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Nutrient Sensing and the Oxidative Stress Response

Hanzhi Luo?, Hou-Hsien Chiang?, Makensie Louw?, Albert Susanto?, and Danica Chen#

IProgram in Metabolic Biology, Nutritional Sciences & Toxicology, University of California,
Berkeley, CA 94720, USA

2Department of Molecular and Cell Biology, University of California, Berkeley, CA 94720, USA

Abstract

The simplicity and effectiveness of calorie restriction (CR) in lifespan and healthspan extension
have fascinated generations searching for the fountain of youth. CR reduces the level of oxidative
stress and damage, which has been postulated in the free radical theory of aging as a major cause
of aging and diseases of aging. This reduction has long been viewed as a result of passively
slowing metabolism. Recent advances in nutrient sensing have provided molecular insights into
the oxidative stress response and suggest that CR triggers an active defense program involving a
cascade of molecular regulators to reduce oxidative stress. Physiological studies have provided
strong support to oxidative stress in the development of aging-associated conditions and diseases,
but also revealed the surprising requirement of oxidative stress to support normal physiological
functions and in some context, even slow aging and prevent the progression of cancer. Deciphering
the molecular mechanisms and physiological implications of the oxidative stress response during
CR will increase our understanding of the basic biology of aging and pave the way for designing
CR mimetics to improve healthspan.

Trends

In response to nutritional input and increased ROS levels, nutrient sensors are activated and
reduce oxidative stress through diverse mechanisms.

In addition to acting as damaging agents, ROS also function as signaling molecules to
support normal biological processes and physiological functions, such as stem and
progenitor cell fate decision and innate immunity.

Oxidative stress is a reversible driver of the functional deterioration of stem cell aging.

Although oxidative stress has a pro-cancer role at the tumor initiation stage by promoting
transformation, proliferation, metabolic reprogramming, and the establishment of the tumor
microenvironment, cancer cells also hijack the oxidative stress responses to survive,
progress, and metastasize.

In 1930’s, the fear for the adverse health consequences due to limited availability of food
triggered the first calorie restriction (CR) experiment, which led to the surprising finding
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that CR increases lifespan in rodents [1]. Ever since this initial discovery, the link between
nutrient uptake and longevity has been expanded across species. A growing number of
studies in model organisms have extrapolated upon the effects of CR and fasting in
decreasing the onset of age-associated pathologies [2-6]. The pro-longevity pro-health effect
of CR was viewed as a result of the passive effect of food limitation and slow metabolism,
resulting in the reduced production of reactive oxygen species (ROS) and prevention of
oxidative stress [7]. However, it has become increasingly appreciated that the organismal
effects of CR are actively regulated processes and CR triggers a robust defense program
involving a cascade of molecular regulators to reduce oxidative stress [8-10]. Pathways
regulating ROS signaling and antioxidant activity have thus become promising focal points
for uncovering mechanisms through which nutrient sensing networks employ a pro-health
phenotype.

Historically, ROS were thought to be produced as byproducts of cellular respiration and have
deleterious effects in cells. Following the induction of Denham Harman’s free radical theory
of aging, a large body of evidence has emerged that supports the notion that oxidative stress
causes the deterioration of cellular integrity and tissue functions, and underlies the etiology
of numerous diseases [11, 12]. However, recent studies also reveal ROS as signaling
molecules essential to support normal physiological functions [13]. Some studies even
caution that the effects of oxidative stress in aging and disease are context dependent.

In this review, we summarize the recent advances in the molecular understanding of the CR
response to reduce oxidative stress and highlight the actions of nutrient sensors in
coordinating the metabolic reprogramming and the oxidative stress response. Furthermore,
we critically review the recent studies that illustrate the two faces of ROS as signaling
molecules and damaging agents under physiological conditions, and discuss how cancer
cells hijack the oxidative stress response mechanisms to promote tumorigenesis.

Nutrient Sensors and Oxidative Stress

Oxidative stress originates from an offsetting ratio of pro-oxidants to antioxidants, in favor
of pro-oxidants. Upon nutrient deprivation, cells experience a metabolic switch from energy
inefficient glycolysis to energy efficient oxidative phosphorylation [14-16]. At the
organismal level, animals also switch their energy source from glycolysis to oxidative
phosphorylation during fasting or CR [17]. This metabolic switch requires cells to be reliant
on increased mitochondrial activity, which is associated with increased ROS production
[18]. It is therefore plausible that nutrient sensors not only regulate intermediary metabolism
to facilitate the metabolic switch but also the oxidative stress response to cope with the
associated ROS production.

Regulation of Oxidative Stress by Sirtuins

The clearest evidence indicating nutrient sensors are critically required to reduce oxidative
stress and damage during CR has come from studies of SIRT3 [9, 10]. SIRT3 belongs to the
sirtuin family of nicotinamide adenine dinucleotide (NAD*) dependent deacylases. Their
dependence on NAD™ links their activity to cellular metabolic status [19]. There are seven
sirtuins in mammals, SIRT1-7, that localize to various cellular compartments. CR reduces
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the accumulation of oxidative damage and protects against the development of oxidative
damage-related pathologies, such as hearing loss, in wild type (WT) mice [9, 10]. However,
these protective effects are blunted in mice deficient in SIRT3, a mitochondrial sirtuin. It is
interesting to note that the level of oxidative damage and hearing loss are indistinguishable
in WT and SIRT3 knockout (KO) mice fed ad libitum, and SIRT3 expression level is
induced by CR in WT mice [20, 21], indicating that the SIRT3 protective program is
specifically turned on during CR to reduce oxidative stress. More broadly, these observations
highlight a new paradigm for nutrient sensing and the oxidative stress response: instead of
passively slowing the metabolic rate, CR initiates an active regulatory program to reduce
oxidative stress, with nutrient sensors centrally positioned in such regulation.

It is striking that in addition to hearing loss, SIRT3 prevents a wide spectrum of aging-
associated conditions and diseases. SIRT3 KO mice develop spontaneous cancer, insulin
resistance, diet-induced obesity, inflammation, hyperlipidemia, steatohepatitis, reduced
hematopoietic stem cell number and function, and sarcopenia [22-30]. Furthermore, SIRT3
prevents neuronal death in mouse models of Huntington’s disease [31]. It has been argued
that induction of SIRT3 and reduction of oxidative stress contribute to the profound pro-
health effects of CR, underscoring the free radical theory of aging.

Extensive biochemical studies have provided mechanistic insights into the oxidative stress
response regulated by SIRT3. The critical antioxidant enzyme superoxide dismutase 2
(SOD2) is modified by acetylation in cells and SIRT3 targets key lysine residues on SOD2
for deacetylation and activation [9, 32]. SIRT3 also deacetylates isocitrate dehydrogenase 2
(IDH2), resulting in increased level of the reducing equivalent NADPH [10]. NADPH is
used by glutathione reductase to convert oxidized glutathione (GSSG) to reduced glutathione
(GSH), the cofactor used by glutathione peroxidase (GPX) to detoxify ROS. In addition to
the antioxidants, SIRT3 also deacetylates a large number of mitochondrial enzymes and
proteins controlling the major metabolic pathways, such as fatty acid oxidation, ketogensis,
amino acid metabolism, acetyl CoA metabolism, oxidative phosphorylation, to coordinate
the directionality and the rate of the metabolic flux upon changes in nutritional input [33].
The concurrent activation of the mitochondrial metabolic pathways and antioxidants by
SIRT3 is a clear indication that cells have evolved mechanisms to reduce oxidative stress
when mitochondrial activity is turned on upon nutrient deprivation.

Much data have accumulated to suggest that the nuclear SIRT1 mediates aspects of the CR
response, including increased physical activity, disease protection, and lifespan extension
[34-36]. Although there is no direct evidence indicating that SIRT1 mediates the CR
response at least in part by reducing oxidative stress, biochemical studies have convincingly
demonstrated that SIRT1 regulates cellular redox status by deacetylating the longevity factor
forkhead box O 3a (FOXO3a), a transcription factor that governs the expression of several
anti-oxidant genes [37, 38]. It is likely that SIRT1 reduces oxidative stress to influence
cellular and physiological outcomes during CR. The convergence of SIRT1 and SIRT3 on
the regulation of antioxidants suggests synergistic activation of antioxidants at the
transcriptional and posttranslational levels to allow effective quenching of oxidative stress
under the condition of CR.
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Regulation of Oxidative Stress by AMPK, mTOR, and GCN2

Besides sirtuins, nutrient sensors that have been shown to be required for lifespan extension
under CR regimens or fasting include AMP-activated protein kinase (AMPK) [39-42], the
TOR signaling network [43, 44], and general amino acid control non-derepressible 2
(GCN2) [45, 46]. AMPK is an energy sensor [47], while TOR and GCN2 sense the
availability of intracellular amino acids [48, 49]. These nutrient sensors have been
intensively studies for metabolic regulation, but evidence for their regulation of oxidative
stress has begun to emerge. It has recently been noted that cancer cells are dependent on
AMPK to suppress oxidative stress and promote cell survival under energy stress conditions,
such as glucose limitations, anchorage-independent growth and solid tumor formation [50,
51]. Aberrant regulation of the mTOR signaling network results in increased mitochondrial
biogenesis and the ROS level in hematopoietic stem cells (HSCs) [52], while genetic
deletion of GCN2 in antigen presenting cells or intestinal epithelial cells also results in
increased ROS [53].

These observations further solidify the link between nutrient sensing and the oxidative stress
response, and importantly, offer an opportunity to deepen the mechanistic understanding of
this regulation. AMPK has been proposed to reduce oxidative stress by inhibiting acetyl-
CoA carboxylases (ACC1 and ACC2), decreasing NADPH consumption in fatty-acid
synthesis, and subsequently maintaining the NADPH level [50]. GCN2 and mTOR
inhibition reduce oxidative stress by activating autophagy and recycling damaged
mitochondria [53-55]. Thus, nutrient sensors could engage multiple ways to influence the
activity of antioxidants, the integrity of mitochondria, and the metabolic flux to modulate
ROS production and scavenging (Figure 1).

Interestingly, evidence is emerging to suggest that in addition to nutritional input, nutrient
sensors can also be activated in response to ROS. The expression of SIRT3 is induced by
nutrient deprivation and ROS [56]. AMPK can also be activated by ROS [57-59]. Thus, in
addition to the well-established function of AMPK in energy sensing and reestablishing
energy homeostasis, AMPK also senses oxidative stress and induces the oxidative stress
response. The intimate connection between nutrient sensing and oxidative stress sensing
underscores a previously underappreciated crosstalk: the oxidative stress response is
engaged during nutrient deprived conditions to dispose increased production of ROS
associated with the metabolic switch to mitochondrial metabolism, and similarly, the
metabolic reprogramming typically associated with nutrient deprivation also occurs during
oxidative stress conditions to maintain energy reserve and cell survival.

Oxidative Stress in Aging and Diseases

Numerous studies have set out to test the free radical theory of aging. Surprisingly, lifespan
studies of various antioxidant enzymes show that only one of 18 genetic manipulations
influences lifespan [60]. On the other hand, new evidence supporting a causal role of
oxidative stress in aging continues to emerge from studies in various model systems. In
yeast, overexpression of the H,O,-scavenging enzyme Tsal extends lifespan [61]. Mice
overexpressing glucose-6-phosphate dehydrogenase, a rate-limiting enzyme of the pentose
phosphate pathway that generate the reducing agent NADPH, are protected from oxidative
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damage and exhibit improved healthspan [62]. Repressed NRF2 activity and increased
oxidative stress recapitulate Hutchinson-Gilford progeria syndrome (HGPS) defects, while
NRF2 activation decreases oxidative stress and reverses cellular HGPS defects [63]. These
findings add a surprising twist to the free radical theory of aging and form the foundation to
formulate new hypotheses to scrutinize this half-century old theory of aging.

A common approach to test an aging theory is the lifespan analyses. While critically
important and informative, these studies do not offer the resolution necessary to tease out the
numerous variables that act together to influence the organismal lifespan, which include but
are not limited to the rate of aging. It is therefore imperative to dissect the impact of
oxidative stress on aging-associated conditions in specific tissues or even cell types. Further,
lifespan is influenced by life-threatening diseases, such as cancer. Admittedly, the incidence
of cancer increases with aging and these two rival demons are likely to share some common
origins, such as oxidative stress [64]. However, recent advances in cancer research also
reveal that oxidative stress prevents aspects of cancer development and can complicate the
effect of oxidative stress in lifespan [65-69]. Our constantly improving capacity to study
physiology and pathology with increasing spatial and temporal resolution usher in a new era
for the free radical theory of aging.

Stem Cell Aging and Tissue Degeneration

Adult stem cells or tissue specific stem cells persist throughout the lifespan to maintain and
repair tissues. This lifetime commitment requires stem cells to develop robust cellular
protective mechanisms to ensure their integrity. Using the hematopoietic system as an
example, the cellular ROS level is considerably lower in HSCs than in their differentiated
progeny [23]. The low cellular ROS level in HSCs is in part due to reduced ROS production.
Adult HSCs mostly stay in a quiescent state, which is associated with low metabolic rate and
mitochondrial number [70]. Quiescent HSCs primarily rely on glycolysis for energy
production [71, 72]. Compared to mitochondrial oxidative phosphorylation, glycolysis is
much less efficient for energy production but is sufficient to support the low energy
requirement of quiescent HSCs. This metabolic feature is essential for the maintenance of
HSCs, because less ROS are produced [70]. HSCs are also armed with heightened capacity
for ROS disposal. Oxidative stress regulators are highly enriched in HSCs and activate
robust oxidative stress responses to scavenge ROS. FOXOs tend to be enriched in the
nucleus of HSCs but excluded from the nucleus of differentiated progeny [73]. SIRT3 is
highly expressed in HSCs but its expression is much repressed in differentiated
hematopoietic cells [23].

The transition of HSCs from the quiescent state to proliferation is regulated by a metabolic
checkpoint that monitors the health of mitochondria and repairs mitochondrial damage
before the cells progress through the restriction point and enter the cell cycle [74, 75].
Mitochondrial damage beyond repair leads to cell death. A tight correlation has been
observed between increased ROS levels and HSC proliferation and death in numerous
mouse models. Increased ROS production due to aberrant activation of the TSC-mTOR
pathway [52, 76] or defective DNA damage response [77, 78], failure to engage the
oxidative stress response resulting from defective FOXOs, SIRT3, Nrf2, or thioredoxin-
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interacting protein (Txnip) [23, 79-82], and dysregulation of ROS signaling, such as SIRT7-
mediated mitochondrial unfolded protein response [75, 83] or p38 MAPK signaling [84], all
result in loss of HSC quiescence and maintenance, and attrition of HSC regenerative
capacity. These studies suggest that ROS act as a signal that dictates the balance between
HSC quiescence, proliferation, and survival. The ROS level is increased in HSCs with aging
[84], consistent with the role of ROS as a trigger of the functional deterioration of HSC
aging. ROS are also essential regulators of neural stem cells [85-88] and intestinal stem cells
[89]. Thus, ROS regulation of stem cell fate decision appears to be conserved across tissues.

ROS management differs in HSCs and their progeny. Hematopoietic progenitor cells (HPCs)
display increased levels of ROS under physiological conditions. Scavenging ROS from the
HPCs prevents their differentiation into mature blood cells, while increasing the ROS level
triggers precocious differentiation into mature blood cells, indicating that ROS function as
signaling molecules that prime the differentiation of HPCs [90]. How ROS signaling leads to
cell fate decision making remains unclear, but different cellular programs are likely to be
activated by ROS signaling to render distinct cell fate decisions in HSCs and HPCs (Figure
2).

If ROS are indeed a cause of stem cell aging, it is tempting to ask whether ROS cause aging
due to the chronic accumulation of oxidative damage over lifetime or acute effects of high
levels of ROS, and whether ROS-induced physiological aging is reversible. The expression
of SIRT3 and SIRT7 is reduced in aged HSCs, which may contribute to increased ROS level
and defective ROS signaling in aged HSCs [23, 75]. Importantly, overexpression of SIRT3
or SIRT7 improves the regenerative capacity of aged HSCs [23, 75]. These studies suggest
that ROS-induced physiological aging is likely to be acute and reversible. It appears that
HSC aging is not due to the passive accumulation of cellular damage over the lifetime but to
the regulated repression of cellular protective programs, giving hope for targeting the
dysregulated cellular protective programs to reverse HSC aging and rejuvenate tissue
homeostasis.

Innate Immunity

Host defense is dependent on the burst of oxidative stress in phagocytes as part of the innate
immune response during infection. Various pathways are employed by immune cells to
produce ROS and facilitate the immediate killing of pathogens. Neutrophils and
inflammatory monocytes produce ROS by metabolic enzymes, such as NADPH oxidases
and myeloperoxidases [91]. In contrast, killer lymphocytes deliver cytotoxic granules
containing granzymes into the invading bacterial strains, where granzymes disrupt the
electron transport chain proteins as well as the antioxidant proteins, resulting in increased
ROS [92]. It was shown recently that activated macrophages undergo a metabolic
reprogramming and the resulting increase in mitochondrial oxidation of succinate and an
elevation of mitochondrial membrane potential combine to drive mitochondrial ROS
production [93]. Interestingly, pathogens also develop defense mechanisms against the
oxidative stress generated by the host immune system [94, 95]. The diverse pathways
employed by innate immune cells to produce ROS and various strategies developed by
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pathogens to defend against oxidative stress are a strong indication that oxidative stress is
crucial in supporting innate immunity (Figure 3).

Although oxidative stress is necessary in ridding host cells of foreign pathogens, the host
may suffer from tissue damage and dysfunction due to over-accumulation of ROS that is
characteristic of the inflammatory processes. Mice deficient in NRF2 display enhanced host
defense 4 hours after the S. pneumonia challenge, but exhibit increased lung injury and
death in 24 hours [96]. Similarly, mice deficient in Negative Regulator of ROS (NRROS), a
negative regulator of ROS production in phagocytes, exhibit enhanced bactericidal activity,
but develop severe experimental autoimmune encephalomyelitis due to oxidative damage in
the central nervous system [97]. Thus, oxidative stress levels in the innate immune cells
require a tightly controlled regulation in order to ensure effective host defense while
maintaining the tissue integrity.

The findings in stem and progenitor cells as well as innate immunity have challenged the
view that ROS are produced as the byproducts of cellular respiration and supported the idea
that ROS can act as signaling molecules and support physiological functions. These new
findings make us rethink the evolution of ROS production and motivate future studies to
explore new roles of ROS in supporting cellular physiology. Along this line, it is likely that
the robustness of oxidative stress regulation but not the inhibition of ROS that is optimal for
slowing aging.

ROS cause DNA damage and genomic instability, a major driving force for tumorigenesis.
Thus, ROS have long been thought to play a critical role in tumor initiation. Indeed, SIRT3
KO cells exhibit increased genomic instability and susceptibility to transformation, and
SIRT3 KO mice develop spontaneous tumors [98]. Complementary to this traditional view,
recent studies have revealed several novel roles ROS play in tumor initiation. SIRT3
deficiency results in ROS stabilization and upregulation of hypoxia-inducible factor-1a
(HIF1a) [25], a transcription factor that triggers a metabolic reprogramming characterized
by increased glycolysis in the presence of oxygen, a hallmark of tumor cells known as the
Warburg effect [99]. This metabolic feature provides tumor cells with the substrates required
for biomass generation. Furthermore, ROS alter the cellular signaling events to promote
cancer cell proliferation [100]. Finally, heightened ROS levels can result in necrosis, an
unprogrammed cell death pathway that triggers the recruitment of macrophages followed by
the secretion of inflammatory mediators. The chronic inflammatory state in the tumor niche
provides a warm house for malignant transformation [101].

Although oxidative stress has a pro-cancer role at the tumor initiation stage by promoting
transformation, proliferation, and establishment of the tumor microenvironment, cancer cells
seem to hijack the oxidative stress response to survive (Figure 4). As a result, oxidative
stress also plays an anti-cancer role at the development stage by limiting tumor progression
and metastasis. In lung cancer cells, the regulatory property of the glycolytic enzyme
pyruvate kinase M2 (PKM2) for ROS detoxification is essential for PKM2 to promote tumor
progression [65]. The transition into anchorage-independent growth is associated with the
induction of isocitrate dehydrogenase-1 (IDH1), which mitigates ROS and promotes
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anchorage-independent growth [66]. Further, melanoma cells that are capable of distant
metastasis undergo metabolic changes during metastasis to increase their capacity to
withstand oxidative stress [68], and age-related changes in the tumor microenvironment also
affect cancer cell metastasis through the modulation of the oxidative stress response
pathways [67]. In line with the importance of redox control of tumor development, inducing
heightened levels of oxidative stress in cancer cells has been explored as a potential therapy
for certain cancers [69].

Conclusion and Perspectives

Recent molecular links between nutrient sensors and the oxidative stress response support
the notion that CR triggers an active defense program to reduce oxidative stress. It would be
important to determine whether nutrient sensors are required to reduce oxidative stress
during CR, and if so, whether they reduce oxidative stress in particular cell types or
ubiquitously. Much work is needed to demonstrate that these nutrient sensors indeed exert
their physiological functions to impact the aging process and development of diseases at
least in part by reducing oxidative stress. In this regard, the studies in SIRT3 are the most
advanced and SIRT3 KO mice have been extensively characterized in various cell types and
tissues for oxidative stress and tissue functions. Gain-of-function studies would be of
particular interest, as this information is relevant for therapeutic implications. Mouse models
for other nutrient sensing pathways have been extensively characterized, although oxidative
stress has not been analyzed extensively in these mouse models and whether redox
regulation contributes to the physiological functions of these nutrient sensing pathways
remains largely unknown [54, 102-104].

Compelling evidence supports the new role of ROS as signaling molecules to support
physiological functions, in addition to damaging agents. It is also increasingly appreciated
the effects of ROS on aging and cancer are more complex than previously thought. Future
studies will unravel new biological processes and physiological functions that require ROS
as signaling molecules and elucidate whether CR interferes with these processes. Much
work is needed to scrutinize the context when ROS promote or prevent aging or cancer. So
far, the evidence that ROS promote cancer initiation but suppress cancer progression and
metastasis derives from studies of different genetic manipulations in different cancers.
Studies of the same genetic manipulations of ROS using diverse cancer models are
necessary to crystalize the differential effects of ROS at the various developmental stages of
cancers. It is also tempting to ask whether CR has differential effects at different stages of
cancer development. This knowledge builds a solid foundation for designing CR mimetics
and antioxidants with the maximal health benefits.
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Outstanding Questions

Avre nutrient sensors required to reduce oxidative stress during CR? Do nutrient
sensors exert their physiological functions at least in part through their redox
regulation?

In addition to cell fate decision and innate immunity, what biological processes
and physiological functions require ROS as signaling molecules? Does CR
interfere with these processes?

In what context do ROS promote or prevent aging or cancer? Does CR have
differential effects at different stages of cancer development?

Can small molecule regulators of nutrient sensors function as CR mimetics to
extend lifespan and healthspan?
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Figure 1. Calorierestriction triggers an active defense program to reduce oxidative stress and
prevent aging and aging-associated diseases

SIRT1 and SIRT3 reduce oxidative stress by regulating the transcriptional expression or
posttranslational modification of antioxidants. AMPK reduces fatty acid synthesis and
increases NADPH level to combat against oxidative stress. Inhibition of mMTOR kinase
suppresses mitochondrial biogenesis. Both inhibition of mMTOR and activation of GCN2
facilitate the clearance of oxidized proteins and damaged mitochondria through autophagy.
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Figure 2. ROS govern cell fate decision in hematopoietic stem progenitor cells
The transition of hematopoietic stem cells (HSCs) from quiescence to proliferation is

associated with increased mitochondrial biogenesis and oxidative stress, which is monitored
by the mitochondrial metabolic checkpoint that determines the cell fate decision on

quiescence, proliferation, or death through SIRT7-mediated mitochondrial unfolded protein
response or p38 signaling. ROS prime common myeloid progenitor cells for differentiation.
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Figure 3. Oxidative stress supportsthe innate immunity
Phagocytes employ different mechanisms of ROS production to facilitate pathogen clearance

while pathogens develop strategies to alleviate ROS damage.
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Figure 4. Oxidative stress regulation of cancer
Although oxidative stress has a pro-cancer role at the tumor initiation stage by promoting

DNA damage, proliferation, metabolic reprogramming, and the establishment of the tumor
microenvironment, cancer cells also hijack the oxidative stress responses to survive,
progress, and metastasize.
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