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Abstract
Mitochondria play an important role in a number of fundamental cellular processes, including energy production, biosynthetic pathways and
cellular oxidoreductive homeostasis (redox status), and their dysfunction can lead to numerous pathophysiological consequences. As the bio-
chemical mechanisms orchestrating mitochondrial metabolism and redox homeostasis are functionally linked, mitochondria have been iden-
tified as a potential therapeutic target. Consequently, considerable effort has been made to evaluate the efficacy of natural compounds that
modulate mitochondrial function. Molecules produced by plants (for example, polyphenols and isothiocyanates) have been shown tomodulate
mitochondrial metabolism/biogenesis and redox status; however, despite the existence of a functional link, few studies have considered the
combined efficacy of these mitochondrial functions. The present review provides a complete overview of the molecular pathways involved in
modulating mitochondrial metabolism/biogenesis and redox status. Crosstalk between these critical mechanisms is also discussed, whilst major
data from the literature regarding their antioxidant abilities are described and critically analysed. We also provide a summary of recent evidence
regarding the ability of several plant-derived compounds to target these mitochondrial functions. An in-depth understanding of the functional
link between mitochondrial metabolism/biogenesis and redox status could facilitate the analysis of the biological effects of natural compounds
as well as the development of new therapeutic approaches.
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Introduction

Mitochondria play a critical role in the generation of metabolic
energy in eukaryotic cells. These double membrane-enclosed
organelles are characterised by the presence of enzymes that
are involved in many distinct metabolic pathways (pyruvate
and fatty acid oxidation and the Krebs cycle) and are responsible
for producing the reducing equivalents (NADH and FADH2)
required to generate ATP via oxidative phosphorylation
(OXPHOS)(1).

NADH and FADH2 are used in the electron transport chain
(ETC), which is composed of four distinct multi-subunit com-
plexes (I, II, III and IV) and two electron shuttle molecules (ubiq-
uinone or coenzyme Q (CoQ) and cytochrome c). The ETC is
responsible for transporting reducing equivalents from electron
donors to oxygen molecules, ultimately forming water. The
energy released from these oxidation/reduction reactions is used
to drive ATP synthesis. This sophisticated mechanism, which
requires strict coupling between electron transfer through

respiratory chain complexes and the phosphorylation of ADP
to ATP, provides the majority (80–90 %) of all fatty acid-derived
energy.

In addition to their basic role in ATP synthesis, mitochondria
are a major source of reactive oxygen species (ROS), which are
key mediators of cellular physiology and pathology(2–4).
Maintaining mitochondrial function is crucial, since perturba-
tions can lead to negative consequences, such as impaired bio-
molecule synthesis, disrupted cellular osmolarity and cell
death(5,6); in fact, mitochondrial dysfunction has been associated
with numerous human diseases, including metabolic, cardio-
vascular and neurodegenerative diseases, cancer, psychiatric
disorders and ageing(7–13).

Some natural bioactive compounds offer attractive new
therapeutic options, since they can target mitochondria.
Thanks to their peculiar properties, these molecules are able
to improve mitochondrial functionality and thus regulate the
processes in which they are involved(14). The present review
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summarises the most recent evidence regarding the ability of
new bioactive compounds to target mitochondria and improve
and/or restore their defective function, with a particular focus on
their involvement in oxidative stress status. Since mitochondrial
metabolic processes involve a number of proteins and protein
complexes, the introductory paragraphs aim to provide the infor-
mation necessary to understand the pathways via which these
molecules elicit their biological effects, rather than a complete
overview of the mechanisms that modulate mitochondrial
function.

Nutritional regulation of mitochondrial function

Carbohydrates, lipids and proteins are not only substrates for met-
abolic bioenergetic pathways, but also modulate mitochondrial
function. In fact, adequate nutrient levels are essential for mito-
chondrial function; an excessive supply (due to high-energy,
high-carbohydrate or high-fat diets) or deficiency can be detri-
mental tomitochondria. Similarly, micronutrients such as vitamins
and minerals are essential for mitochondrial function and biologi-
cal activities, often affecting mitochondrial health as antioxidants,
cofactors or coenzymes, or components of mitochondrial biogen-
esis and/or metabolic functions. A detailed description of how
macro- or micronutrients modulate mitochondrial health and
the molecular mechanisms involved is beyond the scope of this
review because it has been recently and exhaustively ana-
lysed(15,16). The modulation of mitochondrial function and redox
homeostasis by nutritional components is summarised in Table 1.
The molecular targets influenced by nutritional factors will be
described in the following paragraphs.

Another interesting aspect of nutritional regulation is energy
restriction, usually defined as a moderate (20–40 %) reduction
in energy intake compared with ad libitum feeding, which
can induce mitochondrial metabolic reprogramming by preserv-
ing oxidative capacity and decreasing oxidative damage(17).

Therefore, we will discuss mitochondrial mechanisms that ben-
efit from energy restriction.

Key regulators of mitochondrial function

Mitochondria are responsible for converting food-derived
chemical energy into energy that cells can use (ATP).
Adequate nutrient levels are essential formitochondrial function,
with the fatty acid oxidation pathway playing a major role in this
form of energy production. When fatty acids enter cells via spe-
cific cell surface transporters, fatty acyl-CoA synthase (FACS)
adds CoA groups to give rise to acyl-CoA, which is then con-
verted into a long-chain acyl-carnitine by carnitine palmitoyl-
transferase 1 (CPT1). This modification allows acyl groups to
be transported across the inner mitochondrial membrane by car-
nitine translocase, where long-chain acyl-carnitine is converted
back into long-chain acyl-CoA by carnitine palmitoyltransferase
2 (CPT2). In the mitochondrial matrix, fatty acids are broken
down to acetyl-CoA molecules(18) which enter the Krebs cycle,
also known as the tricarboxylic acid (TCA) cycle.

Malonyl-CoA is the product of the acetyl coenzyme A car-
boxylase (ACC) reaction in fatty acid synthesis and is an impor-
tant regulator of fatty acid oxidation, with its concentration
determining the switch between fatty acid synthesis and
oxidation(19). AMP-activated protein kinase (AMPK) appears to
be extremely important for this process since it modulates
cellular energy balance.

In response to an increased AMP:ATP ratio, AMPK phospho-
rylation inhibits fatty acid biosynthesis by inhibiting ACC
activity(20), and thus reduces malonyl-CoA levels. As metabolic
disorders can dysregulate fatty acid metabolism (elevated fatty
acid synthesis or impaired fatty acid oxidation) and as AMPK
plays a key role in regulating fatty acid synthesis and oxidation,
this enzyme is considered an attractive target for managing met-
abolic disorders(21). Moreover, AMPK is involved in sirtuin 1
(SIRT1) activation. Sirtuins are a family of NADþ-dependent
deacetylases involved in the regulation of many biological proc-
esses, including stress responses, metabolism, development and
longevity. Like AMPK, SIRT1 is thought to regulate the physio-
logical processes underlying energy restriction; Cohen et al.(22)

demonstrated that energy restriction induces SIRT1 expression,
suggesting that AMPK could be an important link between sens-
ing and adapting to energy restriction(23). In fact, AMPK can regu-
late NADþ levels to cause SIRT1 activation, which can alter the
transcriptional activity of PPARγ coactivator-1α (PGC-1α).

PGC-1α belongs to a family of transcriptional coactivators that
play a central role in regulating cellular metabolism(24), including
maintaining glucose, lipid and energy homeostasis(25) and oxida-
tive metabolism (respiration and mitochondrial biogenesis).
PGC-1α levels are low under physiological conditions, but
increase in response to increased bioenergetic demands or met-
abolic alterations. PGC-1α directly interacts with, and coactivates
mitochondrial regulators, such as nuclear respiratory factors
(NRF) NRF1 and NRF2, which are involved in the transcription
of several mitochondrial genes encoding ETC subunits and the
mitochondrial transcription factor A (TFAM or mtTFA)(26).

Table 1. Nutritional regulators of mitochondrial functions

Nutritional factors Regulated process Target

Macronutrients
Low-protein diet OXPHOS ↑ Complex III

↓ ATP synthase
Redox homeostasis ↓ SIRT3, antioxidant

enzymes
Mitochondrial

biogenesis
↓ SIRT 3

High-fat diet ETC FADH2/NADH
OXPHOS ↑ UCP2

High-carbohydrate
diet

Fatty acid oxidation ↓ AMPK, ↓ ACC

Micronutrients
Vitamins B2 and B3 ETC ↑ Complex I
Fe ETC ↑ Complex I, ↑ complex II
Cu ETC ↑ Complex IV
Mn Redox homeostasis ↑ SOD2
Se ETC ↑ Complex I, ↑ complex IV
Coenzyme Q10 ETC ↑ Complex I, ↑ complex II

OXPHOS, oxidative phosphorylation; SIRT3, sirtuin 3; ETC, electron transport chain;
UCP2, uncoupling protein 2; AMPK, AMP-activated protein kinase; ACC, acetyl-
CoA carboxylase; SOD2, superoxide dismutase 2.
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Several studies have shown that sirtuin 3 (SIRT3) also modu-
lates energy homeostasis by regulating mitochondrial ETC activ-
ity via interactions with mitochondrial respiratory complexes(27).

In conclusion, the AMPK–SIRT1–PGC-1α axis is a major sig-
nalling pathway that orchestrates mitochondrial function and
dynamics in mammalian cells; therefore, its deregulation is asso-
ciated with the onset of several neurological diseases, and it has
been suggested as a pharmacological target to prevent or treat
such diseases(28).

Modulation of reactive oxygen species yield in
mitochondria

In the ETC, electrons (transported from reduced to oxidised sub-
units according to their redox potential and then tetravalently
added to oxygen) can spontaneously undergo side reactions
with oxygen to give rise to superoxide and a variety of other
downstream ROS. The mitochondrial ETC is a major site of cel-
lular ROS production(27), which is considered an inevitable con-
sequence of oxidative ATP production. Since mitochondrial
dysfunction is involved in several metabolic disorders(29), ETC
complexes I and III, which are themajor sites of ROS production,
could be considered therapeutic targets.

The ROS produced during cellular metabolism can be harm-
ful or beneficial depending on the balance between their yield
and the efficiency of antioxidant defences; thus, redox status
is crucial for living organisms and has been preserved during
evolution. The regulatory role of ROS in physiological processes
has become apparent in the past two decades, with their produc-
tion controlled by a complex network of intracellular signalling
pathways and a complex defence system.

For example, various physiological stimuli can increase
cellular PGC-1α levels alongside ROS yield, as PGC-1α can
up-regulate mitochondrial biogenesis, respiratory capacity,
OXPHOS and fatty acid β-oxidation. However, increasing evi-
dence suggests that PGC-1α can also act as a powerful regulator
of ROS removal by increasing the expression of the antioxidant
enzymes, glutathione peroxidase (GPx) and SOD2 (also known
as mitochondrial manganese-dependent superoxide dismutase
or Mn-SOD)(30). Conversely, decreased PGC-1α expression
may reduce the expression of NRF-dependent metabolic and
mitochondrial genes and contribute to ETC dysfunction and
altered redox status.

Mitochondrial redox couples

In mitochondria, as in the cytosol, the redox state of the NADH/
NADþ and NADPH/NADPþ redox pairs are maintained inde-
pendently as the nucleotides have different metabolic roles.
Nicotinamide nucleotide transhydrogenase (NTT) is amitochon-
drial NADP-reducing enzyme that catalyses the reduction of
NADPþ (at the expense of NADH) and is coupled toHþ transport
from the intermembrane space to the mitochondrial matrix. The
NADH/NADþ pair supports electron transfer in the ETC (via res-
piratory complex I) and the antioxidant system. Inmitochondria,
high NADH concentrations provide electrons for OXPHOS(31),
whilst high NADþ concentrations in the cytosol promote its role

as a cofactor for oxidative reactions (i.e. the glyceraldehyde-3-
phosphate dehydrogenase reaction in glycolysis). Notably, these
molecules along with GSSG (glutathione disulfide)/GSH
(reduced glutathione) and TrxSS (oxidised disulfide thiore-
doxin)/TrxSH2 (reduced thioredoxin) are the principal redox
couples in redox signalling(32) and are interconnected. In particu-
lar, all components of the antioxidative defences, as well as
GSSG and the GSH-dependent enzymes, glutathione reductase
and GPx1 and GPx4 rely on NADPH as a common reductant for
their oxidised forms. NNTmaintains the NADPHpool by utilising
TCA cycle-derivedNADH to reduceNADPþ to NADPH(33). Other
mitochondrial NADPH-regenerating enzymes are the NADPþ-
dependent isocitrate dehydrogenase and malic enzyme(34,35).
NNT activity mainly depends on membrane potential and the
activity of complexes I, III and IV,which control the level ofmito-
chondrial NADH, the substrate for the transhydrogenase reac-
tion. Moreover, GSH redox status is probably regulated by the
availability of catabolites oxidised in the TCA cycle to generate
NADH(36). Mitochondrial matrix antioxidant defences are very
effective at scavenging ROS species generated by the respiratory
chain, particularly superoxide anions andH2O2

(37,38). Thus, it has
been suggested that mitochondria are a sink rather than a source
of cellular ROS under physiological conditions(39).

Key mitochondrial regulators of redox status

Mitochondrial respiratory chain

The inner mitochondrial membrane respiratory chain transfers
electrons from reducing equivalents to oxygen to generate
proton-motive forces that are the primary energy source for
cellular ATP synthesis. Recent evidence suggests that the reversible
redox modification of protein-thiols is an important response to
changes in the cellular redox environment; conversely, ROS
generation by respiratory chain complexes may affect the mito-
chondrial redox balance by reversibly or irreversibly thiol-
modifying specific target proteins involved in redox signalling
and pathophysiological processes. Moreover, the thiol-based
modifications (for example, S-glutathionylation and S-nitrosylation)
of mitochondrial respiratory chain complex subunits may regulate
respiratory activity(40).

Uncoupling proteins

As mentioned above, the mitochondrial ETC is a major site of
ROS production, with ROS yield depending on the redox state
of its respiratory chain complexes. In particular, increased mito-
chondrial transmembrane potential (ΔΨm), which determines
the proton-motive force along with the proton gradient (ΔpH),
results in aberrant electron migration in the ETC and elevated
ROS production. Under these conditions, the probability of elec-
trons escaping the respiratory chain and forming superoxide
anions increases(41). The proton-motive force (ΔΨm or ΔpH)
and subsequent ROS production can be reduced either by
decreasing substrate oxidation (electron influx) or increasing
the consumption of proton-motive forces across the inner
mitochondrial membrane.
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In 1997, it was proposed that uncoupling proteins (UCP) can
modulate the mitochondrial generation of superoxide anions via
their uncoupling activity. The expression of UCP isoforms 1–3
may be stimulated by the increased generation of mitochondrial
superoxide anions(42), causing protons to leak from the inter-
membrane space into the matrix (bypassing ATP synthase in
OXPHOS) and decrease the ΔΨm. As a high ΔΨm generates
ROS(43), UCP-mediated proton gradient dissipation may greatly
reduce ROS production in a feedback manner by lower-
ing ΔΨm

(44).
In conclusion, the correlation betweenΔΨm and ROS yield(43)

may make uncoupling an acute (energetically costly) mecha-
nism for modulating redox homeostasis by reducing ROS
production(45).

AMP-activated protein kinase–sirtuin 1–PPARγ
coactivator-1α axis

The transcriptional coactivator PGC-1α is known to regulate
mitochondrial biogenesis(46), and can induce ROS removal by
up-regulating UCP2 and UCP3 expression(47). Moreover, its
ability to regulate ROS homeostasis was confirmed by its role
in activating antioxidant enzyme expression (namely GPx1
and SOD2)(48). Furthermore, PGC-1α activation may up-regulate
antioxidant enzyme expression (catalase (CAT) or SOD) by
non-canonically activating AMPK via mitochondrial ROS(49).

A substantial body of evidence has suggested that SIRT1, like
AMPK, responds to variations in nutrient availability, and its
regulation has been attributed to changes in NADþ abundance
(the NADþ:NADH ratio). It has been shown that the SIRT1 pro-
tein is involved in mitochondrial adaptation to redox altera-
tions(50). The cytoprotective activity of SIRT3 could underlie its
increased expression in tissues with high metabolism, which
are, consequently, more exposed to the potentially damaging
effects of mitochondrial ROS(51). Both SIRT1 and SIRT3 were
found to regulate PGC-1α; SIRT1 deacetylates and increases
the transcriptional activity of PGC-1α(52,53), whilst SIRT3 is an
important regulator of mitochondrial metabolism that plays a
role in adaptation to metabolic stress (for example, fasting or
energy restriction). In fact, SIRT3 activation by energy restriction
has been shown to reduce ROS levels by activating mitochon-
drial SOD2(54,55) or deacetylating or activating mitochondrial iso-
citrate dehydrogenase 2 (IDH2), which catalyses the conversion
of NADPþ to NADPH and increases the mitochondrial GSH:
GSSG ratio(56). Thus, sirtuins are classified as vitagenes, a group
of genes that preserve cellular homeostasis under stressful
conditions(57).

Nuclear factor erythroid-derived 2-like

The activation of nuclear factor erythroid-derived 2-like (Nrf2)
signalling plays a pivotal role in cellular protection and adapta-
tion to external stressors, as well as a number of cytoprotective
molecules produced by plants to protect themselves frommicro-
bial infection and other environmental conditions. The transcrip-
tion of some vitagenes, such as haeme oxygenase (HO-1) and
thioredoxin reductase (TrxR), is activated via the Nrf2 pathway.
Under basal conditions, Kelch-like ECH-associated protein 1
(Keap1) prevents Nrf2 from binding to the antioxidant

responsive element (ARE), thereby preventing its nuclear trans-
location and facilitating the degradation of Nrf2-Keap1 by the
proteasome. The cysteine residues of Keap1 are susceptible to
oxidative modification; thus, it can act as a redox sensor(58).
Nrf2 inducers can therefore improve the activity of cellular anti-
oxidant/detoxifying defences via their mild pro-oxidant activity
(eustress). In fact, when ROS levels are low (physiological con-
ditions), they can activate ‘oxidative eustress’(59) which underlies
their function as second messengers in several biological and
physiological processes(60). This process is distinct from exces-
sive ROS load (‘oxidative stress’), which can damage cells and
organs(61). Undermild stress conditions, ROS can oxidise the cys-
teine residues of Keap1, thereby allowing Nrf2 to translocate into
the nucleus where it activates the transcription of antioxidant/
detoxifying enzymes (for example, GSR, GPx, CAT, HO-1 and
TrxR; phase II enzymes) that protect cells against cytotoxic
and oxidative damage(62).

The ability of a molecule to induce opposite biological effects
depending on its dose (beneficial at low doses and toxic at high
doses) is named hormesis(63). The activation of the Nrf2 pathway
plays a key role in protecting cells from external stressors and its
physiologically relevant hormetic (dose-dependent) effects may
prevent or mitigate chronic diseases by activating adaptive
stress response signalling pathways(64). Moreover, Nrf2 also
modulates the expression of enzymes responsible for NADPH
synthesis (i.e. malic enzyme 1 (ME1), isocitrate dehydrogenase
1 (IDH1), glucose-6-phosphate dehydrogenase (G6PD) and
6-phosphogluconate dehydrogenase (6PGD))(65), which are
involved in the biosynthesis and maintenance of the main intra-
cellular antioxidant, GSH.

Functional link between Nrf2 and mitochondrial
physiology

In addition to its key role in redox homeostasis, the Nrf2 pathway
is linked to the AMPK–SIRT1–PGC-1α axis. Moreover, Nrf2 acti-
vation can sustain mitochondrial membrane potential (NADPH,
NADH and FADH2 regeneration) and biogenesis (PGC-1α)(66).
HO-1, an important enzyme in antioxidant defence and cellular
metabolism(67), is also regulated by Nrf2 activation and can pro-
duce carbonmonoxide (CO) during the metabolic conversion of
haem to biliverdin(68) to stimulatemitochondrial biogenesis(66,67).
Furthermore, a study demonstrating that Nrf2 acetylation pro-
motes its binding to antioxidant responsive element (ARE)(69)

paved the way for studies supporting the involvement of Nrf2
in the antioxidant activity of SIRT3 and SIRT6(70–75).

Crosstalk between Nrf2 and mitochondrial homeostasis has
been indicated by studies showing that the antidiabetic drug
metformin can activate Nrf2 in an AMPK-dependent manner(76)

and that SRT1720, a synthetic SIRT1 agonist, can elicit antioxi-
dant/anti-inflammatory effects via the AMPK/Nrf2 pathway
in vivo(77). Additionally, under oxidative stress conditions the
Nrf2 pathway can up-regulate UCP3 to counteract superoxide
production by increasing proton conduction across the inner
mitochondrial membrane(78).

Thus, it can be concluded that Nrf2 activity is linked with
many aspects of mitochondrial physiology (mitochondrial bio-
genesis, fatty acid oxidation, respiration and ATP production;
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Fig. 1) in addition to its recognised role in redox homeostasis, as
detailed in a recent review(65).

Mechanisms underlying the ability of polyphenols to
modulate redox status

ROS function as ‘redox messengers’ under physiological condi-
tions; however, excess ROS can trigger cell injury and oxidative
stress, which can damage cellular structures (protein, lipid and
DNA) and has been associated with the pathogenesis of human
diseases(1) and ageing(79). Due to the noxious effects of oxidative
stress, cells possess a complex mechanism that fine tunes
oxido-reductive homeostasis (redox status) and mitochondrial
metabolism to prevent oxidative injury, which could disrupt

mitochondrial integrity, impair the ETC and cause mitochondrial
DNA damage.

As mentioned above, mitochondria have been identified as
the main site of cellular superoxide anion radical production
and are themajor target of oxidative stress. Therefore, it has been
suggested that the dietary consumption of some secondary
metabolites could modulate redox status. Among the plethora
of bioactive compounds, polyphenols are known to exert intra-
cellular antioxidant effects via both direct and indirect mecha-
nisms (Fig. 2).

Direct antioxidant activity of polyphenols

Reactive oxygen species scavenging. The direct antioxidant
activity of polyphenols involves their ability to scavenge

Fig. 1. Pivotal role of nuclear factor erythroid-derived 2-like (Nrf2) in the regulation of mitochondrial pathways. In addition to its well-known role in redox homeostasis,
Nrf2 is involved in the regulation of many aspects of mitochondrial metabolism, such as biogenesis, fatty acid oxidation, oxidative phosphorylation (OXPHOS) and redox
homeostasis. The table describes the major players and their cellular location during these processes. AMPK, AMP-activated protein kinase; CAT, catalase;
GPx, glutathione peroxidase; mROS, mitochondrial reactive oxygen species; NRF, nuclear respiratory factor; PGC-1α, PPARγ coactivator-1α; ROS, reactive
oxygen species; SIRT1, sirtuin 1; SIRT3, sirtuin 3; SOD, superoxide dismutase; SOD2, superoxide dismutase 2; TFAM, mitochondrial transcription factor A;
UCP, uncoupling proteins. For a colour figure, see the online version of the paper.
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mitochondrial ROS or chelate transition metals (for example, Cu
and Fe) involved in the formation of free radicals (i.e. superoxide
and hydroxyl) via the Fenton reaction.

Research into the bioactivity of quercetin has shown that the
phytochemical can affect mitochondrial redox parameters by
acting upon mitochondria directly or indirectly. These effects
have been attributed to its chemical structure; however, its ability
to control mitochondrial respiratory chain function is still under
investigation. Some have reported that the enolic 3-OH group in
quercetin (C-ring) is responsible for enhancing its antioxidant
activity. Additionally, this 3-OHgroup seems to exhibit the ability
to chelate Fe2þ, reducing its availability to react with H2O2 via the
Fenton reaction. Moreover, it has been reported that quercetin
can prevent methylmercury (MeHg) or mercuric chloride
(HgCl2) from decreasing reduced GSH levels in mitochondria.
Interestingly, quercetin exhibits a more pronounced effect than
CAT on decreased hydroperoxide formation levels in mitochon-
dria exposed to MeHg or HgCl2(80). Thus, quercetin can protect
mitochondria against mercurials via a mechanism that involves
antioxidant effects against H2O2, since CAT, a H2O2-consuming

enzyme, is similarly effective at protecting mitochondria from
such agents.

Others have investigated an alternative mechanism via which
quercetin directly exerts antioxidant effects on mitochondria(81),
demonstrating that quercetin dose-dependently (1–10 μM)
inhibits H2O2 generation in intact mitochondria isolated from
rat brains and hearts without interfering with O2 consumption.
H2O2 is produced in mitochondria by SOD2, which is located
in the mitochondrial matrix and converts superoxide anions into
H2O2. SOD2 is a crucial determinant of energy homeostasis in
mitochondria that acts not only as an antioxidant enzyme but
more importantly as a central hub of redox signalling via
H2O2 production(82). Interestingly, SOD2 overexpression
adversely affects mitochondrial oxidative metabolism and
greatly stimulates glycolysis(13).

Metal chelation. As mentioned previously, hydroxyl radicals
can also be generated via reactions catalysed by redox-active
transition metals, such as Cu and Fe. In mitochondria, free Fe
can occur under conditions that increase superoxide production

Fig. 2. Ability of bioactive compounds to modulate redox status. Several polyphenolic molecules, such as resveratrol, curcumin, quercetin and genistein, can affect redox
homeostasis by directly and indirectly exerting antioxidant effects. The direct mechanisms consist of reactive oxygen species scavenging and metal chelation, whilst the
indirect mechanisms include activating nuclear factor erythroid-derived 2-like (Nrf2) signalling, regulating inner mitochondrial membrane potential via uncoupling effects
(up-regulating uncoupling protein 2 (UCP2) expression), and modulating radical species production via electron transport chain (ETC) complexes. The table describes
the different bioactive compounds, where they originate, and their effects on mitochondrial metabolism. AMPK, AMP-activated protein kinase; EGCG,
epigallocatechin gallate; MMP, matrix metalloproteinase; OXPHOS, oxidative phosphorylation; PGC-1α, PPARγ coactivator-1α; SIRT1, sirtuin 1. For a colour figure,
see the online version of the paper.
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and affect the [4Fe–4S] cluster of aconitase and NADH-
ubiquinone dehydrogenase. Some polyphenols (flavonoids
such as baicalein, quercetin and myricetin, and non-flavonoids
such as gallic, 2,3-dihydroxybenzoic and protocatechuic acids)
have been shown to chelate Fe and Cu ions particularly well,
rendering them unable to participate in reactions that generate
free radicals(83). Metal chelation may reduce the pro-oxidant
capacity of metal ions; however, polyphenols can also act as
pro-oxidants by chelating metals in a way that maintains or
increases their catalytic activity(84). These radicals are stabilised
by the delocalisation of unpaired electrons around aromatic
rings, enabling them to display pro-oxidant activities(85).

Nevertheless, the ROS-scavenging and metal-chelating abil-
ities of polyphenols have only been demonstrated in silico or
in vitro(86); therefore, these results may not necessarily translate
to in vivo systems, particularly since these biological effects are
highly dependent on the dose reaching the target cell/tissue.
Due to the low intrinsic activity of polyphenols (poor absorption,
high metabolism or rapid elimination)(87,88), their concentration
in vivo is low compared with that of endogenous antioxidants
(for example, GSH). In addition, data have indicated that gut
microflora may play a major role in their biotransformation from
native phytochemicals into more bioavailable/active metabo-
lites(89,90), further reducing the reliability of extrapolating their
biological activity from in vitro to in vivo models.

Indirect antioxidant activity of polyphenols implies
crosstalk with mitochondrial metabolism

The second mechanism of polyphenol antioxidant activity
involves inhibiting ROS yield and stimulating ROS-removing
enzymes. The link between mitochondrial metabolism and
redox homeostasis is based on the activity of redox pairs (for
example, NADþ/NADH, NADPþ/NADPH), mitochondrial respi-
ratory chain enzymes/proteins (for example, complex I and III,
UCP and sirtuins), and transcriptional regulators such as Nrf2 and
PGC-1α, which form a complex network that modulates crucial
physiological functions.

The link between redox homeostasis and mitochondrial
metabolism is further supported by the metabolic profiling data
of healthy human subjects, showing that receiving dietary inter-
vention with broccoli (source of glucoraphanin, a sulforaphane
precursor) improved the integration of fatty acid oxidation and
TCA cycle activity(91). Since many diseases have an oxidative
stress component, the Nrf2-dependent up-regulation of cytopro-
tective genes is considered a therapeutic target(92).

Complex I inhibition. Complexes I and III are mainly respon-
sible for superoxide anion yield in mitochondria; therefore, their
inhibition affects redox status homeostasis. Recent in vitro
and ex vivo studies have indicated that polyphenols can
modulate mitochondrial superoxide production via ETC com-
plexes(81,93,94). Thus, quercetin may suppress H2O2 production
by modulating complex I activity(95).

CoQ pre-treatment reduced the inhibitory effect of quercetin
on complex I, suggesting that quercetin competitively binds the
quinone-binding site of complex I due to structural similarity
with the quinone moiety of CoQ. It has been demonstrated that

quercetin (10 μM) stimulates complex I activity in a very similar
manner to CoQ in an experimental model using mitochondria
isolated from rat duodenum epithelium(87). Importantly, com-
plex I inhibition could lead to electron leakage from the ETC
and the increased generation of superoxide anions, which are
H2O2 precursors(96).

Activation of Nrf2-mediated antioxidant/detoxifying
enzymes. An increasingly recognised mechanism by which
some polyphenols can exert antioxidant effects in vivo is by
up-regulating antioxidant enzyme systems. Moreover, some pol-
yphenols can induce certain phase I and II enzymes that detoxify
potentially pro-oxidant xenobiotics(97).

Numerous natural products originating from plants, including
isothiocyanates (for example, phenethyl isothiocyanate and sul-
foraphane), alkaloids (for example, berberine and betanin), fla-
vonoids (for example, epigallocatechin gallate and quercetin),
stilbenes (for example, resveratrol and piceatannol), diferuloyl-
methanes (for example, curcumin and caffeic acid phenethyl
ester) and organosulfur compounds (for example, allicin and
diallyl trisulfide), have been reported to activate antioxidant/
detoxifying defences via an indirect mechanism (Nrf2)(98).
Despite their structural diversity, these molecules share the abil-
ity to activate this molecular mechanism due to their pro-oxidant
and electrophilic properties(99). At doses ingested by humans,
these phytochemicals can induce adaptive responses by
inducing Nrf2-driven antioxidant gene expression(100), which
improves defensive mechanisms to better protect cells and
organs against further toxic insults. Like the hormetic mecha-
nism activated by Nrf2, the pro-oxidant effects exhibited by
these chemopreventative phytochemicals are not unexpected.

The ability of polyphenols (for example, stilbenes: resvera-
trol; and flavonoids: epigallocatechin gallate) and curcumin to
activate the Nrf2 pathway has been investigated thor-
oughly(101–104). In particular, the ability of quercetin to improve
antioxidant defences and bioenergetic parameters in mitochon-
dria was demonstrated in vivo using experimental models con-
sisting of the brain, heart, gastric and liver tissues of experimental
animals. Quercetin was reported to exert antioxidant effects by
decreasing lipid peroxidation and protein carbonylation (impor-
tant consequences of increased oxidative stress) and preventing
GSH oxidation(105). This flavonoid also protects mitochondria by
activating Nrf2 pathways in cultured cells and animal tissues(106),
and attenuates hepatic lipid accumulation in mice fed a high-fat
diet(107). Moreover, dietary quercetin supplementation (100mg/kg
administered orally for 90 d) up-regulated SOD2 and GPx activity
and restored GSH levels in the liver mitochondria of ethanol-
treated rats, with the authors observing that quercetin alleviated
the effects of ethanol on mitochondrial ROS production and lipid
peroxidation(108).

Similar effects have been suggested for resveratrol, which
exerts antioxidant activity by increasing the expression of mito-
chondrial proteins or ROS-scavenging enzymes. In fact, dietary
supplementationwith resveratrol appeared to improvemitochon-
drial function in mice, with those treated with resveratrol also tol-
erating oxidative stress induced by exposure to various chemical
agents better than untreated mice(109). This stilbene decreases
mitochondrial ROS levels and inhibits lipid peroxidation by
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scavenging ROS (superoxide anions, H2O2 and hydroxyl radicals)
and replenishing GSH(110). Moreover, another study revealed that
resveratrol can dose-dependently activate antioxidant defences
by activating the Nrf2 pathway(111).

Several studies have shown that curcumin exerts significant
antioxidant activities by ameliorating lipid peroxidation and oxi-
dative stress in different tissues(112). Moreover, curcumin exerts
its antioxidant properties via both direct and indirect mecha-
nisms. This polyphenol effectively scavenges free radicals, such
as hydroxyl radicals, superoxide anions, NO, H2O2 and peroxy-
nitrite(113,114), and is able to up-regulate cytoprotective cell
responses by modulating the expression of genes encoding anti-
oxidant proteins, such as SOD, CAT and HO-1, or proteins that
replenish the glutathione pool, such as GR, GPx and GST(115).
Improved mitochondrial function has also been associated with
preventing reduced aconitase activity, a marker of oxidative
stress(116). Curcumin exerts cytoprotective effects against toxic
compounds that can generate ROS and cause lipid peroxidation
and DNA damage, including potassium dichromate (K2Cr2O7).
Curcumin prevents K2Cr2O7-induced decreases in body weight,
increases liver weight and the liver:body ratio, and exerts protec-
tive effects against oxidative damage in liver tissue by preventing
K2Cr2O7-induced decreases in hepatic antioxidant enzyme lev-
els. These effects appear to be mediated by its protective effects
in mitochondria. Studies on isolated organelles have shown that
curcumin reduces mitochondrial dysfunction by preventing
K2Cr2O7 from reducing complex I activity and opening the mito-
chondrial permeability transition pore (mPTP), thus inhibiting
mitochondria-induced apoptosis(117).

By investigating antioxidant efficacy, lycopene, a lipid–
soluble carotenoid compound, was found to exert a strong
protective effect against brain damage. Lycopene pre-treatment
was shown to protect SH–SY5Y neuroblastoma cells against
H2O2-induced death by inhibiting apoptosis and improving
the activity of Nrf2-activated antioxidant enzymes (SOD and
CAT). Additionally, lycopene prevented H2O2-induced
mitochondrial dysfunction by mitochondrial permeability
transition pore (mPTP) opening and attenuating the decline in
mitochondrial membrane potential(118).

Sulforaphane activates Nrf2, which induces the expression of
cytoprotective genes that play key roles in cellular defence
mechanisms, including redox status and detoxification. Both
its high bioavailability (higher than polyphenols) and significant
ability to induce Nrf2 contribute towards the therapeutic poten-
tial of sulforaphane-yielding supplements(119).

Nrf2–sirtuins. The association between the health benefits of
several polyphenolic compounds, such as resveratrol, fisetin
and quercetin, and their ability to activate SIRT1, was recently
reviewed(120) and their effects on cancer cells have been associ-
ated with AMPK activation(121).

Resveratrol reduces mitochondrial ROS generation by
increasing SIRT3 levels in the mitochondria of endothelial cells,
in turn increasing complex I activity and ATP synthesis by
up-regulating the mitochondrial proteins ATP6, CO1, Cytb,
ND2 and ND5(122). Moreover, resveratrol can up-regulate the
expression of the scavenging enzymes GPx, CAT(123) and
SOD2 in endothelial cells in a SIRT1-dependent manner(124).

Resveratrol treatment has also been shown to stimulate SIRT1
and AMPK activity in vivo, both of which influence redox
homeostasis in multiple tissues(125,126).

Nrf2–PPARγ coactivator-1α. The effects of a phenolic acid on
Nrf2–PGC-1α have been studied; in particular, high dietary
hydroxytyrosol intake appears to increase PGC-1α expression,
indirectly improving mitochondrial function by interacting with
and enhancing enzymes that protect cells against oxidative dam-
age due to excessive ROS levels. In fact, mice lacking PGC-1α
suffer greater drug-induced oxidative damage in the brain and
neural tissues, suggesting that hydroxytyrosol exerts cytoprotec-
tive effects by increasing PGC-1α levels and improving mito-
chondrial and cellular ROS-related functions(48). Similarly,
quercetin was recently reported to enhance hepatic mito-
chondrial oxidative metabolism and biogenesis (PGC-1α) by
activating Nrf-2/HO-1(127).

Nrf2–uncoupling proteins. Asmentioned previously, Nrf2 acti-
vation may be triggered by mild stress conditions via the oxida-
tion of Keap1 cysteine residues; however, Nrf2 may also be
activated in an AMPK-dependent manner by the flavonoid-
related compound xanthohumol in vitro or the alkaloid berber-
ine in vivo(128,129). UCP can modulate mitochondrial superoxide
anion generation by decreasing mitochondrial inner membrane
potential via their uncoupling activity. The uncoupling effect
exerted by flavonoids has been attributed to their weakly acidic
and highly lipophilic nature. Flavonoids can be protonated on
the low-pH external side of the inner mitochondrial membrane,
but when they pass through the lipid layer they are deprotonated
in the high-pHmitochondrial matrix milieu; thus, the proton gra-
dient across the inner mitochondrial membrane is dissipated.
However, a more recent study proposed that the uncoupling
effect exerted by the isoflavone genistein (1 μM) might be medi-
ated by up-regulated UCP2 expression(130). Themechanisms that
induce OXPHOS uncoupling remain unknown; however, sev-
eral studies have suggested that the effect could be associated
with decreased ROS formation via the ETC(131). Thus, the uncou-
pling effect of some polyphenols could be viewed as an ROS
scavenging-independent mechanism via which they exert their
antioxidant activity.

Summary

Mitochondria play pivotal roles in numerous cellular processes
and are considered the main source of ROS whilst simultane-
ously being a major target for these potentially noxious mole-
cules. In fact, excess oxidants can cause oxidative stress
which is known to play a causal role in many diseases, such
as cancer, metabolic, degenerative and hyper-proliferative dis-
eases, as well as ageing(132,133).

Several mechanisms are involved in modulating mitochon-
drial function, with numerous proteins and protein complexes
in specific pathways allowing crosstalk between mitochondrial
metabolism and oxidoreductive homeostasis. Recent studies
have demonstrated that many bioactive dietary compounds,
such as polyphenols and carotenoids, could be used alone or
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in combination to prevent and control disease development(134).
Most of these molecules can target mitochondria to improve
and/or restore their function by indirectly modulating redox sta-
tus. Therefore, we believe that further investigation and an
improved understanding of the molecular and biochemical
mechanisms underlying the action of these natural compounds
are necessary to develop new therapeutic approaches that
improve mitochondrial function and restore redox homeostasis.
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23. Cantó C & Auwerx J (2011) Calorie restriction: is AMPK as a
key sensor and effector? Physiology (Bethesda) 26, 214–224.

24. Sugden MC, Caton PW & Holness MJ (2010) PPAR control: it’s
SIRTainly as easy as PGC. J Endocrinol 204, 93–104.

25. Lin J, Handschin C & Spiegelman M (2005) Metabolic control
through the PGC-1 family of transcription coactivators. Cell
Metab 1, 361–370.

26. Bouchez C & Devin A (2019) Mitochondrial biogenesis and
mitochondrial reactive oxygen species (ROS): a complex rela-
tionship regulated by the cAMP/PKA signaling pathway. Cells
8, E287.

27. Lombard DB, Tishkoff DX & Bao J (2011) Mitochondrial sir-
tuins in the regulation of mitochondrial activity and metabolic
adaptation. Handb Exp Pharmacol 206, 163–188.

28. Valero T (2014) Mitochondrial biogenesis: pharmacological
approaches. Curr Pharm Des 20, 5507–5509.

29. Bhatti JS, Bhatti GK & Reddy PH (2017) Mitochondrial dys-
function and oxidative stress in metabolic disorders – a step
towards mitochondria based therapeutic strategies. Biochim
Biophys Acta Mol Basis Dis 1863, 1066–1077.

30. Austin S & St-Pierre J (2012) PGC1α and mitochondrial
metabolism – emerging concepts and relevance in ageing
and neurodegenerative disorders. J Cell Sci 125, 4963–4971.

31. Karamanlidis G, Lee CF, Garcia-Menendez L, et al. (2013)
Mitochondrial complex I deficiency increases protein acetyla-
tion and accelerates heart failure. Cell Metab 18, 239–250.

32. Jones DP & Sies H (2015) The Redox Code. Antioxid Redox
Signal 23, 734–746.

33. Rydström J (2006) Mitochondrial NADPH, transhydrogenase
and disease. Biochim Biophys Acta 1757, 721–726.

34. Sazanov LA & Jackson JB (1994) Proton-translocating transhy-
drogenase and NAD-linked and NADP-linked isocitrate dehy-
drogenases operate in a substrate cycle which contributes
to fine regulation of the tricarboxylic-acid cycle activity in
mitochondria. FEBS Lett 344, 109–116.

98 M. Di Giacomo et al.

https://doi.org/10.1017/S0954422419000210 Published online by Cambridge University Press

https://doi.org/10.1017/S0954422419000210


35. Jo SH, Son MK, Koh HJ, et al. (2001) Control of mitochondrial
redox balance and cellular defense against oxidative damage
by mitochondrial NADPþ-dependent isocitratedehydrogenase.
J Biol Chem 276, 16168–16176.

36. Garcia J, Han D, Sancheti H, et al. (2010) Regulation of mito-
chondrial glutathione redox status and protein glutathionyla-
tion by respiratory substrates. J Biol Chem 285, 39646–39654.

37. Treberg JR, Quinlan CL & Brand MD (2010) Hydrogen perox-
ide efflux from muscle mitochondria underestimatesmatrix
superoxide production – a correction using glutathione
depletion FEBS J 277, 2766–2778.

38. AonMA, Stanley BA, Sivakumaran V, et al. (2012) Glutathione/
thioredoxin systems modulate mitochondrial H2O2 emission:
an experimental–computational study. J Gen Physiol 139,
479–491.

39. Starkov AA (2008) The role ofmitochondria in reactive oxygen
species metabolism and signalling. Ann N Y Acad Sci 1147,
37–52.

40. Dröse S, Brandt U & Wittig I (2014) Mitochondrial respiratory
chain complexes as sources and targets of thiol-based redox-
regulation. Biochim Biophys Acta 1844, 1344–1345.

41. Brand MD, Affourtit C, Esteves TC, et al. (2004) Mitochondrial
superoxide: production, biological effects, and activation of
uncoupling proteins. Free Radic Biol Med 37, 755–767.

42. Echtay KS, Roussel D, St-Pierre J, et al. (2002) Superoxide acti-
vates mitochondrial uncoupling proteins. Nature 415, 96–99.

43. Korshunov SS, Skulachev VP & Starkov AA (1997) High pro-
tonic potential actuates amechanism of production of reactive
oxygen species in mitochondria. FEBS Lett 416, 15–18.

44. Miwa S & BrandMD (2003) Mitochondrial matrix reactive oxy-
gen species production is very sensitive to mild uncoupling.
Biochem Soc Trans 31, 1300–1301.

45. Mailloux RJ & Harper ME (2011) Uncoupling proteins and the
control of mitochondrial reactive oxygen species production.
Free Radic Biol Med 51, 1106–1115.

46. Puigserver P & Spiegelman BM (2003) Peroxisome
proliferator-activated receptor-γ coactivator 1 α (PGC-1 α):
transcriptional coactivator and metabolic regulator. Endocr
Rev 24, 78–90.

47. St-Pierre J, Lin J, Krauss S, et al. (2003) Bioenergetic analysis of
peroxisome proliferator-activated receptor γ coactivators 1 α
and 1 β (PGC-1α and PGC-1β) in muscle cells. J Biol Chem
278, 26597–26603.

48. St-Pierre J, Drori S, Uldry M, et al. (2006) Suppression of reac-
tive oxygen species and neurodegeneration by the PGC-1
transcriptional coactivators. Cell 127, 397–408.

49. Rabinovitch RC, Samborska B, Faubert B, et al. (2017) AMPK
maintains cellular metabolic homeostasis through regulation
of mitochondrial reactive oxygen species. Cell Rep 21, 1–9.
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