic).  The cells can contain different proportions of 
mutated and wild-type mtDNA (referred as heteroplasmy frequency). The heteroplasmy 
frequency is critical for the mutations’ pathogenicity. If the heteroplasmy frequency is 
below a certain threshold, the cell can maintain normal phenotypes. Once the frequency 
exceeds the threshold, the cell will show signs of mitochondrial dysfunctions. 
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tissues (14). While variations across individuals and tissues are well-established, the 

heteroplasmy frequency variation at the single cell level is still controversial. 

Jayaprakash et al. examined mtDNA heteroplasmy in colonies derived from single cells 

and found that heteroplasmy frequency was stably maintained in individual daughter 

cells (15). On the other hand, Neupane et al. reported that in mouse embryonic stem 

cells, heteroplasmy frequency could vary up to 61% between individual cells. This wide 

variability in stem cells may explain the existence of tissues with different heteroplasmy 

loads in an individual (16). Our lab is developing an efficient and accurate method to 

sequence single-cell mtDNA, which will help elucidate the heteroplasmy dynamics at 

the single-cell level in future studies.  

Heteroplasmy sources and changes during lifetime 

Taking advantage of the recent advance in next-generation sequencing (NGS) 

technology, several studies have demonstrated that most of the individuals, if not all, 

have heteroplasmy in their mitochondrial genomes (17, 18). Heteroplasmic mutations 

may be inherited mutations from maternal mtDNA, or de novo mutations arising during 

embryonic development. Unlike nuclear genome which is transmitted by sexual 

reproduction, the human mitochondrial genome is strictly maternally transmitted. 

Although inherited from a single parent, extensive differences of mtDNA heteroplasmy 

frequency between mothers and offspring, and among siblings have been observed (19, 

20). For example, Li et al. found that the average difference in heteroplasmy frequency 

between mothers and offspring was 10.8%, with a maximal of 78.7% in a Netherlands 

cohort (21). These variations could be a result of the mitochondrial bottleneck effect: 
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During oocytes development, only a small number of mtDNA are sampled from 

primordial germ cells and transmitted to primary oocytes, leading to the drastically 

varying heteroplasmy frequencies among mature oocytes (Figure 1.3). Because of the 

bottleneck, low-frequency mutant mtDNA has a relatively lower probability to be 

transmitted to the next generation. But if they were selected during the bottleneck, the 

frequency of the mutant mtDNA could dramatically increase. In extreme cases, this 

process may also allow the frequency of a disease mutation to reach the phenotypic 

threshold within a single generation, resulting in childhood-onset mitochondrial 

diseases or even complex diseases, such as autism spectrum disorder (ASD). 

Additionally, recent evidence has shown that there is a strong purifying selection of 

mtDNA during the maternal germline development and the embryogenic development 

(22, 23), which help prevent or reduce the transmission of deleterious mtDNA mutations. 

mtDNA heteroplasmy can also be a result of somatic mutations. The triggers of mtDNA 

somatic mutations are still highly debated. According to a classic theory, it is the 

immensely oxidative microenvironment of mitochondria that causes mtDNA mutations. 

However, an emerging hypothesis argues that most mtDNA mutations originate from 

replication errors because the mtDNA mutation signatures are dominated by transition 

changes (7, 24-26). mtDNA is replicated constantly through the lifetime and is 

independent of the cell cycle. Moreover, the mtDNA replication and repairing systems 

are less accurate than nDNA (27, 28). Therefore, both dividing cells and post-mitotic 

cells can accumulate mtDNA mutations, especially heteroplasmic mutations over time. 

A newly introduced mutation in a single mtDNA molecule is possible to clonally expand  



 

8 

 

Figure 1. 3 mtDNA heteroplasmy variations caused by the mitochondrial bottleneck. 
The transmission of mtDNA heteroplasmy from mother to offspring is affected by the 
mitochondrial bottleneck effect during the egg development. There is a significant 
reduction of mtDNA copy number from primordial germ cells to primary oocytes, 
meaning that only a small proportion of mtDNA will be sampled and transmitted to 
primary oocytes, leading to extensive variation of heteroplasmy frequency in the mature 
oocytes. 
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to a higher frequency and even to reach the phenotypic threshold. Computational models 

are suggesting that mtDNA mutations arose early in life have sufficient time to reach 

the phenotypic threshold and to cause mitochondrial dysfunctions, simply by random 

genetic drift (29). 

1.3 mtDNA heteroplasmy implication in diseases 

Overview 

Mitochondrial dysfunction is implicated in a broad spectrum of human diseases. Apart 

from the classic mitochondrial diseases, such as MELAS and LHON (30-34), emerging 

evidence associates mtDNA mutations with common human diseases. In early studies, 

technology limitations drastically affect the sensitivity and resolution to identify 

mtDNA heteroplasmy, thus the implication of heteroplasmy in common and complex 

diseases might be overlooked. The advent of NGS technologies offers a new opportunity 

to revisit the connection between heteroplasmy and different diseases. In the following 

section, we will provide only a brief recapitulation of the roles of mtDNA mutations in 

classic mitochondrial diseases, and focus most of our discussion on the recent insights 

into their implications in common and complex human diseases.  

Mitochondrial diseases 

“Classic” or “primary” mitochondrial diseases refer to a group of diseases caused by 

defects in OXPHOS, which are results of mutations in nDNA-or mtDNA-encoded 

mitochondrial genes. Some mtDNA mutations can contribute to several different 

mitochondrial DNA diseases. The most common disease-causing mutation 3243A>G is 
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associated with CPEO, MELAS, maternally inherited diabetes and deafness (MIDD) 

(35). On the other side, a specific mitochondrial disease can be caused by a set of 

mutations. To date, mutations located in > 75 genes (in both mitochondrial and nuclear) 

have been identified to be involved in Leigh syndrome (36). mtDNA mutations 

3460G>A, 11778G>A and 14484T>C were found in both homoplasmic and 

heteroplasmic status in LHON families (37). Advances in NGS technology helped the 

elucidation of the genetic basis of mitochondrial diseases and their diagnosis, but the 

treatment of these diseases remains a challenge, the fast development of DNA editing 

techniques could be a promising direction which has the potential to fix the ETC defects 

at the DNA level. 

Neurodegenerative diseases 

The central nervous system is highly energy-demanding and thus heavily depends on 

the mitochondrial energy production. mtDNA mutations and the associated OXPHOS 

activity reduction have been observed in several complex neurodegenerative diseases, 

such as Parkinson’s Disease (PD), Alzheimer’s Disease (AD) and ASD. Early work 

revealed that certain mitochondrial haplogroup is associated with different disease risks. 

Basically, researchers use the differences in mitochondrial DNA to define the 

mitochondrial haplogroup, with different letters representing different subpopulations. 

For example, haplogroup J represents a subpopulation originated from Eurasia and has 

been confirmed to have reduced risk of PD in a meta-analysis study (38), while 

haplogroup H, U, K, T, I, W and X are associated with increased risks of AD (39-43). 

However, it is still unclear about the role of heteroplasmic mutations in these diseases, 
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and we will summarize recent findings of mtDNA heteroplasmy in complex 

neurodegenerative diseases.  

Lin et al. first found that mtDNA heteroplasmic mutations are significantly elevated in 

the substantia nigra of early PD patients (44). As revealed by Coxhead et al., PD patient 

brains are more vulnerable to mtDNA mutations by analyzing different regions in the 

brain. Heteroplasmic nonsynonymous variants in several mitochondrial genes are also 

overrepresented in PD patients (45). Considering AD, it has been reported that mtDNA 

heteroplasmic mutations are overrepresented in the hippocampus of early-stage patients, 

and the mutation signature is consistent with replication errors rather than oxidative 

damages (46). These reports support that the accumulation of mtDNA mutations may 

contribute to the neurodegeneration in both PD and AD. Unlike PD and AD, 

Huntington’s disease (HD) has elucidated genetic causes, the autosomal dominant 

repeat expansions in the Huntington gene. However, mitochondria still play an 

important role in HD progression. While mtDNA depletion and deletion are reported in 

several studies (47-50), there are very few studies about heteroplasmy. Filosto et al. 

reported the 5613T>C heteroplasmy could cause chronic progressive external 

ophthalmoplegia in HD patients (51). Our lab is conducting a large-scale study of 

mtDNA sequencing in HD patients, which will systemically investigate the involvement 

of mtDNA heteroplasmy in this disease and assist the development of novel strategies 

to postpone the onset of the disease or even to counteract its progression. In addition to 

these age-related neurodegenerative diseases, ASD, which usually affects pre-pubertal 

children, is also associated with mitochondrial dysfunction. Our lab has analyzed 903 

ASD children along with their unaffected siblings and mothers. We found that 
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nonsynonymous and predicted pathogenic heteroplasmic mutations are enriched in 

autistic probands. Moreover, a large fraction of these mutations is inherited (52), 

indicating that evaluating mtDNA heteroplasmic mutations in high-risk families may 

help early diagnosis and treatment of ASD.  

Cancer 

Reprogrammed energy metabolism is a hallmark of cancer (53). Otto Warburg first 

observed the rewiring of cancer cell energy metabolism: mitochondrial respiration and 

OXPHOS are suppressed, substituted by a strong enhancement of glycolysis even in the 

presence of oxygen. This phenomenon was termed as “aerobic glycolysis” (54-56). The 

depression of mitochondrial activity in cancer cells may have various reasons. Recently, 

disruption of mitochondrial respiration complexes due to detrimental mtDNA mutations 

has been suggested to be one neglected reason.  

Several studies have reported that mtDNA somatic mutations are frequently found in 

tumor tissues (57-59). With precise quantification achieved by NGS, in 10 matched 

tumor-normal colorectal tissues, He et al. found 90% of the cancer tissues had at least 

one cancer-specific mtDNA point mutation (present in cancer tissue, but not present in 

the matched normal tissue), and most of these cancer-specific mutations are 

heteroplasmic rather than homoplasmic (60). Davis et al. also found loss-of-function 

heteroplasmic mutations in NADH dehydrogenase subunit by sequencing mtDNA of 66 

chromophobe renal cell carcinomas (61). A more comprehensive study was conducted 

later by comparing mtDNA sequences from 1,657 cancer and matched normal tissues 

in 31 cancer types. This study identified 1,907 cancer-specific somatic substitutions, 
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most of which are heteroplasmic (24). Notably, this study also suggested that the 

majority of mutations are generated from mtDNA replication errors rather than external 

mutagens such as ROS, cigarette smoking, and UV light. However, the understanding 

of how mtDNA mutations affect mitochondrial function and cellular metabolism is still 

limited. Hardie et al. investigated the genotype-phenotype relationships between 

mtDNA mutations and pancreatic cancer, discovering that heterogeneous genomic 

landscapes of cancer can converge towards common metabolic phenotypes, including 

reduced oxygen consumption and increased glycolysis (62).    

It is apparent that mtDNA mutations, including heteroplasmic mutations, are 

widespread in cancer cells. However, the precise role of mtDNA mutations in 

oncogenesis is currently unresolved. To answer these questions, future investigation 

should put effort into elucidating the causal mechanisms of mtDNA in cancer. 

Aging 

Aging is a degenerative process with gradually impaired physiological functions that 

eventually lead to deterioration of cellular function, disease, and death (7). During last 

several decades, multiple lines of evidence have shown that impaired mitochondrial 

function is implicated in aging and age-associated diseases (7, 63-65).  

Accumulation of mutations in mtDNA during time can lead to severe impairment of 

cellular energy production and mitochondrial dysfunction (64). In humans, the 

accumulation of mtDNA mutations over time has been observed in both dividing cells 

and non-dividing (post-mitotic) cells, such as brain, muscle, and colon (66-69). The first 
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experimental evidence for the causative link between accumulation of mtDNA 

mutations and aging was from the mutator mice model. These mutator mice had 

proofreading-deficient mtDNA polymerase (Polγ), leading to accumulation of extensive 

mtDNA mutations. These mice had a reduced lifespan and premature onset of aging-

related phenotypes such as weight loss, hair loss, reduced fertility, etc. (65, 70).  

It has been proposed for decades that ROS generated during cellular metabolism can 

damage mtDNA, while the resulted mtDNA mutations would further lead to disruption 

of the electron transport chain (ETC), which produces more ROS, creating a vicious 

cycle. Recent studies have suggested that the age-associated mtDNA mutation 

accumulation is not from ROS damage, but rather from the spontaneous errors during 

the mtDNA replication. These replication errors will arise as low-frequency 

heteroplasmy and the potential subsequent clonal expansion of these heteroplasmic 

mutations would disturb the mitochondrial function (3). Therefore, managing the 

expansion of the mtDNA mutations could be critical for longevity. Eliminating the 

deleterious mtDNA mutations by targeted editing may become an effective approach to 

achieve this goal. We will include more details into the discussion about this topic in 

the last part of the review.  

Mitochondria and epigenetics 

Epigenetic modifications, such as histone acetylation and DNA methylation, can 

regulate the gene expressions without changing the DNA sequences. Recently, there is 

emerging evidence indicating that mitochondria and mtDNA could play a role in 

regulating nuclear DNA epigenetics. The first proof of this topic comes from Rho0 cells, 
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which showed that the depletion of mtDNA would result in significant changes in 

methylation patterns of many genes, and potentially contribute to tumorigenesis. 

Bellizzi et al. then found individuals and cybrid cells (cells having the same nuclear 

background, but different mtDNA content) carrying mtDNA of J haplogroup have 

higher global DNA methylation levels than non-J carriers (71).  Similarly, Atilano et 

al. demonstrated varying global methylation patterns between J and H haplogroup in 

cybrid cells. That study also found the expression of acetylation and methylation-related 

genes are different between J and H haplogroups, such as HAT1, DNMT1, etc., which 

may explain the methylation profile variations (72). On the other hand, such variations 

in global methylation profiles may also due to their varied capability to provide 

intermediate metabolites that are essential for the epigenetic modifications. For instance, 

S-Adenosyl methionine (SAM), a precursor in the methyl group transfer, is required for 

histone methylation. The generation of SAM relies on the folate cycle and ATP 

production, both of which depend on mitochondrial metabolism (73). Therefore, the 

impaired mitochondrial function may result in a decreased abundance of SAM and may 

have a further impact on histone methylation. Although we are still in an early stage of 

understanding the crosstalk between nucleus and mitochondria via epigenetic 

mechanisms, we believe that future work in this direction may open a new path of 

modifying epigenetic marks in the nuclear genome by targeting mitochondria.  

1.4 Nutrients and mitochondrial function 

Nutrients are key determinants of mitochondrial function. Not only that most 

mitochondrial components are derived from essential nutrients, but also that nutrients 
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and their metabolites directly modulate mitochondrial structure and function. The key 

roles of nutrients can be exemplified by observations that certain nutrient deficiency or 

overdose leads to mitochondrial dysfunction and that some dietary patterns (e.g. caloric 

restriction) may also restore normal mitochondrial activities. In the following section, 

we will focus on the literature investigating the relationships between mitochondrial 

functions and key nutrients from different categories such as lipids, vitamins, amino 

acids, etc. In addition, we will discuss mitochondrial interactions with special dietary 

patterns, such as caloric restriction and protein restriction. 

PUFAs 

Polyunsaturated fatty acids (PUFAs) are fatty acids containing more than one double 

bond in their backbones. They are commonly known as the “good” fat with the ability 

to prevent coronary artery diseases, type 2 diabetes, and atherosclerosis. The beneficial 

effects of PUFAs may come from their unique properties of being antiarrhythmic, lipid-

lowering and anti-inflammatory, which have been intensively studied during the past 

decades. With rising evidence for the potentially key roles of mitochondria in the 

development of complex diseases like neurodegenerative diseases, a growing number 

of studies have been conducted to investigate the effects of PUFAs on mitochondrial 

functions. Considering that omega-3 PUFAs are among the most studied nutrients, we 

will summarize the impact of omega-3 PUFAs on mitochondrial functions. Omega-3 

PUFAs are a group of PUFAs that have the first double bond at the third carbon from 

the omega (methyl) end. They are commonly found in flaxseed oil, fish oil, walnut, 

seafood, etc. Eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are two 
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well-known long-chain omega-3 PUFAs. Studies on different model organisms have 

demonstrated that supplementation of omega-3 PUFAs has a broad impact on 

mitochondrial activities, including increased mitochondrial content (74, 75), elevated 

expression of genes in regulating mitochondrial functions (76, 77), improved protein 

quality (78), etc. These effects of omega-3 PUFAs on mitochondria may be attributed 

to its influence on mitochondrial membrane integrity (79). 

Mitochondrial membrane is the primary site for several important biochemical pathways 

including OXPHOS. High levels of omega-3 PUFAs have been observed in the 

mitochondrial phospholipid bilayers in eukaryotic cells, suggesting that they are 

essential for normal mitochondrial functions (80). In general, diet-induced changes in 

the lipid composition of cell membranes affect cell functions by altering membrane 

fluidity, permeability, structure, etc. (81). Maintaining mitochondrial membrane in high 

quality is essential in achieving critical functions, such as sustaining mitochondrial 

membrane potential, regulating the Ca2+ signaling, and supporting mitochondrial 

membrane-associated proteins (79, 82, 83). It is well-known that OXPHOS, one of the 

most important functions of mitochondria, is also embedded in the mitochondrial inner 

membrane. It has been shown in multiple studies that omega-3 PUFAs are incorporated 

into both cellular and mitochondrial membranes following dietary supplementation of 

fish oil (84). Accumulating evidence suggests that the beneficial effects of omega-3 

PUFAs supplementation are mediated through the restoration of mitochondrial 

functions (85, 86). However, little attention has been paid to the effects of omega-3 

PUFAs on mitochondrial membrane conditions. A recent study investigating the effect 

of fish oil supplementation on brain aging found that fish oil can restore the age-related 
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decrease in mitochondrial respiration and ATP production. Additionally, they found that 

fish oil ingestions can partially restore the membrane fluidity, the reduction of which is 

mainly due to the DHA loss in aged mice (87). Clearly, more studies should be 

undertaken to elucidate how omega-3 PUFAs exert their beneficial effects, although 

recovering mitochondrial functions while maintaining mitochondrial membrane 

integrity could be one of the potential mechanisms.  

Short-chain fatty acids 

The gut microbiota is a complex of microorganisms residing in the gastrointestinal tract. 

Research on gut microbiota has gained broad attention due to its association with a wide 

range of diseases, including cancer (88, 89), metabolic disorders (90-92), autoimmune 

diseases (93, 94) and even neurological disorders (95-97). Short-chain fatty acids 

(SCFAs) are the primary products of gut microbiota fermenting dietary fibers in the 

colon, including acetate, propionate, butyrate, etc. SCFAs have been shown to have 

multiple beneficial effects on host metabolisms and may play a role in the interactions 

between diet, gut microbiota, and host energy metabolisms (98). Butyrate and 

propionate are able to regulate gut hormones and protect against obesity induced by 

high-fat diet in mice (99). Butyrate can also improve insulin sensitivity and increase the 

energy expenditure in diet-induced obese mice (100). These observations may be 

explained by the elevated expression of peroxisome proliferator-activated receptor-

gamma coactivator-1α (PGC-1α) and mitochondrial uncoupling protein-1 (UCP-1) 

(101). PGC-1α is the master regulator of mitochondrial biogenesis which may enhance 

fatty acids oxidation by promoting mitochondrial function. Increased expression of 
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UCP-1 indicates a higher thermogenic activity which may direct more energy to heat 

generation rather than fat accumulation (100).  

In addition to regulating host energy metabolism, SCFAs have been proposed to have 

the potential in cancer preventative interventions. Both propionate and butyrate can 

induce apoptosis in colon carcinoma cells (102, 103), while butyrate receives further 

attention because of its specialized role in colonocytes. Unlike other cells using glucose 

as the main energy source, colonocytes rely on butyrate to supply ~60–70% of their 

energy for the rapid cell proliferation of the colonic epithelium (104). Adding butyrate 

to germ-free colonocytes can rescue their deficit in mitochondrial respiration and 

prevent them from undergoing autophagy (104). But in most tumor cells including 

colorectal tumor cells, they have switched to glucose utilization and aerobic glycolysis 

to supply energy (105). Instead of being metabolized by mitochondria, butyrate 

accumulates in the nucleus to function as a histone deacetylase (HDAC) inhibitor to 

regulate genes which promote apoptosis and inhibit cell-cycle progression (106, 107). 

Apart from being an HDAC inhibitor, butyrate can also induce apoptosis through 

altering mitochondrial membrane potential (108), enhancing mitochondrial Ca2+ 

accumulation (109), and elevating cytochrome c level (110). Therefore, butyrate is 

thought to be the crucial mediator for the protective effect of gut microbiota against 

cancer. Supporting this hypothesis, it has been shown that inoculating mouse cancer 

models with butyrate-producing bacteria can reduce the tumor burden if a high-fiber 

diet is provided (107). It is noteworthy that as we discussed above, DHA can also 

regulate mitochondrial Ca2+ accumulation and mitochondrial membrane potential. As 

expected, the combination of DHA together with butyrate further enhances apoptosis in 
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carcinoma cells (111, 112). Although most studies on the anti-carcinogenic properties 

of SCFAs have focused on colon cancer, some researchers found that propionate also 

reduces cancer cell proliferation in the liver (113). More studies are needed to 

investigate the effects of other SCFAs on different tissues, and how SCFAs interact with 

other nutrients.  

BCAAs/leucine 

Branched-chain amino acids (BCAAs) are the amino acids having aliphatic side-chains 

with a branch, including three proteinogenic amino acids, leucine, isoleucine, and 

valine. In addition to being essential amino acids, which means that we have to acquire 

them from the diet, recent evidence suggests that supplementation of BCAAs also plays 

a role in controlling weight (114), preventing muscle atrophy (115, 116), and extending 

lifespan (117). It has been demonstrated that long-term consumption of a BCAA-

enriched diet increased average lifespan of middle-aged male mice. This beneficial 

effect was accompanied by the observation of increased mitochondrial biogenesis and 

sirtuin 1 expression (118). Multiple independent studies supported this observation that 

BCAAs, especially leucine, have the ability to enhance mitochondrial functions by 

promoting mitochondrial biogenesis through the SIRT1 and AMPK pathways (119, 

120), and to reduce oxidative burdens by upregulating the ROS scavenging system (121, 

122). It is believed that most of the beneficial effects of BCAAs supplementation may 

be due to its key role in modulating mitochondrial functions (118).  

Protein restriction 
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In addition to caloric restriction, which will be discussed in detail later, researchers have 

proposed the idea of dietary restriction (DR) to represent a broader scope of dietary 

interventions that have similar beneficial effects on aging and healthspan, such as 

restrictions on certain macronutrients and feeding patterns (123). Reduced intake of 

proteins and amino acids is the most efficient pro-longevity intervention among 

different types of macronutrient restrictions without limiting calorie intakes (124, 125). 

Studies on rodents demonstrated that low protein diets were associated with improved 

healthspan and increased lifespan (126, 127). By analyzing data from the National 

Health and Nutrition Examination Survey (NHANES), low protein intake was found to 

be associated with reduced overall mortality in people under 65 years old (128). 

Furthermore, limiting the intake of a single amino acid is also sufficient for lifespan 

extension. Animal studies suggested that both methionine and tryptophan restricted 

diets are able to extend the lifespan and reduce age-dependent deteriorations (129-131). 

Reduced production of mitochondrial ROS (mtROS) has been observed in both protein 

and amino acid restrictions, explaining at least part of the lifespan extension phenotype. 

Neither lipid nor carbohydrate restriction has similar effects on mtROS generation, in 

agreement with their lack of effect on longevity (132-135). Moreover, excessive 

administration of methionine leads to increased mtROS generation in rats (136).  

Vitamins 

Vitamins are a group of organic compounds that are essential for normal growth and 

metabolism, but most of them cannot be synthesized in human bodies. Although only 

needed in small quantities, vitamin deficiencies may cause severe outcomes including 
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the well-known diseases like scurvy (vitamin C), rickets (vitamin D), beriberi 

(thiamine), etc. Most vitamins are involved in metabolic reactions as catalysts or as 

coenzymes. In mitochondria, vitamins are required not only for the synthesis of some 

mitochondrial respiratory chain components but also for the essential processes like 

aerobic respiration and energy production. For example, vitamin B7 is the coenzyme of 

decarboxylases, which is required for gluconeogenesis and fatty acid oxidation (137). 

At the same time, vitamins with antioxidant properties such as vitamin C and vitamin E 

are crucial in protecting proteins, lipids, nuclear acids from oxidative injuries. This is 

extremely important for mitochondria since most free radicals are produced here. It was 

reported that vitamin E supplementation was used in treating oxidative phosphorylation 

disorders (138). Apart from the circumstances mentioned above, emerging evidence 

also suggests that vitamin D has the potential to improve mitochondrial functions (139-

141), but the underlying mechanism is still unknown. In the following section, we will 

mainly discuss one fat-soluble vitamin and one water-soluble vitamin: vitamin A and 

vitamin B3.  

Vitamin A 

Vitamin A is a group of organic molecules including retinol, retinal, retinoic acids, and 

carotenoids. They are essential for growth, development, vision, and maintenance of the 

immune system. Vitamin A can be obtained either directly from the animal source diet 

or by the intake and conversion of carotenoids from plant source diet. In a study that 

rats were fed a vitamin A-deficient diet, a decrease in the activity of complex I and 

complex II was observed in both liver and heart mitochondria and returned to normal 
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level when refeeding the control diet (142). Another study showed that vitamin A 

depletion causes oxidative stress and mitochondrial dysfunctions, indicating the role of 

vitamin A in regulating mitochondrial homeostasis (143). On the other hand, vitamin A 

supplementation has been demonstrated to impair mitochondrial functions by disrupting 

membrane organization and increasing ROS production, which may lead to further 

consequences like apoptosis (144, 145). Therefore, the dosage of vitamin A ingestion is 

crucial in preserving mitochondrial functions in healthy populations. Furthermore, 

vitamin A and its derivatives have been widely used as therapeutic agents in treating 

cancers (mainly leukemia) by triggering cell death or slowing cell cycle progression, 

thus to inhibit the growth of tumors (146, 147). In a T-cell leukemia cell line, researchers 

found that the apoptotic signals induced by vitamin A are initiated through reducing 

mitochondrial membrane potential and down-regulation of Bcl-xL (148). Bcl-xL locates 

in mitochondria and serves as an inhibitor of programmed cell death. Given the close 

interactions between vitamin A and mitochondria, if we can elucidate the molecular 

mechanism of the communication between vitamin A and mitochondria, we will be able 

to make better use of vitamin A in disease prevention and treatment.  

Vitamin B 

Vitamin B family is a class of water-soluble vitamins usually serve as coenzymes for 

the enzymes that are essential for cell metabolism. Whole or unprocessed foods like 

whole grains are good sources of B vitamins. They are also enriched in meats such as 

turkey, tuna, and liver. All the B vitamins play vital roles in maintaining mitochondrial 

functions and have been reviewed elsewhere in details (137). We will focus on niacin 
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(vitamin B3) in this review, considering that it is the precursor for nicotinamide adenine 

dinucleotide (NAD+) and nicotinamide adenine dinucleotide phosphate (NADP+). Both 

are involved in the process of nutrient metabolism to generate energy and also in the 

maintenance of mitochondrial DNA (mtDNA) integrity. First, NAD+ serves as electron 

carriers in beta-oxidation, glycolysis, the TCA cycle, and oxidative phosphorylation to 

eventually generate ATP. In energy-demanding tissues like skeletal muscle, it has been 

suggested that mitochondrial NAD+ levels are 2-fold greater than other cell 

compartments in mice (149). Even upon massive depletion of cytoplasmic NAD+, 

mitochondrial NAD+ levels can be preserved for at least 24 hours to maintain normal 

cellular energy supply (150, 151). Moreover, it has been shown that reduction in NAD+ 

levels may compromise mitochondrial functions and is reversible under NAD+ 

precursor supplementation (152). Therefore, vitamin B3 consumption is required to 

keep NAD+ at an optimal level that is critical in maintaining proper energy metabolism 

and cell viability.  

Second, NAD+ also serves as the substrate for other enzymes like poly(ADP-ribose) 

polymerases (PARPs), which may further impact mtDNA integrity. PARPs can detect 

single-strand DNA breaks induced by carcinogens and initiate the DNA repair process 

by synthesizing poly(ADP-ribose) using NAD+ as the substrate. It has been 

demonstrated that niacin supplementation exerts protective effects against the 

development of skin cancer by restoring NAD+ levels and thus increasing the activity 

of PARPs (153, 154). Unlike the well-established roles of PARPs in regulating nuclear 

DNA integrity, its effects on mtDNA maintenance are still unclear. Although several 

studies have suggested mitochondrial localization of PARP1(155, 156), the most studied 
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protein in PARP family, its role in mtDNA repair is still a matter of debate (157, 158). 

There is accumulating evidence indicating that PARP1 is involved in ensuring mtDNA 

integrity by directly binding mtDNA (159) or regulating mtDNA repair factors in 

nuclear genome (160). Therefore, as the only substrate for PARP to participate in DNA 

repair, the abundance of NAD+ may be critical for the maintenance of mtDNA integrity, 

which will further impact mitochondrial functions and the development of complex 

diseases as discussed above. However, PARP1 has also been described as an intensive 

NAD+ consumer (161), which cuts down the NAD+ flow into the above-mentioned 

energy metabolism and eventually leads to mitochondrial dysfunction. In this sense, 

inhibiting PARP activity may have beneficial effects by releasing NAD+, as has been 

proved by multiple studies (149, 162). Considering its positive roles in DNA repair, 

restoring NAD+ pool by NAD+ precursors supplementation may be a better solution. It 

is noteworthy that NAD+ can be synthesized from different forms of vitamin B3 with 

different efficiencies. Nicotinamide and nicotinamide riboside, which are derivative 

forms of vitamin B3, have been suggested to have higher efficiencies in recovering 

NAD+ levels (162, 163). 

Coenzyme Q10 

Coenzyme Q, also known as ubiquinone, is a lipid-soluble compound that has essential 

roles in both mitochondrial bioenergetics and free radical scavenging. It is ubiquitous 

in most eukaryotic organisms, and coenzyme Q10 (CoQ10) is the most predominant 

form present in human. Biosynthesis is the major source of CoQ10 in human, while it 

is also enriched in organ meats such as livers and hearts. The importance of CoQ10 lies 
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in its role in transferring electrons from mitochondrial complexes I and II to 

mitochondrial complex III (164), which is indispensable for ATP generation. In addition 

to its vital role in aerobic respiration, CoQ10 is also well known for its antioxidant 

properties, as it is the only known lipid-soluble antioxidant that can be synthesized de 

novo by animal cells (165). Decades ago, the administration of CoQ10 had already been 

used in clinical treatment to alleviate symptoms in patients with mitochondrial disorders 

(166, 167). Now with a better understanding of the possible roles of mitochondria in the 

development of complex diseases like neurodegenerative diseases, supplementation of 

CoQ10 has been brought back to be the focus of research as a potential treatment for 

various complex diseases. CoQ10 has been shown to protect neurons from oxidative 

stress and severe mitochondrial dysfunction by increasing mitochondrial content in the 

brain (168), stabilizing the mitochondrial membrane potential (168, 169), and inhibiting 

mitochondrial permeability transition pore (170). In animal models of PD (Parkinson 

Disease), dietary CoQ10 prevents the degeneration of dopaminergic neurons, the loss 

of which is associated with PD (171, 172). Similarly, in animal models of AD 

(Alzheimer's disease), a decrease in the β-amyloid deposition and improvement in the 

brain mitochondrial SOD activity were observed after CoQ10 supplementation (173, 

174). However, from the results of clinical trials, whether the CoQ10 administration is 

effective in treating neurological diseases is still controversial. Some studies reported 

that symptomatic improvements were observed in PD patients following CoQ10 

supplementation at different dosages (172, 175, 176), while others found no benefits in 

PD patients even after a high dosage consumption (177, 178). One possible explanation 

for the controversy was proposed by Seet et al. that the therapeutic response to CoQ10 
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depends on the dosage and the baseline levels of ubiquinol, the reduced form of CoQ10 

(179). In a limited amount of clinical trials of CoQ10 on AD and Huntington diseases, 

no evidence showed that the use of CoQ10 can slow the functional decline in these 

diseases (180, 181). More studies with larger sample size are needed to examine whether 

CoQ10 supplementation is an effective way to treat neurological diseases.  

Caloric Restriction 

Besides specific nutrient supplementations, reducing calorie intakes has also been 

suggested to improve mitochondrial functions. Caloric restriction (CR), which usually 

refers to a 20-40% reduction in calorie intake without malnutrition, is the most 

promising approach to promote health and extend lifespan across organisms (182-184). 

Multiple theories have been proposed to explain the underlying molecular mechanisms. 

As reduced mitochondrial respiratory capacity and increased oxidative stress were 

reported to be associated with aging (185-187), alteration in mitochondrial metabolism 

has been considered as a hallmark of aging. It has been proposed that CR may attenuate 

detrimental effects of aging through increasing mitochondrial biogenesis and reducing 

oxidative stress. Regarding mitochondrial biogenesis, studies using different organisms 

have reported that CR increases mtDNA content (188), protein abundance (189) and 

expressions of genes involved in mitochondrial biogenesis (188, 190). Furthermore, 

several pathways that are believed to be responsible for the beneficial effects of CR can 

lead to the enhancement of mitochondrial biogenesis (191, 192). Even in healthy young 

adults, CR is able to increase the number of mitochondria in skeletal muscle, together 

with an observation of improvement in mitochondrial function (193). These findings 
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lead to a widely-accepted hypothesis that CR increases mitochondrial biogenesis, 

thereby improves mitochondrial functions. There is a growing consensus on the vital 

roles of mitochondria in CR intervention, but it remains quite contentious regarding 

whether CR leads to the enhancement of mitochondrial biogenesis. A considerable 

number of reports demonstrated that no changes in mitochondrial content were observed 

after CR interventions (194-197). Instead, Lanza et al. indicated that CR preserves 

mitochondrial function mainly through enhanced mitochondrial oxidative efficiency, 

decreased mitochondrial oxidant generation, and upregulated antioxidant defense (196). 

Taken together, above evidence suggests that multiple mechanisms may exist in CR-

mediated mitochondrial function preservation, and it is likely that elevated 

mitochondrial biogenesis is a tissue-specific response (198).  

The free radical theory of aging was first proposed by Harman in 1956, proposing that 

mitochondrial energy production decline and mtROS-induced damage are the major 

causes of aging (199). After that, considerable experimental efforts have been made to 

elucidate the role of ROS in the process of aging. At the same time, CR has been 

repeatedly demonstrated to be capable of extending lifespan and delaying the onset of 

aging-related diseases. Thus, extensive studies have focused on the impact of CR on 

ROS generation in the past several decades. According to the free radical theory of 

aging, continuous and progressive production of ROS leads to cellular and tissue 

damages and eventually to aging. Accumulated data from yeast to human studies 

suggested that CR improves OXPHOS efficiency and reduces ROS production in 

mitochondria (200, 201), accompanied by reduced oxidative damage on mitochondrial 

DNA (202, 203) and proteins (204). The same pattern has also been observed in protein 
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and amino acids restrictions as discussed above. Accordingly, enormous effort has been 

made to reduce ROS formation, thus to simulate the effects of CR on the process of 

aging in various model organisms. However, antioxidants treatment could not mimic 

the lifespan-extending phenotype of CR (205), and may even abolish the benefits of CR 

(206). Consistently, altering ROS generation or antioxidant responses failed to modulate 

lifespan in various organisms (207, 208). With rising evidence in recent years, a new 

perspective was proposed that ROS may work as signaling molecules to transduce 

signals from mitochondria to other compartments of the cell. The new theory was named 

as mitochondrial hormesis or mitohormesis (209). According to this theory, ROS is 

believed to be essential for adaptive induction of ROS defense and hence to achieve a 

long-term reduction of oxidative stress (210). Therefore, the concept of mitohormesis is 

a complement to the free radical theory of aging, explaining the observations of elevated 

ROS level after CR interventions but with benefits on longevity. Le couteur et al. 

proposed that there may be a threshold of ROS level whereby slightly elevated ROS 

production is sufficient to induce systematic defense mechanisms, but not to an 

excessive level to damage mitochondria (211). Therefore, CR may improve 

mitochondrial functions by reducing the harm from excessive oxidative stress generated 

by free radicals, back to a physiological level to transduce signals within the cell. 

1.5 Conclusions 

In the past decades, mitochondrial research has received growing attention, as evidenced 

by the increasing number of mitochondria-related medical publications (212). 

Accumulated evidence suggested that mitochondrial dysfunction is involved in the 
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pathogenesis of many common human diseases. Both mitochondrial genetic 

perturbations and environmental changes such as dietary challenges may cause 

mitochondrial dysfunctions. With improved sequencing technology, more pathogenic 

mtDNA mutations have been revealed. However, no effective interventions targeting 

mitochondria have been developed to relieve the symptoms or to treat these complex 

disorders that are known to be associated with mitochondrial dysfunctions. By 

summarizing the current knowledge, we want to emphasize the importance of 

investigating the role of mitochondria in the development of complex diseases, and to 

point out the future directions in identifying better approaches to restore mitochondrial 

functions. The convenience of implementation and the positive patient compliance 

make nutritional intervention one of the best candidate strategies to offer long-term 

prevention and treatment for these complex diseases. Although by now nutritional 

intervention has only been shown to relieve symptoms of only a few defined disorders, 

increasing data from animal studies still indicate its potential in a broader spectrum of 

diseases. In the future, more well-designed clinical trials are needed to confirm these 

observations in animal studies. Apart from the nutritional approaches, we also propose 

that an innovative way of mtDNA editing or replacement may become the future 

treatment for diseases related to mtDNA mutations. We anticipate that increasing 

research into mitochondria will lead to fruitful discoveries and technologies to help our 

battle against complex diseases.  
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Chapter 2 - Glucomannan hydrolysate promotes gut homeostasis and extends 

lifespan in Drosophila melanogaster 

2.1 Introduction 

Aging is a natural process that leads to irreversible impairment of physiological 

functions and increased vulnerability to death. Great efforts have been spent on 

investigating cellular and molecular mechanisms underlying the aging process, with the 

ultimate goal of developing effective interventions to delay the onset of aging. It is well 

known that some drug treatments and nutrient manipulations extend lifespan (1-4). 

However, most drugs, such as rapamycin (5) and metformin (6), have high risks of side-

effects, while nutrient manipulations like calorie restriction have a poor dietary 

adherence (7). Therefore, it would be desirable to discover new dietary intervention 

strategies that have high efficiency and low risks.  

Konjac glucomannan (KGM) is a natural, odorless fiber extracted from the root of the 

Amorphophallus konjac plant, which is a common food ingredient in Asia (8). KGM is 

composed of D-mannose and D-glucose monomers with a ratio of 1.6:1 (9). Acids or 

enzymes can hydrolyze KGM into konjac glucomannan hydrolysates (GMH), a lower-

molecular-weight form (10, 11). Both forms of glucomannan from konjac have 

frequently been consumed and widely studied. KGM has a special feature that it swells 

and jellifies in the gut, thus helping with weight loss by increasing gastric satiety (12). 

When hydrolyzed into GMH, the solubility of depolymerized glucomannan is 

significantly improved, which enhances its efficacy both locally and systemically (13). 
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GMH has been demonstrated to have prebiotic activity, promoting the growth of 

beneficial bacteria (11, 14, 15). It stimulates the immune system both in the gut and on 

the skin (16, 17), and even reduce the levels of serum cholesterol and glucose in diabetic 

mice (18). Despite these beneficial effects of dietary supplementation of GMH, no 

studies have investigated its impact on lifespan. To examine whether GMH 

supplementation extends lifespan, we used Drosophila melanogaster as a model 

organism in which aging is well studied. Drosophila is ideal for aging studies because 

of its relatively short lifespan and ease of environmental and genetic manipulations (19). 

The digestive tract is at the frontline of responses to dietary supplementations and a key 

organ involved in aging (19). It is not only responsible for physiological functions like 

nutrient absorption but also acts as the defense barrier to control both commensal and 

pathogenic microbes (20). In the aging intestine, there are dramatic changes in both the 

quantity and the composition of gut-associated microbes, termed as dysbiosis (21, 22). 

In a variety of organisms, including humans, changes in the gut microbiota have been 

associated with disorders like obesity, cancer, and chronic inflammation, potentially due 

to the dysregulation of the frequent interaction between epithelial cells and commensal 

bacteria (23-25). Therefore, it has been proposed that manipulating this interaction may 

be a viable intervention for healthy aging (26, 27). Dietary supplementation of prebiotics 

that promotes the growth of beneficial bacteria may be a promising approach. Besides 

the control of commensal bacteria, it is also critical for organisms to maintain gut 

homeostasis through regenerative processes. As a high-turnover tissue, the intestine 

undergoes constant regeneration sustained by intestinal stem cells (ISCs), which are the 

only dividing cells in the Drosophila intestine (28, 29). In the aging intestine, 
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dysregulated ISC proliferation and abnormal differentiation both lead to the 

accumulation of mis-differentiated cells in the epithelium (30, 31), ultimately leading 

to epithelial dysplasia and premature death (32). It has been shown that limiting the rate 

of ISC proliferation in aged flies is sufficient to extend lifespan (30, 33). In Drosophila, 

the proliferation rate of ISCs is regulated by several stress and growth signaling 

pathways such as JAK/STAT, MAPK, and EGFR pathways (34-36). It has been 

suggested that the fundamental cause of the aging-associated loss of gut proliferative 

homeostasis might be the lost control of the interaction between intestinal epithelium 

and commensal bacteria, which leads to chronically and excessively elevated 

proliferation of ISCs (21).  

In this article, we will present evidence for the effect of GMH on extending lifespan in 

Drosophila. Combining longitudinal transcriptomic and metagenomic analysis with 

biochemical assays, we show that the lifespan-extending effect of GMH is likely 

through promoting gut microbiome and proliferative homeostasis. 

2.2 Materials and methods 

Fly Stocks and Husbandry 

All flies were reared under standard laboratory conditions with a 12-h light/dark cycle 

at 25°C in vials containing agar–dextrose–yeast medium. Nine different strains of wild-

type flies were used in this study. Besides Canton-S and Oregon-R, we included one 

strain (B18) from the Global Diversity Panel and six strains (DGRP-21, DGRP-38, 

DGRP-40, DGRP-85, DGRP-105, DGRP-136) from Drosophila Genetic Reference 
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Panel (DGRP). To examine whether Wolbachia infection status modulates the lifespan-

extending effect, we chose three Wolbachia positive strains and three negative strains 

from the DGRP.  

GMH Supplementation and Survival Assay 

The GMH supplemented medium was prepared by adding the GMH powder into the 

control agar-dextrose-yeast medium at a concentration of 0.25% w/v. Flies were 

collected right after eclosion and housed at a density of 20-30 flies per vial. At least 6 

replicates with a minimum of 120 flies were tested for each condition. Flies were 

transferred to fresh medium every two days for mated females, and every three to five 

days for virgin females and males. During each transfer, dead flies in each vial were 

counted. Flies that escaped or died accidentally were recorded as missing. All data were 

analyzed with Log-Rank test using the Online Application for the Survival Analysis 

(OASIS) of lifespan assays (37).  

Long-term Feeding Assay 

Both control medium and GMH supplemented medium were prepared with the addition 

of a blue indigestible dye, FD&C blue No.1, at a concentration of 1% w/v (38). Dyed 

growth medium was poured into the cap of an aerated 50 ml Falcon centrifuge tube. 

Mated females were transferred into Falcon tubes with the medium-containing cap on. 

Falcon tubes were placed upside down (cap side down) in incubators for two days. Flies 

were then removed from the tube, and two ml of PBS was added into the falcon tube to 

wash colored-feces off the sides of tubes. The total amount of food that flies consumed 
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across two days was measured as a function of the amount of blue in the feces. This was 

calculated from the optical density of a serial dilution of FD&C blue No.1 solution. 

Gut Microbiota Sequencing and Analysis 

Guts of flies were dissected in PBS after 10, 20, 30 and 40 days of treatments. DNA was 

extracted from a pool of 20 guts for each sample using phenol-chloroform extraction 

method (39). According to Illumina 16s metagenome library preparation guide, 16s 

ribosomal RNA gene amplicons were prepared for the Illumina MiSeq System. Briefly, 

two rounds of PCR reactions were carried out to first amplify the hypervariable regions 

(V3 and V4) of the bacterial 16s rRNA genes, and then to add adaptors and barcodes 

for Illumina sequencing.  

Microbiota derived reads were analyzed following a Bioconductor workflow based on 

dada2, phyloseq, and EdgeR (40-43). Low-quality reads were filtered: those containing 

N, with the base quality score less than or equal to two, or with more than two expected 

errors. Additionally, the first ten bases and all bases after position 230 were trimmed. 

De-replication was performed to combine identical reads while keeping track of their 

abundance. The core dada2 ribosomal sequence variants (RSVs) inference algorithm 

was applied to the de-replicated data to infer sample sequences exactly and resolve 

differences of as little as one nucleotide by modeling and correcting sample-specific 

sequencing errors (41). We then merged the inferred forward and reverse sequences, 

removing paired sequences that do not overlap perfectly. Chimera sequences were 

further removed. The taxonomy of RSVs was assigned based on the SILVA database 

(version 128) (44). Sequences assigned to the genus of Wolbachia were removed. 
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Principal coordinates analysis was performed on log-transformed abundance data using 

Bray-Curtis dissimilarity. Constrained correspondence analysis was performed to 

evaluate the contribution of diet and treatment length to the variation in microbiota 

composition. Alpha diversity was measured with the Shannon index and the Simpson 

index. Differential abundance across control and supplementation groups was tested 

with edgeR (43, 45).  

Quantification of bacterial load 

Flies were individually homogenized in 500 μl of sterile PBS using bead beating with a 

tissue homogenizer (OPS Diagnostics). The original or diluted homogenates were plated 

on MRS agar plates by a WASP II autoplate spiral plater (Microbiology International). 

Plates were incubated at 29 °C for 1-2 days to achieve the optimal colony size, and the 

CFUs were counted by the software Protocol3. Results were analyzed using a mixed 

effects model in R.  

Gut RNA-Seq and Data Analysis 

After 10, 30 and 50 days of GMH treatment, 50 guts were dissected and pooled for each 

replicate. Total RNA was extracted using Trizol (Invitrogen) and RNeasy mini plus kit 

(Qiagen). mRNA was isolated using magnetic mRNA isolation kit (NEB). KAPA 

stranded RNA-Seq library preparation kit was used to construct libraries for Illumina 

sequencing.  

Raw sequencing reads were first processed with Trimmomatic (Version 0.33) (46) to 

trim adaptor sequences and low-quality bases and then mapped to the reference genome 
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of Drosophila melanogaster (FlyBase Dmel Release 6.09) with STAR (Version 2.5.1b) 

(47). Differentially expressed genes were identified with edgeR (43). Only genes 

expressed (defined as count per million > 1) in at least two out of four samples were 

included in the analysis. Significant differentially expressed genes were defined with 

FDR < 0.05 and log2(fold change) >= or <= 0.5. Pathway enrichment of differentially 

expressed genes was evaluated with DAVID 6.8 (48). 

ISC proliferation and Gut Length Measurement 

Guts were dissected in PBS and fixed for 30 min in PBS with 0.1% Tween 20 (PBT) 

and 4% paraformaldehyde. They were subsequently rinsed with PBT, and incubated 

with primary antibodies (1/1000 anti-PH3 (Upstate/Millipore) or 1/1000 anti-GFP, 

Roche) in PBT 1% BSA. Staining was revealed after a second incubation with 

Alexa488- or Alexa594-coupled anti-mouse antibodies (Invitrogen), and nuclei were 

stained with DAPI (Sigma). 

2.3 Results 

2.3.1 GMH supplementation extends Drosophila melanogaster lifespan 

We first tested whether GMH supplementation affects the lifespan of Drosophila 

melanogaster while taking into account gender, genetic background, and mating status. 

Survival tests in mated male and female flies of strain B18 (a wild-type stock) both 

showed significant lifespan extension (Figure 2.1 A, B). In the control groups, the mean 

lifespans were 57.39 days for male flies and 58.05 days for female flies. In the GMH 

supplementation groups, the mean lifespan was increased by 20.2% in males 
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(p=0.0e+00), and by 14.88% in females (p=6.2e-07). As mating status is known to 

markedly affect lifespan (49), we also examined the effect of GMH supplementation on 

virgin B18 females and observed an increase in the mean lifespan by 27.48% 

(p=0.0e+00) (Figure 2.2). To evaluate the lifespan-extending effect of GMH in different 

genetic backgrounds, we repeated the survival test in two additional wild-type strains 

(Oregon-R and Canton-S) and six DGRP strains using mated female flies. GMH 

supplementation increased the mean lifespan by 11.7% in Oregon-R (p=0.01) (Figure 

2.1 C), and 17.66% in Canton-S (p=9.0e-09) (Figure 2.1 D). Five out of six DGRP 

strains also showed significant results, with a 13.4% increase of the mean lifespan in 

strain 21 (Figure 2.3 A, p=0.0032), 10.1% in strain 38 (Figure 2.3 B, p=2.2e-05), 4.6% 

in strain 40 (Figure 2.3 C, p=0.050), 10.0% in strain 85 (Figure 2.3 D, p=0.0083) and 

7.3% for strain 136 (Figure 2.3 E, p=5.1e-06). Only strain 105 did not respond to GMH 

supplementation (Figure 2.3 F). These findings suggest that GMH supplementation can 

promote longevity in both genders across different genetic backgrounds, regardless of 

mating status.  

2.3.2 GMH supplementation promotes the growth of Acetobacter in aged flies 

To explore mechanisms underlying the lifespan-extending effect of GMH 

supplementation, we first evaluated its impact on feeding behavior, as dietary 

supplementation of GMH might change the food consumption, and calorie restriction 

would be an effective way to extend lifespan (50). With long-term feeding assays 

(Figure 2.4 A), we found no significant differences in the amount of food intake between 

control and GMH treatment groups, ruling out the involvement of calorie restriction in  
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Figure 2. 1 Lifespan extension effect of GMH is observed in strains of B18, Oregon-R 
and Canton-S 

GMH supplementation increase the mean lifespan of (A) mated female flies of strain 
B18; (B) mated male flies of strain B18; (C) mated female flies of strain Oregon-R; (D) 
mated female flies of strain Canton-S. For all the survival test, N>120 with replicates.  
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Figure 2. 2 GMH extends lifespan in virgin female flies in strain of B18 

The mean lifespan in control group is 58.76 days, and 74.91 days in GMH group. 
There is a significant increase by 27.5% (p= 0.0e+00, N=240) 
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Figure 2. 3 The response to GMH treatment is different in six DGRP strains 

GMH significantly extend the mean lifespan of mated female flies of (A) strain DGRP-
21; (B) strain DGRP-38; (C) strain DGRP-40; (D) strain DGRP-85; (E) strain DGRP-
136; but GMH does not extend the lifespan of flies of (F) strain DGRP-105. For all the 
survival test, N>120.  
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the increased lifespan we observed. From existing studies, we know that GMH can 

function as an effective prebiotic in mice (51, 52). To test if GMH extends lifespan 

through its potential impact on the gut microbiota, we quantified bacterial load in flies 

by plating the microbiota (gut microbes are all culturable in Drosophila). We estimated 

bacterial diversity and microbiota composition by sequencing to explore GMH’s effect 

on both overall microbial load and relative abundance of different members of the 

microbiota. Results from the measurement of representative colony-forming units 

(CFUs) showed that the number of CFUs in the gut increased exponentially in the 

process of aging in both control and treatment groups (Figure 2.4 B), as previously 

shown (21, 31). However, GMH supplemented diet has significantly more CFU count 

across the three sampling time points (p = 0.031), specifically on day 30 (p = 0.044) and 

day 50 (p = 0.053), but not on day 10 (p = 0.74). The study of colony morphology 

suggested that Acetobacter species were dominant on both GMH supplemented and 

control diets. In order to establish what bacterial species could contribute to this increase 

in bacterial load, we performed 16s rRNA sequencing at four time-points (Day 10, 20, 

30 and 40). Consistent with the measurement of CFUs, we observed a shift towards 

higher relative abundance of Acetobacter in old flies (Figure 2.4 C), as previously 

reported (53), but it was not significantly different between control and GMH groups. 

The principal coordinates analysis (PCoA) clearly separated samples by sampling times 

(Figure 2.4 D). However, no apparent clustering was observed for either control or 

GMH groups. Constrained correspondence analysis further confirmed that the sampling 

time explains 64.57% (p < 0.001) of the variance in microbiome composition while the 

type of diet explains only 6.17% (p = 0.255). Differential abundance analysis at the  
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Figure 2. 4 The effect of GMH supplementation on gut microbiome 

(A)The amount of food intake when flies are fed on control or GMH food, n = 3 
biological replicates with 20 individual flies per replicate; (B)The total bacterial load 
given as the log number of CFUs of Acetobacter, n = 3 biological replicates with 5 
individuals per replicate; (C)Each bar represents average relative abundance of each 
bacterial taxon (top 10 taxa) within a group at genus level; (D) Principal coordinate 
analysis of gut microbiome compositions in control and GMH groups at different time 
points. 
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Figure 2. 5 GMH supplementation decreases the relative abundance of Lactobacillus  
There is no difference in the relative abundance of Lactobacillus between control and 
GMH groups from day 10 to day 30. On day 40, the relative abundance of Lactobacillus 

is significantly lower in GMH groups (FDR = 0.0049).  
  



 

60 

 
Figure 2. 6 GMH supplementation tends to increase the relative abundance of 
Acetobacter 
The relative abundance of Acetobacter increases along the process of aging in both 
control and GMH diets. At day 40, there is a trend that the relative abundance of 
Acetobacter in GMH group is higher than control group, but not significant.  
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genus level revealed only one genus, Lactobacillus, has a significantly lower abundance 

in GMH group at day 40 (Figure 2.5). For Acetobacter, the trend was consistent with 

the result of CFU measurement suggesting that the GMH group has a higher abundance 

(Figure 2.6), but this was not significant. Altogether, our results suggest that GMH may 

work as a prebiotic in the gut to promote the growth of Acetobacter and sustain gut 

health while delaying the onset of aging.  

2.3.3 GMH supplementation delays the deterioration of gut integrity 

Recent studies have shown that the gut microbiota has a profound influence on host 

physiology, especially on digestive and immune functions (54). After observing the 

impact of GMH on the gut microbiota, we evaluated GMH’s effect on gut epithelial 

homeostasis. As the gut is a tissue with high turnover rate, the proliferative activity is 

critical in maintaining gut integrity (30). Therefore, we measured the rate of stem cell 

proliferation in the gut by performing immunostaining with an anti-phosphohistone H3 

(anti-PH3) antibody, which labels dividing cells. Consistent with previous studies (28, 

29), low levels of homeostatic proliferation were observed in young and healthy guts on 

day 10 and day 30. On day 50, we detected a dramatic increase in the number of PH3 

positive cells in both control and GMH groups, but GMH treatment group had 

significantly fewer dividing cells than the control group (p = 0.00035) (Figure 2.7 A, B, 

C). We also measured gut length as another parameter of the homeostatic status of the 

gut. Both groups showed significant shortening in gut length along the process of aging, 

a known phenomenon (55). However, on day 50, guts from GMH treated flies were 

significantly longer compared to the ones from the control group (p = 0.0024) (Figure  
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Figure 2. 7 GMH supplementation delays the deterioration of gut integrity 

(A) Immunostaining of PH3, a mitosis biomarker, are shown in red (indicated by arrows, 
DAPI in blue). More PH3 positive cells are observed in flies fed on control diet than (C) 
the flies fed on GMH supplemented diet at day 50; (B) Quantification of PH3 positive 
cells in mid-guts from flies fed on either control or GMH supplemented food at different 
time points. (D) Measurement of the mid-gut length from flies fed on either control or 
GMH supplemented food at different time points. For panel (B) and (D), n = 3 biological 
replicates with 10 individual flies per replicate.  
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2.7 D). In summary, GMH supplementation delays two processes associated with aging 

– gut stem cell hyper-proliferation and gut-shortening. 

2.3.4 GMH supplementation decreases EGFR/MAPK and JAK/STAT pathways 

To search for hints of mechanisms underlying the lifespan-extending effect of GMH 

supplementation, we set out to identify differentially expressed genes between control 

and supplementation groups. We carried out a mRNA-sequencing experiment using 

RNA isolated from the guts of flies fed on control or GMH food for 10, 30 and 50 days. 

Overall, we found 83 genes differentially expressed in guts on day 10 (Figure 2.8 A), 

109 genes on day 30 (Figure 2.9 A) and 50 genes on day 50 (Figure 2.8 B). Only a small 

proportion of the differentially expressed genes overlapped across different time points 

(Figure 2.9 C). It is known that several growth and stress signaling pathways are 

involved in regulating ISCs proliferation rate, including MAPK, EGFR, JNK, and 

JAK/STAT pathways. Therefore, we mainly focused on genes related to these pathways. 

We found that multiple genes in both JAK/STAT and EGFR/MAPK pathways were 

down-regulated in GMH groups (Table 2.1, Figure 2.9 B). Genes that encode two key 

ligands in the JAK/STAT pathway, unpaired2 (Upd2) and unpaired 3 (Upd3), were both 

significantly down-regulated on day 50. Upd3 was also significantly down-regulated on 

day 30. The negative feedback regulator of JAK/STAT pathway, Socs36E, was down-

regulated at all three time-points. Moreover, Ets21c, a downstream effector of the 

EGFR/MAPK pathway, was down-regulated in GMH groups at both day 10 and day 30. 

The phosphatase MAPK phosphatase 3 (Mkp3), a negative regulator of the EGFR 

pathway, was down-regulated at day 10. Another positive regulator of EGFR pathway,  
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Figure 2. 8 Differentially expressed genes at day 10 and day 50 
MA plot show significantly differentially expressed genes at (A) day 10 and (B) day 
50 
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Figure 2. 9 Mid-gut transcriptome analysis shows differences in gene expression 
levels between control and GMH treatment groups. 
(A)MA plot shows the significantly differentially expressed genes between control 
and GMH groups on Day 30; (B) Heat map shows expression levels of selected genes 
of interest across three time points, * indicates FDR < 0.05. Genes with low 
expression levels in half of the samples or more were not included in the differential 
expression analysis, and indicated as grey here; (C) Venn diagram of differentially 
expressed genes at three time points.  
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Table 2. 1 Selected differentially expressed genes between control and GMH 
treatment at three time points 

1. logFC, log fold change; 2. FDR, false discovery rate; 3. AMP, antimicrobial peptide; 
4. MMP, mannose metabolic process 
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Rhomboid (Rho), was down-regulated at both day 30 and day 50. Taken together, the 

suppression of both JAK/STAT and EGFR/MAPK pathways might explain our 

observation of reduced ISC proliferation rate in GMH-treated flies. Furthermore, 

consistent with our observations of elevated gut microbial load, several anti-microbial 

peptide (AMP)-encoded genes were up-regulated in GMH groups at day 30 or day 50, 

including Cecropin A1 (CecA1), Cecropin C (CecC), Attacin C (AttC), Diptericin A 

(DptA), with only one exception, Attacin D (AttD), which was down-regulated at day 

30 (Figure 2.9 B). Additionally, as GMH is composed of glucose and mannose 

monomers, three genes that encode lysosomal alpha-mannosidase were all up-regulated 

on day 30, further suggesting that GMH or GMH metabolites were absorbed by the gut. 

For pathway enrichment analysis, although only one pathway survived Bonferroni 

correction, it showed a consistent pattern that differentially expressed genes are enriched 

in the above-mentioned pathways (Table 2.2). Overall, the gut RNA-Seq results 

revealed that GMH supplementation decreases both JAK/STAT and EGFR pathways, 

and promotes pathways in AMP-involved immune responses, suggesting an impact on 

gut homeostasis. 

2.4 Discussion 

In this study, we investigated the effect of life-long GMH supplementation on the 

lifespan of Drosophila melanogaster. We found that in the genetic background of B18, 

GMH can significantly extend the lifespan of virgin female flies, mated female flies and 

mated male flies, suggesting that the effect of GMH in B18 is not affected by gender or 

mating status. To examine whether genetic backgrounds have influences on GMH’s  
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Table 2. 2 GO enrichment pathways at Day 50 

 
  



 

69 

effect, we repeated the experiment using mated females from different wild-type strains, 

including Oregon-R, Canton-S, and six strains from the DGRP. GMH had a life-

extending effect on all strains with only one exception. As the rate of aging is determined 

by both environmental and genetic factors in Drosophila (56, 57), we will discuss this 

observation from both perspectives. First, environmental factors such as diet, mating 

status, and fly density are well controlled in our experiment. Since Wolbachia infection 

status is also considered as an environmental factor (58), of six strains chosen from 

DGRP, three of them were Wolbachia-positive, and the other three were not. Among the 

four strains that were significantly responsive to GMH treatment, two strains were 

Wolbachia-positive, and the other two were not. Therefore, Wolbachia infection status 

does not explain the differences we observed. Second, although the six DGRP strains 

are from the same species, they differ genetically from each other. Each homozygous 

strain in DGRP captures a different genome sampled in the natural population (59). The 

varying response to GMH supplementation indicates the presence of genetic variations 

moderating its lifespan-extending effect.  

We found that GMH can promote the growth of Acetobacter in comparison with the 

control group, suggesting GMH may have prebiotic potential. In young and healthy 

intestines of D. melanogaster, the composition of the gut microbiota is relatively simple 

with only 5-20 species (60). Major members of the microbiota are benign microbes like 

Acetobacter. Multiple lines of evidence have suggested that D. melanogaster has 

evolved the ability to distinguish beneficial microbes from pathogenic ones so that they 

can prevent the deleterious induction of immune responses under basal conditions (31, 

61). In the aging intestine, there is an increase of both the number and the diversity of 
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microorganisms (62), termed dysbiosis. This dysbiosis may further exacerbate the age-

associated loss of gut homeostasis by chronic activation of stress-signaling pathways 

and lead to lifespan-shortening (19). However, unlike pathogenic microbes which 

trigger the stress-signaling pathways and overly stimulate ISCs proliferation, 

Acetobacter only activates the immune responses at a basal level (60). Increased 

abundance of Acetobacter may also outcompete the growth of pathogenic species. 

Therefore, GMH-mediated increase in the abundance of Acetobacter may exert 

beneficial effects on lifespan by reducing the pressure from age-associated dysbiosis. 

At the same time, we also implemented 16s rRNA sequencing to investigate the relative 

composition pattern of the overall gut microbiome after GMH treatment. Apparently, 

time has a profound effect on gut microbiota composition, with a shift towards a higher 

relative abundance of Acetobacter in older flies of both control and GMH treatment 

groups. This result is consistent with what we observed in the bacterial load experiment 

and previous studies (53). It was hypothesized that the gut becomes more toxic in old 

flies, promoting the growth of aerobic bacteria such as Acetobacter, but not anaerobic 

bacteria like Lactobacillus. However, GMH only has a limited effect on the general gut 

microbiota composition, suggesting that the impact of GMH is mainly on the absolute 

quantity of gut microbes. 

Our results suggest that GMH supplementation has a significant impact on ISC 

proliferation. As the gut undergoes constant self-renewal, ISC proliferation is required 

for both normal tissue turnover and epithelial recoveries after damage or infection to 

maintain intestinal homeostasis in Drosophila (63, 64). Generally, low levels of ISC 

proliferation are observed in young and healthy guts, while strong regenerative activity 
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is more common when epithelial cells are faced with increased stress and damage at 

later life stages. As a result of ISCs hyper-proliferation in the aging intestine, disruption 

and perturbation of normal intestinal organization and function may ultimately lead to 

the death of the animals. Therefore, the lifespan-extending effect of GMH 

supplementation is at least partially via the preservation of gut proliferative homeostasis 

in Drosophila. However, the underlying mechanism is still unknown. It is well 

established that ISC proliferation rates are regulated by several growth and stress 

signaling pathways, including MAPK, EGFR, JAK/STAT and JNK pathways. From the 

result of the global gene expression analysis of Drosophila midgut, we found that both 

growth and stress signaling pathways are altered after GMH supplementation. EGFR 

and MAPK pathways are essential in controlling the rate of ISC proliferation in 

homeostatic conditions (36). Our results showed that genes in EGFR/MAPK pathways 

are down-regulated in GMH groups, suggesting that ISC proliferation is inhibited in 

homeostatic conditions. Under stress conditions, JAK/STAT pathway is activated to 

promote the differentiation and proliferation of ISCs (31, 34). Our results revealed that 

genes in JAK/STAT pathway are also down-regulated in GMH groups, suggesting that 

there are less stress and damage in the intestines of flies with GMH supplementations, 

or that the activity of these pathways is directly targeted by GMH. Accordingly, lower 

stress levels in GMH supplemented flies may explain the reduced shrinking of guts in 

these flies. It is hypothesized that the deregulation of the interaction between intestinal 

epithelium and the gut microbiome causes the age-related decline of proliferative 

homeostasis. Therefore, the suppression of JAK/STAT pathway could be a secondary 

consequence of the increased abundance of Acetobacter in the aging intestine, that 
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would prevent overgrowth of more damaging bacteria. Considered together, GMH 

improves gut proliferative homeostasis through both growth and stress signaling 

pathways.  

Beyond the tightly-controlled ISC proliferation, other factors like host immune 

homeostasis also play a vital role in maintaining intestine homeostasis (19, 61). 

Evidence from RNA-Seq suggested that genes that encode AMPs are significantly up-

regulated in GMH groups when flies grow old. Both our study and previous studies 

showed that the number of bacteria found in the gut increases significantly in old flies 

(62), and the impairment of the ability to manage the overgrowth of bacteria in aged 

flies appears to be another potential cause of death(21). One of the strategies to control 

the growth of the gut microbiota and pathogens is to activate the Imd (Immune 

deficiency) pathway to induce the expression of AMPs (31, 65). It is noteworthy that 

other studies also demonstrated that GMH has the ability to enhance immune systems 

directly by stimulating the gut-associated lymphoid tissue (GALT) system (66) or 

indirectly by inhibiting the adhesion of pathogens to epithelial cells (67). Given the fact 

that we observed increased bacterial load in the GMH treatment group, it is possible that 

elevated expression level of AMPs is related to the changes in the gut microbiome. 

However, further studies are still needed to elucidate the interaction between the gut 

microbiome and immune responses after GMH treatment. 

As a natural compound, GMH has been shown to exert beneficial effects both locally, 

by promoting the growth of beneficial gut bacteria, and systematically, by lowering 

serum cholesterol and glucose levels. For the first time, we demonstrate that GMH 
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supplementation can extend the lifespan of Drosophila melanogaster. Furthermore, our 

study indicates that GMH intervention can prolong lifespan by altering bacterial load 

and preserving gut proliferative homeostasis at later life stages. This study should 

provide insights for future studies to investigate the lifespan extension effect of GMH 

in other organisms.  
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Chapter 3 – Oligofructose supplementation extends lifespan in Drosophila 

melanogaster 

3.1 Introduction 

Inulin is a natural polysaccharide that can be found in many plants including onion, 

garlic, asparagus, and chicory (1, 2). Inulin is a heterogeneous blend of fructose 

monomers with a degree of polymerization of two to 60+, while oligofructose is the 

lower-molecular-weight form of inulin with a degree of polymerization of three to eight 

(3). The fructose monomers are linked by β-2-1 bonds, thus making both inulin and 

oligofructose indigestible in the upper gastrointestinal tract (4). It is well established 

that inulin and oligofructose has the ability to promote the growth of Bifidobacteria in 

the colon, which is a strain that has health-promoting functions such as inhibiting the 

growth of pathogenic bacteria in the intestine, aiding the absorption and the synthesis 

of B vitamins, and stimulating the immune system (3, 5). Therefore, inulin and 

oligofructose have been considered as prebiotics, which can exert beneficial effects by 

stimulating the growth of benign gut bacteria. Additionally, studies in human subjects 

have also suggested that administration of inulin or oligofructose has beneficial effects 

on the modulation of lipid metabolism, bone mineralization and a reduction in colon 

cancer risk (6-8). However, to the best of our knowledge, only one paper has 

investigated the lifelong supplementation effect of inulin on the survival rate of rats (9). 

They reported that the survival rate at 24 months of age is about 30% greater in the 

inulin-supplemented group than the control group, together with the observation of 

reduced body weight and lower cholesterol level (9). No studies have investigated the 

impact of oligofructose supplementation on the lifespan and the potential underlying 
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mechanism. To examine whether oligofructose can extend the lifespan, we chose 

Drosophila melanogaster as the model organism. Unlike rats having a lifespan of two-

four years, D. melanogaster is ideal for aging studies due to its relatively short lifespan 

(two to three months), and ease of environmental and genetic manipulations (10).  

As the frontline in contact with dietary supplementation and gut microbiome, the 

intestine is not only responsible for physiological functions like nutrient absorption, but 

also acting as the defense barrier to control both commensal and pathogenic bacteria in 

both human and D. melanogaster (10). The intestine is a high-turnover tissue, and 

intestinal stem cells (ISCs) proliferation is critical for flies to maintain its homeostasis 

(11). However, hyper-proliferation of ISCs in aged flies may result in dysregulation of 

gut proliferative homeostasis and even premature death (12). Therefore, preservation of 

gut homeostasis by dietary supplementation may be a feasible approach to managing 

healthy lifespan. The relationship between mitochondrial function and lifespan is 

another popular topic in the field of aging studies. Mitochondria are involved in various 

physiological processes including metabolism, apoptosis, and signaling (13, 14). In 

particular, the major function of mitochondria is to produce ATP as the cellular energy 

through the electron transport chain (ETC), which is essential for all organisms. 

However, it is interesting that mild inhibition of mitochondrial respiration is able to 

extend the lifespan of various species (15-17), including D. melanogaster (18). It has 

been shown that the lifespan is extended by RNAi knockdown of genes encoding 

components in the ETC complex I, III, IV or V (18). In this article, we will present data 

for the lifespan-extending effect of oligofructose. With the aid of biochemical assays 

and transcriptome analysis, we will show that both ISC proliferation and mitochondrial 
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respiration are altered after oligofructose supplementation, suggesting the potential 

underlying mechanisms.  

3.2 Materials and methods 

Fly Stocks and Husbandry 

As this study was carried out as a concurrent study of GMH supplementation project, 

all the control data are shared between these two projects. All flies were reared under 

standard laboratory conditions with a 12-h light/dark cycle at 25°C in vials containing 

agar–dextrose–yeast medium. Nine different strains of wild-type flies were used in this 

study. Besides Canton-S and Oregon-R, we also included one strain (B18) from the 

Global Diversity Panel and six strains (DGRP-21, DGRP-38, DGRP-40, DGRP-85, 

DGRP-105, DGRP-136) from Drosophila Genetic Reference Panel (DGRP). To 

examine whether Wolbachia infection status modulates the lifespan-extending effect, 

we chose three Wolbachia positive strains and three negative strains from the DGRP.  

Oligofructose Supplementation and Survival Assay 

The oligofructose supplemented medium was prepared by adding the oligofructose 

(Sigma) powder into the control agar-dextrose-yeast medium at a concentration of 

0.25% w/v. Flies were collected right after eclosion and housed at a density of 20-30 

flies per vial. At least 6 replicates with a minimum of 120 flies were tested for each 

condition. Flies were transferred to fresh medium every two days for mated females, 

and every three to five days for virgin females and males. During each transfer, dead 

flies in each vial were counted. Flies escaped or died accidentally were recorded as 

missing. All data were analyzed with Log-Rank test using the Online Application for 
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the Survival Analysis (OASIS) of lifespan assays (19).  

Long-term Feeding Assay 

Both control medium and oligofructose supplemented medium were prepared with the 

addition of a blue indigestible dye, FD&C blue No.1, at a concentration of 1% w/v (20). 

Dyed growth medium was poured into the cap of an aerated 50 ml Falcon centrifuge 

tube. Mated females were transferred into Falcon tubes with the medium-containing cap 

on. Falcon tubes were placed upside down (cap side down) in incubators for two days. 

Flies were then removed from the tube, and two ml of PBS was added into the falcon 

tube to wash all the colored-feces off the side of tubes. The total amount of food that 

flies consumed across two days was measured as a function of the amount of blue in the 

feces. This calculated from the optical density of a serial dilution of FD&C blue No.1 

solution. 

Gut Microbiome Sequencing and Analysis 

Guts of flies were dissected in PBS after 10, 20, 30 and 40 days of treatments. DNA was 

extracted from a pool of 20 guts for each sample using phenol-chloroform extraction 

method (21). According to Illumina 16s metagenome library preparation guide, 16s 

ribosomal RNA gene amplicons were prepared for the Illumina MiSeq System. Briefly, 

two rounds of PCR reactions were carried out to first amplify the hypervariable regions 

(V3 and V4) of the bacterial 16s rRNA genes, and then adaptors and barcodes were 

added for Illumina sequencing.  

Microbiome sequencing reads were analyzed following a Bioconductor workflow based 

on dada2, phyloseq, and EdgeR (22-25). Low-quality reads were filtered: those 



 

82 

containing N, with the base quality score less than or equal to two, or with more than 

two expected errors. Additionally, the first ten bases and all bases after position 230 

were trimmed. De-replication was performed to combine identical reads while keeping 

track of their abundance. The core dada2 ribosomal sequence variants (RSVs) inference 

algorithm was applied to the de-replicated data to infer sample sequences exactly and 

resolve differences of as little as one nucleotide by modeling and correcting sample-

specific sequencing errors (23). We then merged the inferred forward and reverse 

sequences, removing paired sequences that do not overlap perfectly. Chimera sequences 

were further removed. The taxonomy of RSVs was assigned based on the SILVA 

database (version 128) (26). Sequences assigned to the genus of Wolbachia were 

removed. Principal coordinates analysis was performed on log-transformed abundance 

data using Bray-Curtis dissimilarity. Constrained correspondence analysis was 

performed to evaluate the contribution of diet and treatment length to the variation in 

microbiome composition. Alpha diversity was measured with the Shannon index and 

the Simpson index. Differential abundance across control and supplementation groups 

was tested with edgeR (25, 27).  

Gut RNA-Seq and Data Analysis 

After 10, 30 and 50 days of oligofructose treatment, 50 guts were dissected and pooled 

for each replicate. Total RNA was extracted using Trizol (Invitrogen) and RNeasy mini 

plus kit (Qiagen). mRNA was isolated using magnetic mRNA isolation kit (NEB). 

KAPA stranded RNA-Seq library preparation kit was used to construct libraries for 

Illumina sequencing.  
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Raw sequencing reads were firstly processed with Trimmomatic (Version 0.33) (28) to 

trim adaptor sequences and low-quality bases and then mapped to the reference genome 

of Drosophila melanogaster (FlyBase Dmel Release 6.09) with STAR (Version 2.5.1b) 

(29). Differentially expressed genes were identified with edgeR (25). Only genes 

expressed (defined as count per million > 1) in at least two out of four samples were 

included in the analysis. Significant differentially expressed genes were defined with 

FDR < 0.05 and log2(fold change) >= or <= 0.5. Pathway enrichment of differentially 

expressed genes were evaluated with DAVID 6.8 (30). 

PH3 Immunostaining and Gut Length Measurement 

Guts were dissected in PBS and fixed for 30 min in PBS with 0.1% Tween 20 (PBT) 

and 4% paraformaldehyde. They were subsequently rinsed with PBT, and incubated 

with primary antibodies (1/1000 anti-PH3 (Upstate/Millipore) or 1/1000 anti-GFP, 

Roche) in PBT 1% BSA. Staining was revealed after a second incubation with 

Alexa488- or Alexa594-coupled anti-mouse antibodies (Invitrogen), and nuclei were 

stained with DAPI (Sigma). 

3.3 Results  

3.3.1 Oligofructose extends the lifespan in specific strains of Drosophila melanogaster 

We first tested whether oligofructose supplementation affects the lifespan of Drosophila 

melanogaster. In strain B18, survival tests in both mated male and female flies showed 

significant lifespan extension (Figure 3.1 A, B). The mean lifespan in control groups 

was 57.39 days for male flies and 58.05 for female flies. In the oligofructose treatment 

groups, an increase of 12.96% for the mean lifespan was observed in males (p = 2.1e-
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08), and an increase of 10.44% for the mean lifespan was observed in females (p = 

0.0008). As mating status is known to markedly affect lifespan (31), we then examined 

whether oligofructose can also extend the lifespan in virgin female flies of strain B18. 

No significant results were observed in virgin females (Figure 3.1 C) so that we focused 

on mated females for the rest of studies. In addition to gender and mating status, we 

want to evaluate if the genetic background is able to affect the lifespan-extending effect 

of oligofructose. We repeated the survival test in another two wild-type strains (Oregon-

R and Canton-S) and six strains from DGRP. Oligofructose supplementation increased 

the mean lifespan by 5.6% in Canton-S (Figure 3.1 D, p = 0.046) and 4.48% for DGRP-

136 (Figure 3.2 A, p = 0.016), but had no effects on Oregon-R and four out of six DGRP 

strains (21, 38, 40, 85, Figure 3.2 B-E). Surprisingly, in the strain of DGRP-105, 

oligofructose supplementation resulted in a significant reduction in the mean lifespan 

by 11.68% (Figure 3.2 F, p = 0.021). These results suggest that oligofructose 

supplementation can prolong the lifespan in some strains. Both mating status and 

genetic backgrounds may moderate the effect of oligofructose supplementation on 

lifespan.  

3.3.2 Oligofructose has little effect on food intake and gut microbiome composition 

Dietary supplementation might change the amount of food consumption and calorie 

restriction is an effective way to extend lifespan (32). Therefore, before we start to 

investigate the potential underlying mechanisms, we firstly evaluated the impact of 

oligofructose supplementation on feeding behavior using a long-term feeding assay 

(Figure 3.3 A). No significant difference in the amount of food intake was discovered  
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Figure 3. 1 Oligofructose extends lifespan in mated flies of strain B18 and Canton-S 
Oligofructose supplementation increase the mean lifespan of (A) mated male flies of 
strain B18; (B) mated female flies of strain B18. Oligofructose has no effect on (C) 
virgin female flies of strain B18; and slight effect on (D) mated female flies of strain 
Canton-S. For all of the survival tests, N>120. 
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Figure 3. 2 The effect of oligofructose on lifespan in DGRP strains 
Oligofructose has significant effect on lifespan in (A) DGRP-136, but has no effect on 
lifespan in (B) DGRP-21, (C) DGRP-38, (D) DGRP-40, and (E) DGRP-85. The lifespan 
is significantly decreased in (F) DGRP-105 after oligofructose supplementation. For all 
of the survival test, N>120. 
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between control and oligofructose treatment groups, ruling out the involvement of 

calorie restriction in the observation of the lifespan-extending effect of oligofructose 

supplementation. It has been well established that oligofructose has prebiotic effect in 

human and is able to promote the growth of beneficial bacteria in the intestine. Therefore, 

we hypothesized that oligofructose may extend the lifespan through its impact on the 

gut microbiome. To test this hypothesis, we performed gut microbiome sequencing to 

quantify the relative abundance changes of the commensal bacteria in flies along the 

process of aging. According to the result of the principal coordinates analysis (PCoA), 

there is a clear pattern that samples were clustered based on the sampling times, but not 

on the diet groups (Figure 3.3 B). Constrained correspondence analysis further 

confirmed that the sampling time explains 49.80% (p < 0.001) of the variance in 

microbiome composition while the type of diet explains only 5.55%. When analyzing 

the differential abundance at the genus level, only one genus of Stenotrophomonas 

showed a significantly lower abundance in oligofructose group on day 10. Additionally, 

we observed a shift toward the high relative abundance of Acetobacter in old flies in 

both control and oligofructose groups (Figure 3.3 C), which is in accordance with 

previous findings (33). Altogether, our results suggest that oligofructose has little effect 

on food intake and gut microbiome composition, indicating the lifespan-extending 

effect of oligofructose is not mediated by its prebiotic effect.  

3.3.3 The effect of oligofructose on gut proliferative homeostasis 

As the gut is a tissue with a high turnover rate, the proliferative activity is critical in 

maintaining the gut integrity (34). It has also been proved that preserving the intestinal 
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Figure 3. 3 Oligofructose has little effect on both food intake and gut microbiome 
composition 

(A) There is no significant difference in long-term food intake between control and 
oligofructose group, n = 3 biological replicates with 20 individual flies per replicate; (B) 
Principal coordinate analysis of gut microbiome compositions in control and 
oligofructose groups at different time points; (C) Each bar represents average relative 
abundance of each bacterial taxon (top 10 taxa) within a group at genus level. 
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proliferative homeostasis is sufficient to extend the lifespan of D. melanogaster (34). 

Therefore, we used anti-phosphohistone H3 (anti-PH3) antibody as the marker to 

measure the gut stem cell proliferation rate in the gut of flies fed on control and 

oligofructose food at different time points. Consistent with former studies (35, 36), low 

levels of homeostatic proliferation were observed in young and healthy guts on day 10, 

and higher levels on day 50 in both control and oligofructose groups. However, we 

found that the number of PH3 positive cells was significantly higher in the oligofructose 

group (Figure 3.4 A) than that of the control group on both day 30 (p = 0.021) and day 

40 (p = 0.016). Although no significant difference was observed on day 50 between 

control and oligofructose group, there was an obvious trend that the number of PH3 

positive cells was lower in oligofructose group on day 50. We also measured gut length 

as another parameter of the physiological status of the gut. In accordance with a previous 

study (37), we observed significant gut shortening along the process of aging in both 

groups (Figure 3.4 B). However, on day 10, guts from the oligofructose group were 

significantly shorter than the control group (p = 0.000791), and no differences were 

observed at other time points. Taken together, oligofructose supplementation shortens 

the gut at an early life stage and promotes gut stem cell proliferation at middle life stages.  

3.3.4 Oligofructose affects the regulation of stress signaling pathways and 

mitochondrial respiration processes 

To explore the potential underlying mechanisms of the lifespan-extending effect of 

oligofructose supplementation, we carried out mRNA-sequencing experiment to 

identify differentially expressed genes between control and supplementation groups. 
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Figure 3. 4 The effect of oligofructose on intestinal stem cells proliferation 

(A) Quantification of PH3 positive cells in mid-guts from flies fed on either control or 
oligofructose supplemented food at different time points. (B) Measurement of the mid-
gut length from flies fed on either control or oligofructose supplemented food at 
different time points.  
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The guts of flies were dissected after 10, 30 and 50 days of treatment, and the total RNA 

was isolated from these guts to construct the mRNA-sequencing library. Overall, 95 

differentially expressed genes were found in guts collected on day 10, 355 genes on day 

30, and 285 genes on day 50 (Figure 3.5). Only six genes were shared among all three 

time-points, 16 genes were shared between day 10 and day 30, 64 genes were shared 

between day 30 and day 50, and 24 genes were shared between day 10 and day 50. To 

interpret the data at the biological pathway level, we annotated genes to Kyoto 

Encyclopedia of Genes and Genomes (KEGG) to perform the pathway enrichment 

analysis. We found that on day 10, only one pathway of ribosome biogenesis is 

upregulated in the oligofructose group. On day 30, the EGFR/MAPK and Toll/Imd 

signaling pathways are significantly up-regulated, both of which are involved in the 

intestinal immune responses. At the same time, oxidative phosphorylation (OXPHOS) 

and citrate cycle (TCA cycle) together with pathways related to carbon metabolism and 

fatty acid degradation are all down-regulated in the oligofructose group. The OXPHOS 

activity was kept down-regulated on day 50, with additional pathways involved in 

cytochrome P450 metabolism. Since the ISC proliferation is regulated by these stress-

signaling pathways and mitochondrial OXPHOS and TCA cycle are tightly involved in 

the energy metabolism, we next mainly focused on genes related to these pathways. As 

early as day 10, we found that several differentially expressed genes in the oligofructose 

group were involved in the EGFR/MAPK and Toll pathways (Figure 3.6 A). However, 

inconsistent with the KEGG pathway enrichment analysis on day 30, most of the genes 

are down-regulated on day 10, except one antimicrobial peptide, Drosomycin (Drs). 

Meanwhile, although we did not observe significant results at the pathway level on day  
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Figure 3. 5 Venn diagram of the differentially expression genes at three time points 
There are 95 differentially expressed genes between control and oligofructose groups 
on day 10, 355 genes on day 30, and 285 genes on day 50. 6 genes are shared among all 
three time points, 16 genes shared between day 10 and day 30, 64 genes shared between 
day 30 and day 50, and 24 genes shared between day 10 and day 50. 
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Figure 3. 6 Heatmap of selected differentially expressed genes between control and 
oligofructose groups 
Heat map shows expression levels of selected genes of interest across three time 
points, * indicates FDR < 0.05. Genes with low expression levels in half of the 
samples or more were not included in the differential expression analysis, and 
indicated as grey here 
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10, four genes encoding proteins in the mitochondrial electron transport chain (ETC) 

were all significantly down-regulated in oligofructose group (Figure 3.6 B). For day 30, 

an increasing number of genes in the stress signaling pathways were found to be 

differentially expressed (Figure 3.6 A). One of the major ligands for the EGFR pathway, 

Vein (vn), was significantly up-regulated in the oligofructose group, together with 

another two regulators of the EGFR pathway, Edl and Rno. Multiple genes in the 

Toll/Imd, JAK/STAT, and JNK pathways were also up-regulated after 30 days of 

oligofructose supplementation. On the other hand, the expression of genes encoding 

NADH dehydrogenase and succinate dehydrogenase were significantly down-regulated 

in the oligofructose group (Figure 3.6 B), which is in accordance with the pathway 

enrichment analysis.  

When analyzing the transcriptome data collected on day 50, we found dramatic changes 

in the stress-signaling pathways. Except for two genes in the EGFR pathway still up-

regulated in the oligofructose group, all other genes were down-regulated in the stress-

signaling pathways, including the two main ligands of the JAK/STAT pathway, unpaired 

2 (Upd2) and unpaired 3 (Upd3) (Figure 3.6 A). We still observed the same pattern on 

genes involved in mitochondrial respiration: genes encoding NADH dehydrogenase and 

pyruvate dehydrogenase were kept down-regulated on day 50 (Figure 3.6 B). In addition 

to the above-mentioned genes, there are numerous genes encoding antimicrobial 

peptides (AMP) or involving in antibacterial responses were up-regulated in 

oligofructose group on both day 30 and day 50 (Figure 3.6 B). It is also noteworthy that 

two genes functioning in responses to starvation were up-regulated in flies fed on 

oligofructose diet, one on day 30 and the other on day 50. To summarize, the 
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differentially expressed genes are enriched in gut stress-signaling pathways and 

mitochondrial respiration processes. The stress-signaling pathways tended to be 

inhibited on both day 10 and day 50, but were significantly promoted on day 30. For the 

mitochondrial respiration process, it was inhibited in the oligofructose treatment group 

at all three time-points. 

3.4 Discussion 

In this study, we use Drosophila melanogaster as the model organism to investigate the 

effect of life-long oligofructose supplementation on the lifespan. We found that in the 

genetic background of B18, oligofructose can significantly extend the lifespan in mated 

male and female flies, but not in virgin female flies, suggesting the effect of 

oligofructose in B18 is affected by the mating status but not gender. When repeating the 

experiment using flies with different genetic backgrounds, oligofructose 

supplementation extends the average lifespan of two strains out of eight wild-type 

strains we examined. In one of the DGRP strains, oligofructose even has detrimental 

effects on the average lifespan. Therefore, we found that there is a strong genetic 

influence on the lifespan-extending effect of oligofructose supplementation. Future 

studies are needed to explain the interaction between the oligofructose treatment and 

genetic factors in the process of aging. As oligofructose is known to promote the growth 

of beneficial bacteria in the gut (1), we then examined if we can observe the same effect 

in D. melanogaster. The results of 16s rRNA sequencing indicated that dietary 

supplementation of oligofructose cannot alter the gut microbiome composition in flies, 

suggesting gut microbiome may not play a role in increasing the lifespan after 
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oligofructose treatment.  

Combining the results of PH3 immunostaining experiment and gut transcriptome 

sequencing, we discovered that the ISC proliferation rate and mitochondrial respiration 

process may be the two key factors mediating the lifespan-extending effect of 

oligofructose. First, ISC proliferation is essential for the gut to maintain the high-

turnover rate for the epithelial recoveries after damage or infection (38, 39). However, 

at the later life stage, the hyperproliferation of ISCs can lead to the disruption and 

perturbation of normal intestinal organization and function, which may ultimately lead 

to the death of the animal (12). Therefore, it is critical for the animal to maintain the 

proliferative gut homeostasis. The over-activation of several growth and stress signaling 

pathways is known to be responsible for the hyper-proliferation of ISCs, such as 

MAPK/EGFR, JAK/STAT, Toll/Imd, and JNK pathways (38, 40, 41). Therefore, we 

have observed a consistent pattern on day 30 that oligofructose group has both elevated 

amounts of PH3 positive cells and promoted expression of MAPK/EGFR and Toll/Imd 

pathways, indicating oligofructose may stimulate ISC proliferation via the stress 

signaling pathways on day 30. It is known that the hyper-proliferation in the aging 

intestine is detrimental for flies. However, it is still uncertain whether it is also harmful 

to the middle-aged flies. On day 50, the transcriptome analysis showed that stress 

signaling pathways like JAK/STAT and JNK are inhibited under oligofructose 

supplementation. However, the general effect of aging may dominate the outcome so 

that we have only observed the trend of reduction in ISC proliferation in oligofructose 

group on day 50, but not significant. In comparison, in the examination of another 

compound named glucomannan hydrolysate (GMH), we have observed a more potent 
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reduction in ISC proliferation in aging flies together with a longer lifespan extension. It 

is very likely that the oligofructose supplementation is not as efficient as GMH, 

especially on the ISC proliferation.  

The second key factor in the potential underlying mechanism of oligofructose 

supplementation is the mitochondrial respiration. Evidence from RNA-seq 

demonstrated that mitochondrial respiration is inhibited after oligofructose treatment. 

The expression of genes encoding NADH dehydrogenase and succinate dehydrogenase 

is down-regulated. These two enzymes are required for the oxidation of NADH and 

succinate to provide the energy for the first step in ETC. Therefore, the ETC capacity is 

significantly suppressed under oligofructose supplementation across the process of 

aging. According to the literature, the extension of lifespan by mild inhibition of 

mitochondrial respiration has been demonstrated from yeast to mice (15-17). It has also 

been proved that RNAi knockdown of components in ETC complexes extends lifespan 

in D. melanogaster (18). However, the molecular mechanism of this phenotype is still 

under debate, with several theories including reduced metabolic rate, retrograde 

signaling from mitochondria to the nucleus, and elevated ROS level (14). To elucidate 

the connection between oligofructose supplementation and mitochondrial respiration, 

further studies are needed to explore the molecular mechanism of this association.   

Overall, we have demonstrated that oligofructose can extend the lifespan of D. 

melanogaster in a genetics-linked manner. Unlike the established prebiotic effect in 

human, oligofructose has little impact on gut microbiome growth in flies. However, it 

showed a consistent impact on gut homeostasis as revealed by the biochemical 
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experiment and the transcriptome analysis that oligofructose is able to promote the ISCs 

proliferation at middle age of flies, but inhibit the hyper-proliferation of ISCs in the 

aging intestine. Moreover, mitochondrial respiration capacity is also inhibited by 

oligofructose supplementation. Taken together, the involvement of both ISC 

proliferation and mitochondrial respiration may contribute to the lifespan-extending 

effect of oligofructose supplementation. Meanwhile, future studies are required to 

further investigate the molecular mechanisms of the interaction between oligofructose 

supplementation, gut homeostasis, and mitochondrial metabolism.  
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Chapter 4 – The association of mitochondrial DNA content and the survival rate 

under various conditions in Drosophila melanogaster 

4.1 Introduction 

Mitochondria are ubiquitous organelles in eukaryotic organisms which play a key role 

in multiple cell functions, including producing ATP via respiration (1), apoptosis (2), 

and Ca2+ signaling (3). Mitochondria are also unique as they are the only organelles 

that host their own genome, mitochondrial DNA (mtDNA). Unlike nuclear genome, 

mtDNA does not follow the Mendelian inheritance system and shows a maternal 

inheritance pattern. More importantly, multiple copies of mtDNA exist within each cell, 

ranging from hundreds to thousands of copies per cell. Altered mtDNA copy number 

regulation may lead to changes in the expression of mtDNA encoded genes and result 

in mitochondrial dysfunction, which may further damage the nuclear genome (4, 5).  

Aging is a complex biological process characterized by systemic declining of 

physiological functions. The causes and mechanisms of aging are still not well 

understood. Different theories have been proposed, including telomere shortening, 

genome instability, and mitochondrial dysfunction. Among them, the mitochondrial 

dysfunction theory has received increasing attention with the support of numerous 

studies. As mtDNA copy number is believed to be a good indicator of mitochondrial 

function (6, 7), various studies have been carried out to examine the association between 

mtDNA copy number and aging or aging-associated diseases. The aging-associated 

decline in mtDNA copy number and respiration chain function have been observed in 

different organisms including humans (8-10). Surprisingly, one study on the 
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nonagenarians and centenarians in China revealed that these long-lived people have a 

significantly higher mtDNA copy number than the subjects aged between 50 and 70 

years (11). More interestingly, in another study carried out by the same group 

demonstrated that the offspring of the centenarians also have a significantly higher 

mtDNA copy number than their spouses (12). Consistently, in a Danish study, they 

found that higher mtDNA copy number in blood is associated with better health and 

survival among the elderly (13). As the main function of mitochondria is to supply 

energy, aging-associated decline in mitochondrial function may have more tremendous 

impact on energy-demanding tissues like the brain. It has been shown that mtDNA 

content is reduced in cerebrospinal fluid of subjects with Alzheimer's disease (14), 

which is considered as an aging-associated disease.  

In most cells and tissues, there are hundreds to thousands of copies of mtDNA, which 

seem to be more than what is needed to maintain basic functions of mitochondria. From 

a perspective of evolution, some selection pressures might exist to sustain a high cellular 

mtDNA copy number, perhaps related to immune functions (15). Ever-growing 

evidence in literature links mitochondria to the immune system, most notably to innate 

immune responses to cellular damage, stress and pathogen infections (16). The bacterial 

origin of mitochondria results in a mtDNA methylation pattern distinctly from that of 

nuclear DNA. The mtDNA methylation pattern appears to be more like that of “foreign” 

than “self” DNA (17). Recent works in circulating cell-free mtDNA have suggested that 

upon tissue damage, the release of mtDNA into plasma activates the innate immune 

responses, which may further lead to chronic inflammation (18, 19). However, mtDNA 

stress can also prime the antiviral innate immune response. Researchers found that in a 



 

104 

TFAM (transcription factor A, mitochondrial) deficient mouse model, aberrant mtDNA 

packaging promotes the escape of mtDNA into the cytosol to enhance the expression of 

antiviral signaling pathways (20). Furthermore, the same mechanism was observed 

upon herpesviruses infection that mtDNA stress acts as a cell-intrinsic trigger of 

antiviral immune responses (20). It has also been shown that mtDNA is a potent inducer 

of neutrophil extracellular traps, which are critical for the anti-bacterial activity of the 

innate immune system (21). Therefore, mtDNA may contribute to chronic inflammation 

diseases, but at the same time, it is also a central participant in innate immunity.  

It has been demonstrated that mtDNA copy number can be altered under various 

pathologic conditions and is associated with multiple diseases. However, in apparently 

healthy individuals, the mtDNA copy number still varies over a 2-10 fold range (22). 

Although it is considered clinically normal when the mtDNA content is between 40 and 

150 percent of the average (23), we are interested in the potential consequences of such 

dramatic variation among healthy populations, especially when facing environmental 

stresses. In this article, we use Drosophila melanogaster as the model organism to study 

the mtDNA copy number variation in healthy individuals. By implementing both 

survival test and transcriptome analysis, we found a possible connection between 

mtDNA copy number variation and immune responses in male flies.  

4.2 Materials and methods 

Fly husbandry and different diet treatments 

All flies were reared under standard laboratory conditions with a 12-h light/dark cycle 

at 25°C in vials containing agar–dextrose–yeast medium. We used one strain (B18) from 



 

105 

the Global Diversity Panel as the wild-type strain. For normal diet groups, flies were 

fed with the food containing 12 g agar, 100 g glucose, 100 g yeast and 10 ml propionic 

acid every one-liter medium. In high sucrose diet group, based on the same food recipe, 

glucose was substituted into sucrose at a concentration of 34% (w/v), which was proved 

to shorten the lifespan of fruit flies (24). For starvation treatment, flies were fed with 

1% agar plate with the addition of sucrose at a concentration of 2.5%.  

DNA extraction 

Classic phenol-chloroform method was implemented when purifying DNA from a 

single fly. For wing DNA purification, a modified protocol was used based on the 

method developed by Gil B. Carvalho et al. (25). Briefly, wings were cut after eclosion 

when wings were spread but still soft, then frozen in liquid nitrogen and stored at -80 

°C if not proceeding to DNA extraction. When purifying DNA from the wing sample, 

add 100 μL lysis buffer (10 mM Tris-Cl at pH 8.2, 1 mM EDTA and 1% SDS) with 

protease K at a concentration of 200 μg/mL. Optimal results were obtained when the 

wing sample was entirely submerged in the buffer. The tubes were incubated at 55 °C 

for 1 h and then phenol-chloroform were added to inactivate protease. Afterwards, DNA 

was extracted the same way as the single fly DNA extraction.  

Droplet digital PCR measurement 

To measure mitochondrial copy number using ddPCR, two specific sets of primers and 

TaqMan probes were designed and purchased from VWR, one set measuring nuclear 

copies (Forward:5’-AATTGGGTTGCTACCAGGTC, Reverse:5’-GACTAGAGGCG 

GATTGAAGG, Probe: 5’-FAM- CCAGGCACTTGTGCCCACGT) and one set 
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measuring mitochondrial copies (Forward: 5’-AAGGAACACCCGCTATTCTTATAC, 

Reverse: 5’-AATGTCCAGCAATTATATTAGCAGTT, Probe: 5’-HEX-TCGACCTG 

GAACATTAGCTGTTCGA). Depending on the concentration of genomic DNA, one 

to eight μL of purified genomic DNA was added to 10 μL of ddPCR 2× PCR master 

mix (Bio-Rad), together with nuclear and mitochondrial primers and probes at a final 

concentration of 900 nM for primers and 250nM for probes. In total, 20 μL of the master 

mix, genomic DNA and primers and probes mixture was loaded into the cartridges 

together with 70 μL of generator oil, and then placed in the automated droplet generator. 

40 μL of picoliter droplet emulsion was transferred to a PCR plate by an autopipette to 

reduce the risk of disrupting the droplets. The PCR plate was sealed by the foil (Bio-

Rad) and placed in the thermocycler with the following program: 95 °C for 10 min; 40 

cycles of 94 °C for 30 s, 60 °C for 1 min; and 98 °C for 10 min. The plates were then 

placed into the ddPCR reader to read the fluorescent signal in each droplet. The number 

of molecules was then estimated by the Quantalife ddPCR using an internal Poisson 

algorithm. As nuclear and mitochondrial probes are labeled with different fluorescent, 

we can measure the absolute number of both nuclear and mitochondrial molecules at 

the same time as long as they both fall in the range of 50-5000 copies/ μL, otherwise, a 

separate reaction for mitochondrial copies measurement is required.  

RNA-seq and data analysis 

Individual flies were placed in 1.5 ml tubes and then placed into liquid nitrogen and 

stored at -80°C if not proceeding to RNA extraction. Total RNA was extracted using 

Allprep DNA/RNA mini kit (Qiagen), and the DNA was also extracted at the same time. 

After ddPCR measurement, three samples with the lowest mitochondrial copy numbers 
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and three with the highest were selected for each gender. mRNA was isolated using 

magnetic mRNA isolation kit (NEB) for selected samples. KAPA stranded RNA-Seq 

library preparation kit was used to construct libraries for Illumina sequencing.  

Bacterial infection experiment 

The oral bacterial infection experiment is performed according to the published protocol 

(26). Experiment flies were flipped into empty vials and starved for 2 h under 29 °C. A 

1:1 mixture of 5% sucrose and concentrated bacteria (OD 200) solution was prepared 

as the infection mix. An absorbent pad was cut into the diameter of the fly vials, placed 

into a tube, and pushed down until contact with the diet. The pad should completely 

cover the diet. 150 μL of the infection mix were added immediately to the pad for 

infection treatment. Starved flies were then flipped into the infection vials and incubated 

at 29°C. Flies were flipped into new vials with the fresh bacterial solution every other 

day, and death was recorded every day.  

4.3 Results 

4.3.1 A large variation of mitochondrial DNA copy number in healthy flies 

Similar to observations from previous studies, we found that there is a six-fold variation 

of the mtDNA copy number among the healthy newly-eclosed individual flies (Figure 

4.1 A), with the lowest mtDNA copy number of 38.28 and the highest mtDNA copy 

number of 253.83. The mean mtDNA copy number for male individuals is 115.56, and 

106.27 for female individuals. There is no significant difference in the distribution of 

mtDNA copy number between the male and female groups. In order to measure mtDNA 
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copy number without killing the flies, we modified the method developed by Carvalho 

et al. to extract DNA from the wings of flies (25). Similarly, a variation of mtDNA copy 

number was observed in wing samples as well (Figure 4.1 B). To examine whether wing 

mtDNA copy number is representative for the whole-body mtDNA content, we 

performed the association analysis between the wing and whole-body mtDNA copy 

number. A borderline significant association (p = 0.055, R = 0.21) was observed for the 

wing and whole-body mtDNA association in the combined data of male and female 

(Figure 4.1 C). When separating the data by gender, there is a significant association in 

the female group (Figure 4.1 D, p = 0.00066, R = 0.47), but not significant in the male 

group. Therefore, we observed a wide distribution of mtDNA copy number in both 

whole-body and wing samples, in male and female flies, but the association between the 

wing and whole-body mtDNA copy number is only significant in female flies.  

4.3.2 mtDNA content is associated with multiple stress responses in male flies 

To further investigate the consequence of mtDNA copy number variation in healthy 

individuals, we performed survival test to examine if it is associated with lifespan 

variation of D. melanogaster. A negative correlation between mtDNA copy number and 

lifespan was observed in both male and female individuals. Although the overall 

analysis showed that it is not statistically significant (Figure 4.2 A), data from the male 

flies have a marginal p-value of 0.056 (R = -0.64) (Figure 4.2 C). To explore whether 

mtDNA copy number variation is related to the ability to withstand extrinsic stress, we 

implemented different stress assays including high-sucrose, bacterial infection, and  
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Figure 4. 1 A large variation of mtDNA copy number and mtDNA copy number 
correlation between wing and body samples 
There is a large variation of the mtDNA copy number in both (A) whole flies body 
samples, and (B) flies wing samples; There is (C) a borderline significant correlation of 
mtDNA content between wing and body samples, and (D) a very significant correlation 
of mtDNA content between wing and body samples in female flies.  
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starvation assays. In high-sucrose feeding experiment, we discovered a similar pattern 

as that in the normal survival test: there is a significant negative correlation between 

mtDNA copy number and lifespan in male flies (p = 0.044, R =-0.63), but not in female 

flies (Figure 4.2 D-F). Then we carried out bacterial infection assay to investigate if the 

response to oral bacterial infection is associated with mtDNA content. Interestingly, we 

still found a significant association between mtDNA copy number and the survival time 

after oral infection in male flies again (p = 0.022, R = 0.51), and not in female flies 

(Figure 4.3 A-C). Different from the negative correlation observed in both the normal 

survival assay and the high-sucrose survival assay, a positive correlation was observed 

in the bacterial infection study. Due to the special design of oral bacterial infection 

assay, flies are exposed to a combination of stresses from bacterial infection and partial 

starvation. Therefore, we also performed a starvation survival assay to evaluate its 

impact on the oral infection experiment. We did not find any significant results in the 

starvation survival test in either male or female groups (Figure 4.3 D-F), suggesting it 

is unlikely that starvation plays a role in the correlation between mtDNA content and 

the survival time after bacterial infection.  

4.3.3 mtDNA content is associated with gene expression changes in multiple pathways 

To explore the potential molecular mechanism underlying the association between 

mtDNA copy number and stress responses, we selected individual flies with extreme 

mtDNA copy number to identify differentially expressed genes between flies with low 

and high mtDNA copy number in both male and female individuals. Both DNA and 

RNA were extracted at the same time for individual flies. After mtDNA copy number  
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Figure 4. 2 Correlation between mtDNA content and survival rate of flies fed on 
normal and high-sucrose diet 
When flies are fed on the normal diet, there is no correlation between mtDNA content 
and survival rate when analyzing the data of (A) combination of male and female flies, 
and (B) female flies only, and there is a borderline significant correlation when 
analyzing the data of (C) male flies only; When flies are fed on the high-sucrose diet, 
there is no significant correlation results in (D) combination of male and female flies, 
and (E) female flies only, but significant result for (F) male flies. 
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Figure 4. 3 Correlation between mtDNA content and survival rate of flies under 
bacterial infection and starvation 
When flies are under oral bacterial infection, there is no correlation between mtDNA 
content and survival rate when analyzing the data of (A) combination of male and 
female flies, and (B) female flies only, and there is a significant correlation when 
analyzing the data of (C) male flies only (p = 0.022); When flies are under starvation, 
there is no significant correlation results in (D) combination of male and female flies, 
(E) female flies only, and (F) male flies only. 
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is determined by ddPCR, we chose 3 individuals with extreme copy number from both 

ends of the distribution to perform mRNA-sequencing in both genders. Overall, we 

found four genes differentially expressed in male flies, and 105 genes in female flies 

between the low and high mtDNA copy number groups. All of the four genes were 

down-regulated in male flies with high mtDNA copy number compared with the ones 

with low mtDNA copy number. Among the 105 differentially expressed genes in the 

female flies, 66 genes were up-regulated and 39 were down-regulated in the high copy 

number group. When further examined the function of the four differentially expressed 

genes in male, we found that two of them have unknown functions, while the other two 

are related with sperm production, including Dnah3 and Mst36Fb. Dnah3 is involved 

in the function of sperm competition, and Mst36Fb plays an important role in 

spermatogenesis. Consistently, gene sets enrichment analysis revealed that most of the 

down-regulated gene sets are enriched in the processes related to spermatogenesis and 

sperm motility (Figure 4.4 A). Moreover, processes of directing and transporting 

proteins into mitochondria also tend to be down-regulated in the high copy number male 

flies. Multiple metabolic processes are up-regulated in males with high copy number, 

such as amino acids, glucose and cellular carbohydrate metabolic processes (Figure 4.4 

B). For the female flies, as more genes are found to be differentially expressed between 

low and high mtDNA copy number groups, we started by examining the significantly 

regulated pathways or gene sets. A large number of cell-cycle-related gene sets were 

down-regulated in the high mtDNA copy number group (Figure 4.5 A). Although no 

up-regulating pathways survived multiple-testing correction, most of the top ones are 

related to anti-microbial responses (Figure 4.5 B). Interestingly, in addition to genes  
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Figure 4. 4 Top GO enrichment pathways in male flies  
(A)Down-regulated pathways in the high copy number group, and (B) up-regulated 
pathways in the high copy number group 
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Figure 4. 5 Top GO enrichment pathways in female flies 
(A)Down-regulated pathways in the high copy number group, and (B)up-regulated 
pathways in the high copy number group 
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involved in the process of cell-cycle and immune responses, we also discovered several 

mitochondria-related genes including spargel, which is the Drosophila PGC-1 

homolog. Altogether, there is a clear pattern in male flies that the male fertility tends to 

be inhibited in flies having a higher mtDNA content comparing with the ones having a 

lower mtDNA content. However, it is more complicated for female flies, with the 

possible involvement of genes regulating cell-cycle and immune responses.  

4.4 Discussion 

Revealed by the survival assays together with the transcriptome analysis, there is a 

gender-specific effect regarding the impact of mtDNA content variation in healthy 

individuals. In male flies, a higher mtDNA copy number is associated with inhibited 

sperm production and motility, and with promoted amino acids and carbohydrate 

metabolism. From previous studies, we learned that mitochondrial fusion and fission 

are required for the process of spermatogenesis (27), and mtDNA copy number could 

be affected by the changes of mitochondrial dynamics (28). Thus, it is very likely that 

the observation of association between mtDNA content and male fertility is related to 

mitochondrial dynamic changes. In terms of carbohydrate metabolism, it is much clearer 

in the literature that the reduction of mtDNA copy number is associated with the failure 

of glucose metabolism in the diabetic patient (29). Therefore, comparing with the flies 

having low mtDNA copy number, the ability to metabolize glucose and carbohydrate is 

improved in high mtDNA copy number group. In female flies, flies with higher mtDNA 

content have down-regulated cell-cycle and growth-related pathways. Although it is not 

clear if and how mtDNA replication is linked to the cell cycle, several studies have 
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reported a correlation between mitochondrial biogenesis and progression of the cell 

cycle (30, 31). In particular, it has been demonstrated that the stimulation of growth 

factors can also induce mtDNA replication (32). However, in the high mtDNA copy 

number group, we observed inhibited cell-cycle and growth pathways. Further assays 

are needed to demonstrate the potential relationship between mtDNA copy number and 

cell cycle.  

Even though these differentially regulated pathways have some underlying connection 

with mitochondrial DNA, the reason of having such a huge difference between male 

and female flies is still unknown. Given the exclusive maternal inheritance of 

mitochondria, there may be fundamental sex differences in regulating mitochondrial 

metabolism to cope with different stressful conditions between male and female 

individuals (33). Similarly, in the normal and stress survival assays, only male flies have 

shown the significant correlation between mtDNA copy number and responses to high-

sucrose diet and oral bacterial infection, indicating mtDNA copy number variation may 

have a stronger influence on male flies, especially when facing stressful conditions. 

From a perspective of evolution, the maternal inheritance implies that selection might 

only be effective on mitochondria carried by females, thus making mitochondrial DNA 

more compatible with female nuclear DNA (33). Hence, it is very likely that female has 

a better buffering capacity for mtDNA mutations and copy number variations. 

Therefore, male flies harboring high mtDNA copy number may have a different 

metabolic capacity comparing with the flies have lower mtDNA copy number, which 

leads to a shorter lifespan when feeding on both control and high-sucrose diet, but a 

better survival rate under bacterial infection. Specifically, the results of the high-sucrose 
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survival assay and transcriptome analysis have suggested carbohydrate metabolism may 

be the mediator of the mtDNA copy number variations in males. For the positive 

correlation between mtDNA copy number and lifespan under bacterial infection, flies 

with high copy number have a better survival rate. Evidence from other studies showed 

that the release of mtDNA may prime the innate immune system (20). Therefore, it is 

possible that individuals harboring higher mtDNA copy number may have a higher 

chance of releasing mtDNA to stimulate the immune responses.  

As an exploratory research, there are also some limitations and caveats in this study. 

The main obstacle is to find a non-invasive method to obtain the information of mtDNA 

copy number in an early life stage when using D. melanogaster as the model organism. 

We chose to cut the wings off flies for mtDNA measurement so that flies are still alive 

for further survival assays. Although most of the flies can survive the wing cutting 

procedure, there is a small portion of them died afterward. When comparing the mtDNA 

content between the flies survived and died after the wing-cutting procedure, we 

discovered that the flies with relatively lower mtDNA copy number tend to have a lower 

survival rate of wing-cutting. Therefore, the procedure of wing-cutting may introduce 

possible bias for further survival assays by eliminating the flies with lower mtDNA copy 

number. However, in D. melanogaster, it is very challenging to develop a non-invasive 

method to collect the data of mtDNA copy number without affecting the performance 

of flies. In future studies, using larger experimental organisms will be a more promising 

approach to investigate the potential consequence of mtDNA copy number variation. 

For mtDNA copy number variation studies, another inevitable issue is to address the 

tissue-specific manner of mtDNA copy number (34). Due to the limitation of using D. 
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melanogaster as the experimental organism, wing mtDNA copy number has been 

chosen as a biomarker for this study, which only has a significant correlation with the 

whole-body mtDNA copy number in male flies. Even though it is unclear whether wing 

mtDNA copy number is representative for other tissues in the body, our results suggest 

that mtDNA content in wing samples does have an association with the lifespan of male 

flies under high-sucrose and oral bacterial infection treatments.  

In summary, we found that there is a broad distribution of mtDNA copy number even 

in D. melanogaster with an isogenic background. To explore the potential consequence 

of such a huge variation of mtDNA content in healthy individuals, we discovered that 

in male flies, higher mtDNA content tends to associate with a shorter lifespan in normal 

and high-sucrose diet, but a better survival rate when facing bacterial stresses. Future 

studies are needed to confirm the generalizability of this relationship in other organisms 

and to elucidate its underlying molecular mechanisms.   
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Chapter 5 – Summary and future directions 

In summary, I have reviewed the current knowledge of mitochondrial DNA genetics 

and the involvement of mitochondrial dysfunction in human diseases, emphasizing the 

importance of investigating the role of mitochondria in the progression of complex 

diseases. By discussing the interaction between mitochondria and different nutrients or 

dietary patterns, I suggested that identifying nutritional interventions to restore 

mitochondrial function may offer a new approach to managing complex diseases. I have 

also presented data of two compounds that have the ability to extend the lifespan of 

Drosophila melanogaster, konjac glucomannan hydrolysate (GMH) and oligofructose. 

I found that GMH can extend the lifespan in different genetic backgrounds and in both 

virgin and mated flies, possibly through regulating the gut microbiome and intestinal 

proliferative homeostasis. For oligofructose, it can also extend the lifespan of 

Drosophila melanogaster, but in a genetics-linked manner. I have identified three 

possible underlying mechanisms, including mild starvation, regulation of stress 

signaling pathways, and slight inhibition of mitochondrial respiration. Moreover, in an 

exploratory project, I have investigated the potential association between mitochondrial 

copy number and the survival rate under various conditions. I found significant 

associations between wing mtDNA copy number and survival time under both high-

sucrose and oral bacterial infection conditions in male flies only.  

My studies have generated valuable insights and suggestions for future studies. My 

GMH supplementation study was the first to show that it can extend the lifespan of 

Drosophila melanogaster. Future studies are needed to examine if the same effect and 
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molecular mechanisms are generalizable to other model organisms, such as mice. 

Considering the lifespan-extending effect of oligofructose is in a genetics-linked 

manner, using flies from the DGRP to perform the survival assay at the population level 

may help us discover the genetic factors that are linked with the effect of oligofructose 

supplementation. As for the exploratory project studying the potential association of 

wing mtDNA copy number and lifespan, there are still some issues that need to be 

addressed in the future. With the limitation of the body size, I chose to extract DNA and 

measure the copy number from the wing samples of flies. However, the wing mtDNA 

copy number is not associated with body mtDNA copy number in male flies. Further 

studies are needed to first calibrate the measurement of wing mtDNA copy number and 

also examine whether wing mtDNA copy number is representative of other tissues. Due 

to the fact that flies with lower mtDNA copy number tend to die after the wing-cutting 

procedure, it brings us a dilemma that we could never obtain the information of flies 

mtDNA copy number without affecting their performance. Therefore, I propose that 

using mice as the experimental organism in the future may be a more feasible approach 

to investigate the impact of mitochondrial copy number in early life stage.  


