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Abstract

The role of mitochondrial complex I in aging has been studied in both C. elegans and Drosophila, 

where RNAi knock down of specific complex I subunits has been shown to extend lifespan. More 

recently, studies in Drosophila have shown that an increase in mitochondrial activity, including 

complex I-like activity, can also slow aging. In this review, we discuss this apparent paradox. 

Improved maintenance of mitochondrial activity, mitochondrial homeostasis, may be responsible 

for lifespan extension in both cases. Decreased electron transport chain activity caused by 

reducing complex I subunit expression prompts an increase in stress response signaling that leads 

to enhanced mitochondrial homeostasis during aging. Increased complex I activity, as well as 

mitochondrial biogenesis, is expected to both directly counteract the decline in mitochondrial 

health that occurs during aging and may also increase cellular NAD+ levels, which have been 

linked to mitochondrial homeostatic mechanisms through activation of sirtuins. We suggest that 

manipulations that increase or decrease complex I activity both converge on improved 

mitochondrial homeostasis during aging, resulting in prolonged lifespan.
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Introduction

Metabolic rate has been closely associated with aging for as long as mechanisms of aging 

have been examined. Scientists as early as Aristotle characterized qualitative differences 

between the living and the dead, and deduced that the rate of aging must depend on the rate 

of change that organisms undergo before dying (Ross 1952). This intuitive idea that aging is 
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determined by the rate of conversion of materials essential for life persisted through the turn 

of the previous century, compelling August Weismann to caution that, “The organism must 

not be looked upon as a heap of combustible material, which is completely reduced to ashes 

in a certain time the length of which is determined by size, and by the rate at which it 

burns…” (Weismann 1889).

Consequently, it comes as no surprise that initial forays into mechanistic studies of aging 

looked to metabolic rate as a fundamental cause of aging. Though these “rate-of-living” 

theories (Rubner 1908; Pearl 1928) have fallen out of favor, they set the stage for Denham 

Harman to delineate one of the most influential theories of aging that was the basis for many 

current studies of aging and longevity (Harman 1956). The Free Radical Theory of Aging 

(FRTA) theorizes that aging is not inherently caused by metabolism, but by accumulation of 

damage from reactive oxygen species (ROS) that are byproducts of metabolism. In recent 

years, however, the FRTA has faced a number of challenges and difficulties (Gems and 

Doonan 2009; Lapointe and Hekimi 2010). Indeed, it has been shown that while high levels 

of ROS are detrimental, moderately increased ROS levels can be beneficial. By a process 

known as hormesis, moderate increases in ROS have been shown to trigger stress responses 

that stimulate repair and protection pathways (Yun and Finkel 2014).

Aerobic metabolic processes in eukaryotes are compartmentalized and segregated in the 

mitochondria which functions both as the largest source of chemical energy in the form of 

ATP, and ROS (Wallace 2005). The major entryway of high energy electrons into the 

electron transport chain (ETC) is mitochondrial complex I (NADH-ubiquinone 

oxidoreductase) which serves multiple functions as a pace-setter for the ETC, a major 

producer of the electrochemical gradient across the inner mitochondrial membrane, and a 

major source of ROS production (Barja 1999; Papa et al. 2012). As expected from an 

enzyme that integrates many different functions, complex I is a complicated and highly 

organized holoenzyme comprised of more than 40 different subunits in mammals (Carroll et 

al. 2006; Gabaldón et al. 2005), with a growing list of accessory and assembly factors (Diaz 

et al. 2011; Cho et al. 2012). The assembly of complex I holoenzyme is an intricate multi-

step process that involves the formation of multiple subassemblies (Mimaki et al. 2012). The 

fully assembled holoenzyme is thought to be L-shaped, embedded in the mitochondrial inner 

membrane by a hydrophobic membrane arm with a hydrophilic peripheral arm protruding 

into the mitochondrial matrix (Clason et al. 2010; Efremov et al. 2010).

In this review, we focus on studies showing that genetic manipulations affecting 

mitochondrial complex I can modulate lifespan in invertebrates. These studies include 

RNAi-based manipulations showing that knock down of certain complex I subunits can 

prolong both worm and fly lifespan. In addition, we discuss the more recent reports showing 

that up-regulation of mitochondrial activity, including complex I activity, can also prolong 

lifespan in flies.

Decreasing complex I and lifespan

The first evidence that knock-down of complex I subunits could positively impact metazoan 

lifespan came from genome-wide RNAi screens in C. elegans (Dillin et al. 2002; Lee et al. 
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2003). Much of the work in characterizing the adult lifespan effects of decreased complex I 

subunit expression in C. elegans involved RNAi knock down of nuo-2 (Dillin et al. 2002; 

Rea et al. 2007), the C. elegans homolog of mammalian NADH dehydrogenase iron-sulfur 

protein 3 (ndufs3) and D2030.4, the homolog of mammalian NADH dehydrogenase 1 beta 

subcomplex subunit 7 (ndufb7) (Lee et al. 2003). In addition to extending lifespan, reduced 

nuo-2 or D2030.4 expression led to an approximately 50 % reduction in ATP levels, and in 

the case of D2030.4, decreased oxygen consumption and morphological defects in 

mitochondria (Dillin et al. 2002; Lee et al. 2003). Worms under these RNAi knock down 

regimes lived significantly longer, but developmental time, size, and activity were all 

adversely affected by the treatment (Dillin et al. 2002; Lee et al. 2003; Rea et al. 2007). 

Even from these early studies, it was apparent that the relationship between reduced ETC 

function and increased longevity was not always a simple one of reduced ROS resulting in 

increased longevity (Dillin et al. 2002; Lee et al. 2003; Rea et al. 2007).

Similarly, lifespan increases due to RNAi knock down of other mitochondrial ETC subunits 

show either a cryptic relationship with oxidative stress (Lee et al. 2003) or are largely 

independent of ROS damage, quantified via carbonylated protein content (Rea et al. 2007; 

Yang et al. 2007). A much more decisive factor in whether RNAi knock down of ETC 

subunits extended lifespan was identified to be the timing of the knock down, with down 

regulation during a specific developmental window being necessary and sufficient to 

increase adult lifespan (Dillin et al. 2002). Reducing ETC subunit expression only during 

adult stages, after completion of the critical L3/L4 larval stages, caused similar reductions in 

oxidative phosphorylation (OXPHOS) (measured by ATP levels) as life-long knock downs, 

but did not result in longer lifespans (Dillin et al. 2002). The fact that the timing of ETC 

activity decrease is a much stronger determinant of longevity compared to the degree of 

OXPHOS reduction strongly indicates that the FRTA is insufficient to explain these 

findings.

More recent studies in C. elegans have yielded further evidence contrary to the FRTA. 

Worms with reduced ETC activity, either by RNAi knock down or hypomorphic mutation of 

ETC complex subunits, have extended longevities that are dependent on increased ROS 

levels (Lee et al. 2010; Yang and Hekimi 2010a; Yee et al. 2014). An RNAi knock down 

screen in C. elegans for increased activity of hypoxia-inducible factor 1 (HIF-1) prominently 

featured ETC genes, including nuo-1, another complex I subunit (Lee et al. 2010). Although 

nuo-1 was not specifically tested, reduced expression of other proteins involved in ETC 

function, including a complex III subunit (isp-1), were shown to have increased HIF-1 

activity and extended longevity largely as a result of mitochondrial hormesis or 

“mitohormesis” (Yun and Finkel 2014) induced by increased ROS levels (Lee et al. 2010). 

A different study carefully examined the downstream pro-longevity mechanisms of reduced 

complex I activity and showed that mutating and knocking down expression of a complex I 

subunit, nuo-6, extend lifespan through independent mechanisms (Yang and Hekimi 2010b). 

Recent work from the same lab has revealed that unlike RNAi knock down of ETC complex 

subunits, mutation of ETC complex subunits cause increased ROS production which results 

in activation of a different stress response pathway, the intrinsic apoptosis pathway (Yee et 

al. 2014). Lifespan extensions in both cases are, however, attributable to mitohormetic 
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increases in ROS production, such that both manipulations can be phenocopied in wild-type 

animals by supplementation with low doses of pro-oxidants such as paraquat (Lee et al. 

2010; Yang and Hekimi 2010a).

Studies in Drosophila largely involved knocking down different complex I subunits than 

those in the C. elegans studies, in part due to the developmental lethality of reduced 

expression of CG12079 and CG5548, the D. melanogaster homologs of C. elegans nuo-2 

and D2030.4, respectively (Copeland et al. 2009), and the lack of a Drosophila homolog of 

nuo-6. Instead, work in our lab and others focused on two other complex I subunits that 

extended lifespan in flies, CG9762 (mammalian NADH dehydrogenase 1 beta subcomplex 5, 

ndufb5) and CG9172 (mammalian NADH dehydrogenase iron-sulfur protein 7, ndufs7), 

whereas the Tricoire lab examined the effects of reduced CG9140 (mammalian NADH 

dehydrogenase flavoprotein 1, ndufv1) (Rera et al. 2010) and the Perrimon lab focused on 

the muscle specific knock down of CG2286 (mammalian NADH dehydrogenase iron-sulfur 

protein 1, ndufs1) (Owusu-Ansah et al. 2013).

In line with the results of reduced expression of complex I subunits in C. elegans, reduced 

expression of two different complex I subunits in flies (CG9172 and CG9762) caused 

increased lifespan and decreased fertility (Copeland et al. 2009). Knocking down complex I 

subunits in flies, however, also showed significant differences. First, unlike knock down of 

nuo-2 or D2030.4 in C. elegans, where reduced ETC subunit expression consistently 

resulted in decreased ATP levels, conflicting results were obtained with respect to ATP 

levels in knock downs of complex I subunits in flies, showing a full range of effects, from 

decreases (CG9140) (Rera et al. 2010), to no change (CG9172), to increases (CG9762) 

(Copeland et al. 2009). Other measures related to organismal physiology, such as 

developmental timing, were also inconsistent, with CG9762 reduction resulting in no 

difference in development time (Copeland et al. 2009) but CG9140 showing significant 

delay (Rera et al. 2010). Second, while knock down of the nuo-2 subunit at a specific 

developmental time window was shown to be required to extend lifespan in C. elegans, 

knock down of CG9762 or CG9172 only during adulthood was sufficient to extend lifespan 

in flies (Copeland et al. 2009). Moreover, reduced expression of a complex I subunit which 

had been associated with lifespan extension in C. elegans mutant studies (CG9140, homolog 

of C. elegans nuo-1) (Tsang et al. 2001) throughout developmental stages did not extend 

lifespan over a broad range of knock down levels in flies (Rera et al. 2010), showing that 

reduced expression of the same subunit can have different species-specific effects on 

lifespan. Finally, it was shown that CG2286, CG9763, or CG9162 knock down-induced 

longevity is tissue dependent. By taking advantage of the availability of different tissue 

specific manipulations in flies, knocking down CG9763 or CG9162 only in neurons was 

shown to be sufficient for lifespan extension (Copeland et al. 2009). Similarly, RNAi knock 

down of CG2286 only in muscles during development was also sufficient to extend lifespan 

(Owusu-Ansah et al. 2013). Thus, reducing expression of different subunits of complex I 

have complex effects, possibly in a species- and tissue-specific manner.

Therefore, reducing complex I subunit expression, can prolong lifespan in both worms and 

flies, despite the distinct requirements for different subunits in different model systems. It is 

clear, however, that the relationship between complex I function and aging is more 
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complicated than a simple one of reduced function resulting in reduced OXPHOS, reduced 

ROS levels, and increased lifespans. For some subunits in C. elegans, reducing ETC 

function at a specific stage of development was vital to lifespan extension, with no increase 

in lifespans with similar reductions in adulthood (Dillin et al. 2002). Other subunits, tested 

in flies, showed lifespan extension regardless of time of knock down (Copeland et al. 2009). 

Direct measurements of oxidative damage over a range of knock downs that produce 

lifespan extensions in C. elegans did not yield a clear relationship between ROS damage and 

longevity (Rea et al. 2007) and reduced complex I activity either by subunit mutation or 

RNAi knock down were shown to increase lifespan by increasing ROS production (Lee et 

al. 2010; Yang and Hekimi 2010b). Moreover, reducing expression of specific subunits was 

also seen to have surprisingly diverse effects in overall OXPHOS activity, in at least one 

case resulting in increased overall ATP levels (Copeland et al. 2009). Even reduced 

expression of an orthologous subunit in different model organisms was shown to have 

different effects in terms of longevity (Rera et al. 2010; Owusu-Ansah et al. 2013). These 

results speak to the complex interactions that govern the relationships among the complex I 

subunits, ETC activity, and longevity.

Increasing complex I and lifespan

An intriguing result of studies of dietary restriction (DR), the most well recognized and 

studied intervention for extending lifespans in mammals (Mair and Dillin 2008), has been 

the revelation that DR may increase mitochondrial activity relative to age-matched controls 

(Guarente 2008; Anderson and Weindruch 2010). Moreover, a gradual decline in 

mitochondrial homeostasis has been linked with aging (Wallace 2005), prompting a search 

for ways to directly test the effects of increased mitochondrial activity or improved 

mitochondrial homeostasis on aging. Simply overexpressing complex I to increase activity is 

currently technically impossible, as complex I is a holoenzyme comprised of more than 40 

subunits, some of which are encoded in the mitochondrial genome, making it difficult if not 

impossible to overexpress the holo-enzyme in a coordinated manner (Carroll et al. 2006). 

Nevertheless, our group and others have examined the impact of stimulating mitochondrial 

activity in aging flies by two independent approaches—by up-regulating the Drosophila 

PGC-1 homolog, and by transgenic expression of an alternative single-subunit complex I 

enzyme.

In mammals, the PGC-1 family of transcriptional coactivators plays a central role in the 

regulation of mitochondrial biogenesis and activity (Lin et al. 2005). Recently, our group 

reported that overexpression of the fly PGC-1 homolog (dPGC-1) results in significant 

increases in multiple markers of complex I biogenesis and function (Rera et al. 2011). 

Interestingly, lifespan was only extended when dPGC-1 was overexpressed in the fly 

intestine (Rera et al. 2011), a tissue that has recently come into focus as an important 

mediator of systemic aging (Rera et al. 2013; Wang et al. 2014). In addition to increased 

metabolic output and increased lifespans, dPGC-1 overexpression reduced ROS levels and 

improved tissue homeostasis in the aging intestine. However, as PGC-1 can impact diverse 

metabolic processes, it is important to note that effects of overexpression cannot be 

attributed solely to any single downstream effect of dPGC-1 expression, such as tissue-

specific up-regulation of complex I activity.
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S. cerevisiae utilize single-subunit enzymes to perform complex I-like functions in its ETC 

(Bakker et al. 2001). One of these, NADH dehydrogenase internal 1 (ndi1) is functional in 

higher metazoans, including mammals, acting as a non-proton translocating NADH 

dehydrogenase/ubiquinone oxidoreductase in the mitochondrial matrix (Yagi et al. 2006). 

Transgenic expression of ndi1 in D. melanogaster rescues loss of endogenous complex I 

(Cho et al. 2012) and expression in flies without complex I defects supplements and boosts 

endogenous NADH dehydrogenase/ubiquinone oxidoreductase activity in a rotenone-

insensitive manner (Sanz et al. 2010; Bahadorani et al. 2010; Hur et al. 2013). Critically, 

unlike dPGC-1, this increase in complex I-like activity was achieved without significant 

changes to other ETC complexes (Sanz et al. 2010; Bahadorani et al. 2010). Like dPGC-1, 

expression of ndi1 in flies resulted in increased markers of complex I-like activity, extended 

longevity, and reduced ROS levels (Sanz et al. 2010; Bahadorani et al. 2010; Hur et al. 

2013). Moreover, tissue specific expression of ndi1, in the nervous system or intestine, 

resulted in increased lifespan but ubiquitous expression did not (Bahadorani et al. 2010; Hur 

et al. 2013).

Due to the more complex nature of overexpressing a complex multi-subunit holoenzyme, 

current results regarding longevity effects of increased complex I activity are limited. Still, 

up-regulation of a metabolic master regulator (PGC-1) and transgenic expression of a 

protein with complex I-like functions (NDI1) have suggested positive longevity effects of 

increased complex I-like activity. Unfortunately, comprehensive studies that examine the 

relationship among complex I activity levels, ROS, and lifespan are not available. The 

dPGC-1 and ndi1 results outlined above suggest that increasing mitochondrial activity may 

increase lifespan by simply increasing the pool of functional mitochondria over time, as well 

as by decreasing ROS that is generated as a result of age-related mitochondrial dysfunction 

(Wallace 2005). The tissue specific requirements of the pro-longevity effects of increased 

metabolism and complex I-like activities, however, argue against a simple relationship 

between complex I and aging.

Mitochondrial homeostasis—untangling complex-I-ty?

A unifying theme that has emerged relatively recently in extension of lifespan via alterations 

of mitochondrial activity, including complex I activity, is the central role of mitochondrial 

homeostasis in aging (Fig. 1). Proteomic analysis of protein aggregates in C. elegans 

revealed that the protein products of genes involved in mitochondrial respiration, including 

those involved in complex I, are significantly over-represented in populations of proteins 

prone to misfolding and forming inclusion bodies (David et al. 2010). Supporting the 

consensus that loss of mitochondrial homeostasis contributes to aging, overexpression of 

parkin, a gene involved in mitochondrial quality control, increased lifespan and 

mitochondrial activity, including complex I activity (Rana et al. 2013).We hypothesize that 

the previous examples of lifespan extensions resulting from both decreased and increased 

complex I function are due, at least in part, to increased mitochondrial homeostatic activities 

that may result from the diverse manipulations. In addition to simply increasing 

mitochondrial function, increased complex I activity could improve mitochondrial 

homeostasis through increases in NAD+ levels, which have been shown to increase 

mitochondrial stress responses through activation of sirtuins (Mouchiroud et al. 2013). 
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Increasing mitochondrial homeostasis by ETC knock down may occur in at least three 

different ways—by depleting the pool of proteins that are prone to aggregation and forming 

inclusion bodies in mitochondria, hormeticially increasing mitochondrial turn over, and by 

altering the ratio of mitochondrial and nuclear protein ratios which has been shown to 

hormetically induce stress response mechanisms (Houtkooper et al. 2013).

Complex I subunits appear to be particularly prone to forming protein aggregates in C. 

elegans, as evidenced by their dramatic over-representation in the set of insoluble proteins 

(David et al. 2010). Increased aggregation of insoluble proteins with aging, in addition to 

direct effects of the aggregated proteins, can deplete proteostatic machinery, affecting 

functionality of proteins that do not show age-dependence in aggregate formation (Ben-Zvi 

et al. 2009). Knocking down complex I subunits, by decreasing overall levels of aggregation 

prone proteins, may simply shift the equilibrium away from further accumulation of protein 

aggregates, alleviating stress on the proteostatic pathways that become overloaded with age 

and improving mitochondrial health (Rana et al. 2013; Ben-Zvi et al. 2009).

Both RNAi knock down (Lee et al. 2010) and mutation (Yang and Hekimi 2010a) of 

complex I subunits induces a mitohormetic response by increasing ROS that results in 

activation of stress response pathways. Reduced expression of subunits by RNAi knock 

down has been shown to induce a hypoxic response, increasing HIF-1 activity (Lee et al. 

2010), which has been shown to increase tolerance to proteotoxic stress (Mehta et al. 2009) 

and activate autophagy (Bohensky et al. 2007), both of which may contribute to 

mitochondrial homeostasis. Mutation of complex I subunits also results in increased ROS 

levels which causes activation of a different mitochondrial stress response mechanism, the 

intrinsic apoptosis pathway (Yee et al. 2014). Therefore, reduced complex I function, by 

mutation or RNAi knock down, independently extend lifespan by activating different 

mitochondrial stress response pathways.

Given the intricate coordination that is required to assemble large holoenzymes like complex 

I (Mimaki et al. 2012), it is likely that reduced expression of single subunits will cause 

imbalances in the steady state levels of enzyme subunits, including those between 

mitochondrial and nuclear protein levels. An imbalance between nuclear and mitochondrial 

mRNA levels has also been shown to be sufficient to cause induction of mitochondrial stress 

response mechanisms (Gomes et al. 2013). These stress response mechanisms, such as the 

mitochondrial unfolded protein response (mitoUPR) have been shown to be important for 

the extended lifespans in studies of knock down of certain ETC genes (Owusu-Ansah et al. 

2013; Houtkooper et al. 2013; Durieux et al. 2011). However, more recently, the role of 

mitoUPR in ETC-mediated life extension has been challenged (Bennett et al. 2014). Indeed, 

Bennett et al. show that induction of mitoUPR alone is insufficient to extend lifespan, 

dissociating mitoUPR and increased lifespan due to ETC complex subunit knock down. 

Regardless of the specific involvement of mitoUPR in lifespan extension however, it is clear 

from the various knock down and mutation experiments that maintenance of mitochondrial 

integrity by other mitochondrial stress response mechanisms (Lee et al. 2010; Yee et al. 

2014) can play key roles in lifespan extensions due to complex I down regulation, and that 

imbalanced nuclear and mitochondrial mRNA levels may be sufficient to trigger some of 

these (Gomes et al. 2013). Fly studies also support a role for improved mitochondrial 
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homeostasis in increased longevity, as reduced expression of complex I subunits (CG2286 

and CG9762) causes improved mitochondrial homeostasis over time (Owusu-Ansah et al. 

2013).

Increasing complex I activity also improves mitochondrial homeostasis similarly to that 

caused by reduced complex I expression or function. Interventions that increase complex I 

activity, either by boosting wholesale metabolic activity with overexpression of the fly 

PGC-1 homolog (Rera et al. 2011), or by transgenic expression of foreign NADH 

dehydrogenases like ndi-1 (Yagi et al. 2006; Sanz et al. 2010; Bahadorani et al. 2010; Hur et 

al. 2013) are reasonably expected to increase ETC activity and increase NAD+ 

concentrations as NADH dehydrogenase activity increases. As a potent modulator of sirtuin 

activity, NAD+ concentrations, altered both genetically and pharmacologically, have been 

shown to be critical regulators of mitochondrial gene expression (Mouchiroud et al. 2013; 

Gomes et al. 2013). Therefore, increasing complex I activity may extend lifespan by both 

increasing the amount of functional mitochondrial proteins over time, and by triggering 

improved mitochondrial homeostasis through increased NAD+ levels.

Conclusion

Increases in mitochondrial homeostasis mechanisms have been linked to enhanced lifespan 

in both worms (Yuan et al. 2012; Munkácsy and Rea 2014) and flies (Rana et al. 2013; Cho 

et al. 2011). Similarly, broad evidence exists for increased lifespans caused by both 

increasing and decreasing mitochondrial activity, including complex I activity. How 

manipulations that increase or decrease complex I activity both result in increased longevity 

has recently been clarified by the discovery of pathways that link both ETC down regulation 

and high NAD+ concentrations to improved mitochondrial homeostasis, though the exact 

role of at least one homeostatic mechanism, mitoUPR, remains to be further clarified 

(Owusu-Ansah et al. 2013; Houtkooper et al. 2013; Bennett et al. 2014). Evidence suggests 

that much of the increased longevity due to decreased mitochondrial subunit expression 

results from hormetic effects that result in mitochondrial stress responses, with FRTA, as 

originally outlined, playing a relatively minor role (Lapointe and Hekimi 2010; Yang et al. 

2007; Yang and Hekimi 2010a, b; Yee et al. 2014; Durieux et al. 2011; Doonan et al. 2008; 

Ristow and Zarse 2010). Further details of what these mechanisms are and what 

contributions they may make to lifespan determination in other organisms, including 

mammals, remains to be determined. However, insights from the association of both 

increased and decreased complex I activity with improved mitochondrial homeostasis 

suggest that mitochondrial decline remains a primary cause of aging and valuable target for 

therapeutic intervention.
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Fig. 1. 
Complex I, mitochondrial homeostasis, and aging. An increase in complex I activity 

increases mitochondrial homeostasis directly and also results in increased NAD+ levels, 

which activates sirtuins and stimulates mitochondrial homeostasis. A decrease in complex I 

activity, by mutation or reduced expression, increases ROS levels, resulting in induction of 

mitochondrial stress response mechanisms that help maintain mitochondrial homeostasis 

over time
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