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Oxidants are produced in physiological and pathological
conditions. The production of reactive nitrogen and oxygen
species (RNS and ROS, respectively) can lead to vastly differ-
ent cellular outcomes depending on their subcellular loca-
tion, half-life, reactivity, gradients, and the antioxidant
defenses. While oxidative stress caused by general oxidative
damage is often nonspecific and linked to cell death by necro-
sis, at lower concentrations, ROS and RNS can act as second
messengers regulating redox-sensitive signaling pathways,
which elicit very specific cellular responses [1, 2]. Redox sig-
naling is an intrinsic, tightly regulated component of cell
metabolism, controlling cell growth, differentiation, and
death. The interplay between the production of oxidants
and the antioxidant defenses is highly regulated to maintain
cellular redox homeostasis [3, 4]; thus, its dysregulation
underlies many pathological conditions, including cancer,
neurodegeneration, and cardiovascular and metabolic dis-
eases. This special issue is focused on redox signaling in
pathology and developments in redox-based therapies.

In this issue, H. Pérez et al. examined the molecular basis
of the role of p66Shc in brain mitochondrial dysfunction,
showing a connection with ROS/RNS production, Sirt 3
activity modulation, and mitochondrial dynamics and bio-
genesis. The modulation of p66shc activity could be a candi-
date for therapeutic intervention for longer lifespan or higher
quality of life. In an article exploring the stimulatory role of
nitric oxide (NO) on protein synthesis in the muscle, R.
Wang et al. show that protein synthesis is regulated in a
NO-dependent manner in differentiated C2C12 myoblasts
by the mTOR/p70S6K pathway, highlighting the potential

clinical applications of targeting the production of NO in
muscle metabolism. Also, by a thorough examination of
heart function and metabolites in a mouse Nrf2 knock-out
model, R. Erkens et al. show that inhibition of NO synthesis
at the onset of ischemia (I) and during early reperfusion (R)
worsened myocardial damage and systolic dysfunction in
Nrf2-deficient animals. The study reveals that eNOS upregu-
lation under conditions of compromised antioxidant capacity
may afford cardioprotection against I/R. K. Xu et al. discuss
tryptophan and its metabolites as a source of antioxidant
defense in theplacenta. The authors summarize data onmech-
anisms that involve tryptophan and 3-hydroxyanthranilic
acid, a metabolite of the tryptophan-kynurenine pathway,
as initiators of signaling events that activate Nrf2 in the pla-
centa, stimulating the expression of antioxidant proteins
and proteins responsible for the biosynthesis of low molecu-
lar weight antioxidants.

In relation to cancer, S. V. Kostyuk et al. examined the
penetration of easily oxidizable GC-rich DNA fragments
(GC-DNA) into breast cancer cells and their potential for
therapeutic development. Results from the study indicate
that GC-DNA provided in the cell culture medium inter-
acts with the cell surface, induces NOX4 expression, and
undergoes oxidation by augmentation of reactive oxygen
production. Thus, the incorporation and expression of
cell-free DNA in cancer cells may harbor utility for thera-
peutic development.

Additional articles in this special issue address funda-
mental aspects of redox signaling in physiological conditions.
P. V. Avdonin et al. uncovered that H2O2 synergizes with
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calcium-mobilizing agonists of the 5-hydroxytryptamine
receptors 5-HT1B and 5-HT2B through the induction of
endogenous oxidative stress in human umbilical vein endo-
thelial cells and suggested that H2O2 potentiation of agonist-
induced calcium signaling in endothelial cells may contribute
to vasorelaxation. In another study by C. Urbainsky et al.,
the authors performed a comprehensive analysis of the sub-
strates and functions of the oxidoreductase nucleoredoxin
(Nrx) in neuronal cells. Their results suggest that Nrx may
be involved in the redox regulation of cell morphology
and metabolism.

Four review articles cover current knowledge of the role of
oxidants and redox signaling in pathology. S. Boukhenouna
et al. discuss the biological role of reactive oxygen species
in the progression of chronic obstructive pulmonary disease
(COPD) and cellular mechanisms to repair oxidative dam-
age. A primary factor in the development of COPD is expo-
sure to cigarette smoke that induces oxidative stress and
epithelial cell damage. Cigarette smoke is the leading risk
factor of lung injury and pulmonary emphysema. Sustained
oxidative damage to biomolecules forces chronic upregula-
tion of antioxidant and other cytoprotective responses.
Under the high oxidative stress conditions documented in
patients with COPD, defense systems can reach exhaustion
failing to halt further disease deterioration. E. Richard et al.
summarize the current knowledge on the pathophysiological
role of reactive oxygen species and redox imbalance in
inborn errors of metabolism (IEM), with a focus on selected
branched-chain amino acid disorders, organic acidurias, and
homocystinuria. The authors also cover the source of ROS in
these IEMs and evaluate the efficacy of antioxidant therapies
and mitochondria-targeted approaches in these diseases.
Also, A. Giuffrè and J. B. Vicente present a comprehensive
review of the biochemistry of hydrogen sulfide and its intri-
cate interactions with other gasotransmitters. The work
covers hydrogen sulfide occurrence in biological fluids and
tissues, biogenesis and catabolism by specialized enzymes,
partition in intra- and extracellular compartments, signaling,
abnormal homeostasis in cardiovascular disease, neurode-
generative disorders and cancer, and reactivity with NO
and CO. The review by R. Manoharan et al. describes the
role of serine-threonine kinase receptor-associated protein
(STRAP) in the regulation of cell proliferation and death
in normal and cancer cells. While STRAP interacts with
many redox-sensitive proteins to promote cell survival and
proliferation in both normal and cancer cells, under condi-
tions that affect the redox balance, STRAP may also induce
cell death. This dual role of STRAP in cancer cells may
uncover novel therapeutic options for cancer treatment.

Therapeutic strategies aimed at restoring redox homeo-
stasis have been pursued for many years, albeit with very
limited success. In this special issue, N. E. Buglak et al. pres-
ent a critical review of the literature, evaluating successful
and unsuccessful approaches, including patient selection,
dose, and delivery route. The authors also focus on the
development of local targeted delivery of antioxidants as
a promising therapeutic approach to address local redox
dysfunction. For example, J. Paprocki et al. study how dif-
ferent markers of the oxidant-antioxidant equilibrium are

modulated after repeated stimulation with hyperbaric oxygen
(HBO), a therapy associated with increased production of
reactive oxygen species used to treat sudden sensorineural
hearing loss. Another example is the use of cold physical
plasma (CAP), a therapeutic strategy that generates reactive
oxygen and nitrogen species, used for chronic and acute
wound treatment. In this issue, A. Schmidt et al. show that
CAP activates a complex cellular response and discuss the
functional consequences of the clinical use of plasmas for
wound treatment.

The lack of tools to isolate specific oxidative modifica-
tions has hindered our understanding of the functional con-
sequences of such modifications for many years. Here, J. J.
Porter and R. A. Mehl summarize current knowledge of oxi-
dative posttranslational protein modifications and the devel-
opment of new tools through genetic code expansion, for the
genetically encoded, site-specific incorporation of amino
acids carrying oxidative modifications into proteins. These
tools enable the accurate determination of the role of a partic-
ular posttranslational modification at unique positions in a
protein of choice.

In summary, this special issue highlights the importance
of understanding the molecular basis of redox signaling and
the need for targeted therapies that have so far remained a
major challenge in the field.
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Hydrogen peroxide, formed in the endothelium, acts as a factor contributing to the relaxation of blood vessels. The reason for this
vasodilatory effect could be modulation by H2O2 of calcium metabolism, since mobilization of calcium ions in endothelial cells is a
trigger of endothelium-dependent relaxation. The aim of this work was to investigate the influence of H2O2 on the effects of
Ca2+-mobilizing agonists in human umbilical vein endothelial cells (HUVEC). We have found that H2O2 in concentration range
10-100 μM increases the rise of [Ca2+]i induced by 5-hydroxytryptamine (5-HT) and carbachol and does not affect the calcium
signals of ATP, agonist of type 1 protease-activated receptor SFLLRN, histamine and bradykinin. Using specific agonists of
5-HT1B and 5-HT2B receptors CGS12066B and BW723C86, we have demonstrated that H2O2 potentiates the effects mediated
by these types of 5-HT receptors. Potentiation of the effect of BW723C86 can be produced by the induction of endogenous
oxidative stress in HUVEC. We have shown that the activation of 5-HT2B receptor by BW723C86 causes production of reactive
oxygen species (ROS). Inhibitor of NADPH oxidases VAS2870 suppressed formation of ROS and partially inhibited [Ca2+]i rise
induced by BW723C86. Thus, it can be assumed that vasorelaxation induced by endogenous H2O2 in endothelial cells partially
occurs due to the potentiation of the agonist-induced calcium signaling.

1. Introduction

In the early 1930s, the phenomenon of oxidative (respira-
tory) burst at phagocytosis was described [1]. This work ini-
tiated enormous number of studies of the role of ROS in
biological processes and systems. High concentrations of
ROS normally are characteristic function of the so-called
professional phagocytes—cells of innate immunity; in other
cells, high concentration of ROS is a sign of oxidative stress
and a cause of cell death [2]. Low concentrations of ROS are
permanently formed in almost all cells of the body and per-
form the functions of second messengers in redox-sensitive
signaling pathways [3, 4]. The vascular endothelium plays
a crucial role in maintaining homeostasis, and it is often

both the main target and one of the sources of ROS [5, 6].
In physiological conditions, the synthesis of ROS by
NADPH oxidases (NOX) carries out a signaling function
[7]; however, the disturbance of its metabolism and associ-
ated signaling pathways is the cause of many vascular
pathologies [8]. In terms of signaling, H2O2 is considered
as the most stable and important kind of ROS. According
to some data, the concentration of both endogenous and
exogenous H2O2 can reach hundred micromoles [9–11]. In
vascular endothelial cells H2O2 is produced by NOX4, and
it was demonstrated that its targeted overexpression in
endothelial cells results in a decrease in blood pressure and
potentiation of relaxation under the action of acetylcholine
and histamine [12]. It was assumed that the cause of
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vasodilation is hyperpolarization of the plasma membrane of
smooth muscle cells induced by H2O2. However, there are
some indications that H2O2 can cause the relaxation of ves-
sels, acting directly on endothelial cells. In a number of stud-
ies, it was shown that exogenous H2O2 caused the increase of
[Ca2+]i in endothelial cells and modulated calcium signaling
in response to physiological agonists [13–17]. The increase
of [Ca2+]i in endothelial cells induced by H2O2 can amplify
the synthesis and release of relaxing factors. The data on
the influence of H2O2 on calcium metabolism in endothelial
cells are controversial. According to [16], H2O2 inhibits
agonist-induced [Ca2+]i rise in EC. However, such effects
are observed at very high unphysiological concentrations of
H2O2 [13]. Recently, we demonstrated that H2O2 in concen-
tration range of 10 to 100μM stimulated mobilization of
Ca2+ in HUVEC partially due to the activation of two-pore
calcium channels [18]. Calcium ions released from endoly-
sosomal vesicles via two-pore channels are operating as a
trigger promoting Ca2+ mobilization from more capacious
intracellular calcium depots. The aim of this study was to
estimate how H2O2 influences upon the action of Ca2+-
mobilizing agonists in HUVEC.

2. Materials and Methods

2.1. Reagents. The reagents used were as follows: BW723C86
and CGS12066B from Tocris; DCFH-DA and CalciumGree-
n/AM from Molecular Probes; serotonin, bradykinin,
N-Acetyl-L-cysteine, VAS2870, Na3VO4, and BVT948 from
Sigma-Aldrich.

2.2. Cell Culture. The endothelial cells were isolated from the
human umbilical vein as described previously [19] with
modifications [20]. The umbilical veins were washed with
Hanks balanced salt solution containing antibiotics, filled
with a M199 medium supplied with 0.1% collagenase (Sig-
ma-Aldrich), and incubated at room temperature for
40min. The cells were washed and grown in plastic vessels
covered with 0.2% gelatin in M199 medium. The medium
contained Earle’s salts, 20% fetal bovine serum (Invitrogen,
United States); 300μg/mL endothelial growth supplement
from the rabbit brain obtained according to [21]; 100μg/mL
heparin; and 100μg/mL gentamycin.

2.3. Registration of [Ca2+]i Changes. The changes in [Ca2+]i
were registered in HUVEC of 2-4 passages with the use of
the fluorescent probe CalciumGreen (Thermo Fisher Scien-
tific, USA) and a microplate spectrofluorometer Synergy 4
(BioTech, USA). The cells grown in 96-well plates were
loaded with the probe at 37°C for 1 h in M199 medium, con-
taining 1μM CalciumGreen/AM and 100μg/mL Pluronic
F127. After that, the physiological salt solution (PSS, pH
7.4) containing 145mM NaCl, 5mM KCl, 10mM Hepes,
1mM MgCl2, 1mM СaCl2, and 10mM glucose was added
to the cells. The cells were preliminarily washed with the
PSS solution to remove the M199 medium. Fluorescence
was registered at 485nm (excitation) and 530 nm (emission)
at room temperature. All data are represented as ratios of
two values (ΔF/Fo): the increase in the fluorescence in

response to an agonist (ΔF) and the basal fluorescence of
the unstimulated cells (Fo). The plots show the averages of
three or more measurements.

2.4. Detection of ROS in HUVEC. ROS generation in HUVEC
was assessed using 2′,7′-dichlorodihydrofluorescein diace-
tate (DCFH-DA) as a probe. The cells grown in 96-well
plates were incubated with 2μM of DCFH-DA during 1 h
at room temperature. The formation of ROS in the cells
was determined by measuring the rate of DCFH oxidation
into 2′,7′-dichlorofluorescein (DCF). DCF fluorescence was
measured at excitation wavelength of 485 ± 20 nm and with
emitter bandpass of 527 ± 15 nm. The rate of fluorescence
rise was taken as an index of ROS generation.

2.5. Statistics. Data are presented as mean ± SEM of 6–12
measurements. Statistical significance was calculated using
Excel and MedCalc statistical software according the
Student-Newman-Keuls test.

3. Results

In HUVEC, [Ca2+]i is strongly increased in response to
ADP, histamine, and the agonist of type 1 protease-
activated receptor SFLLRN and to a lesser degree to bradyki-
nin (Figure 1(a)). The responses to these agonists are not
affected by H2O2. 5-hydroxytryptamine and carbachol
induced substantially less elevation of [Ca2+]i in HUVEC,
and H2O2 caused a significant potentiation of their effects
(Figure 1(a)). In some preparations of HUVEC, the rise of
[Ca2+]i in response to 5-HT was negligible, but in the pres-
ence of H2O2 it increased severalfold (Figure 1(b)). The rea-
son for such strong potentiation of the [Ca2+]i rise induced
by 5-HT is not clear. We suppose that it might depend on
the quality of the contacts between the cells in monolayer
and the degree of synchronization of Ca2+ responses of sin-
gle cells. The synchronization of calcium signaling of endo-
thelial cells in monolayer has been demonstrated earlier
[22]. The increase in [Ca2+]i in response to 5-HT and carba-
chol occurred when the H2O2 concentration changed from
10 to 100μM (Figure 2(a)). At 200μM H2O2 did not cause
additional potentiation, while its own effect on the level of
[Ca2+]i was growing (Figure 2(b)). Catalase prevents poten-
tiation by H2O2 of 5-HT calcium signaling (Figure S1).

The vascular endothelium expresses serotonin 5-HT1B
and 5-HT2B receptors. It is known that serotonin or its
selective agonists activate NO synthase and cause vascular
relaxation [23, 24]. In general, serotonin receptors of endo-
thelial cells are very poorly investigated. There is no infor-
mation in the literature on the participation of 5-HT1B
receptors in the regulation of [Ca2+]i in endothelial cells.
Regarding 5-HT2B receptors, there is an evidence that their
activation in human pulmonary artery endothelial cells
causes elevation of [Ca2+]i [25]. We investigated effects of
5-HT1B and 5-HT2B receptor agonists CGS12066B and
BW723C86 in order to determine which of these receptors
could be responsible for the enhancement of the Ca2+-mobi-
lizing activity by H2O2 (Figure 3). The 5-HT1B receptor ago-
nist CGS12066B caused a very weak rise of [Ca2+]i.
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However, its effect sharply increased in the presence of
H2O2. BW723C86 at a concentration of 50μM induced the
elevation of [Ca2+]i and H2O2 further enhanced its effect
near twofold. Alpha-methyl-5-hydroxytryptamine (αMHT)
is a relatively specific agonist toward 5-HT2B receptors
and its effect was also enhanced by H2O2. These results indi-
cate that the Ca2+-mobilizing activity of both receptors is
potentiated in the presence of H2O2.

The increase in [Ca2+]i caused by the agonists in the
presence of H2O2 does not disappear with the removal of
calcium ions from the extracellular medium, which indicates
mobilization of calcium ions from the intracellular depots
(Figure S2). The withdrawal of extracellular calcium did
not affect the effective concentration of H2O2. The full
potentiation of [Ca2+]i rise in response to CGS12066B and
BW723C86 was observed at 50μM H2O2 both at normal
and low level of extracellular Ca2+ (Figure S3) as in the case
of 5-HT (Figure 2(a)). The potentiating effect of H2O2 is
suppressed by the antioxidant N-acetylcysteine (Figures 4
and 5). In some HUVEC preparations, the calcium signals

in response to CGS12066B and BW723C86 were quite
strong. We suggested that this may be due to the formation
of endogenous ROS, which might increase the
calcium-mobilizing activity of 5-HT1B and 5-HT2B recep-
tors in a manner similar to exogenous H2O2. In favor of this
point of view, there is a data on the inhibition by
N-acetylcysteine of [Ca2+]i rise in response to CGS12066B
and BW723C86 (Figure 6). On the other hand, there was
no suppression of the effect caused by the agonist of type 1
protease-activated receptor SFLLRN. These data assume the
existence of a specific mechanism through which an increase
in [Ca2+]i occurs when 5-HT1B and 5-HT2B receptors are
activated in HUVEC.

In order to test the hypothesis of an increase in the
functional activity of 5-HT1B and 5-HT2B receptors under
the action of endogenous ROS, we investigated whether
their formation in HUVEC occurred in conditions of
[Ca2+]i measurement. For registration of the ROS, the
fluorescent probe DCFH-DA penetrating into the cells
was used. The increase in the fluorescence due to

SFLLRN Bradykinin Histamine 5-HT ADP Carbachol

Control
H2O2

0.2

0.1

0

Δ
F/

Fo

⁎⁎

⁎

(a)

0

0.1

0.2

Control
H2O2

5-HT

2 min

(b)

Figure 1: (a) Effect of the agonists on [Ca2+]i in HUVEC in the absence and presence of H2O2. (b) Kinetics of calcium response to 5-HT in the
absence and presence of H2O2. Concentration of H2O2 was 100 μM. Grey arrow indicates addition of H2O2 or vehicle. Concentrations of the
agonists were 5μg/mL for SFLLRN, 10-7M for bradykinin, and 10-5M for histamine, 5-HT, carbachol, or ADP. Each value is the mean of 6 to
9 measurements± SEM (∗p < 0 05; ∗∗p < 0 01).
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Figure 2: Dependence of [Ca2+]i rise in HUVEC in response to 5-HT (a) or carbachol (b) on concentration of H2O2. Grey arrow indicates
addition of H2O2 or vehicle in control. Concentrations of added H2O2 in (b) were 10, 50, and 200μM. The concentration of 5-HT and
carbachol was 10μM. Each value in (a) is the mean of 4-6 measurements± SEM (∗p < 0 01).
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oxidation DCFH into 2′,7′-dichlorofluorescein (DCF)
reflects the accumulation of ROS in the cytoplasm. As
can be seen in Figure 6(a), spontaneous formation of
ROS occurs in HUVEC. In the presence of CGS12066B,
the oxidation rate of the H2DCF does not change. We
found that BW723C86 at a concentration of 100μM
increased the formation of ROS severalfold in HUVEC
(Figure 6). VAS2870, a selective inhibitor of NOX, almost
completely blocked the formation of ROS induced by
BW723C86 (Figure 6(b)). Thus, the data suggest the cou-
pling of 5-HT2B receptors with NOX.

The next task was to find out whether endogenous ROS
generated by NOX can affect the calcium signaling in

HUVEC. As shown in Figure 7(a), the NOX inhibitor
VAS2870 does not change the response to 30μM
BW7323C86 and decreases by 15 4 + 3 8% (n = 12; p < 0 01
) the [Ca2+]i elevation caused by BW723C86 at a concentra-
tion of 100μM. This indicates the contribution of NOX to
the regulation of calcium signaling from 5-HT2B receptors.
To evaluate the role of ROS endogenously formed in
HUVEC in [Ca2+]i regulation via 5-HT2B receptors, we used
another approach: inducers of ROS formation were applied.
Such properties are possessed by orthovanadate (Na3VO4)
[26] and substance BVT948 [27]. Na3VO4 and BVT948
potentiated the rise of [Ca2+]i in HUVEC caused by 30μM
BW723C86 by 1.7 and 2.5 times (Figure 7), respectively.
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Figure 3: An increase in [Ca2+]i in HUVEC in response to CGS12066B, BW723C86, and alpha-methyl-5-hydroxytryptamine (αMHT) upon
the action of H2O2. The concentration of CGS12066B, BW723C86, and H2O2 is 50μM; αMHT: 10μM.Grey arrow indicates addition of H2O2
or vehicle. For each agonist, a typical response of 3-6 experiments is presented.
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H2O2, N-AcC, and 5-HT were 50 μM, 2mM, and 10 μM, respectively.
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4. Discussion

In this paper, we have demonstrated that hydrogen peroxide
dramatically increases the rise of [Ca2+]i in endothelial cells
in response to serotonin. It was found that the reason for this
could be an increase in the functional activity of 5-HT1B and
5-HT2B receptors. To the best of our knowledge, this is the
first demonstration of Ca-mobilizing activity of 5-HT1B

receptors in endothelial cells. There is only one experimental
work demonstrating that 5-HT2B receptors stimulate calcium
mobilization in endothelial cells, which was conducted on the
cells isolated from the human pulmonary artery [25]. The rea-
son for the lack of published data on this topic seems to be the
low functional activity of 5-HT1B and 5-HT2B receptors. Ear-
lier we showed that in smooth muscle cells of blood vessels
5-HT2B receptors are functionally inactive and their
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Figure 5: Effect of N-acetyl cysteine on [Ca2+]i elevation in response to CGS12066B (50 μM), BW723C86 (100 μM), and SFLLRN
(10 μg/mL). Typical data of 3-4 experiments are presented.
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Figure 6: (a) Increase in the fluorescence of DCFH in HUVEC in control conditions, with the addition of exogenous H2O2 (200 μM),
BW723C86 (100 μM), or CGS12066B (100 μM). The data of one of four independent experiments are presented. (b) Inhibition of
BW723C86-induced formation of ROS by inhibitor of NADPH oxidase VAS2870. The concentrations were H2O2 200μM, BW723C86
and CGS12066B 100μM, and VAS2870 10μM.
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transition to the active state occurs under the influence of ROS
[28]. The results presented in this paper show that the same
pattern of 5-HT receptor regulation exists in HUVEC.

The increase in calcium signaling upon exposure to
H2O2 is selective with respect to the action of serotonin.
There is an increase in the level of [Ca2+]i in response to car-
bachol, though it is extremely low even in the presence of
H2O2. The difference in the effect of ROS on the functional
properties of 5-HT receptors, on the one hand, and hista-
mine, ADP, and PAR1 receptors, on the other hand, is indic-
ative of differences in the mechanisms of signal
transduction. In the paper of Ullmer et al. [25], data were
presented according to which 5-HT2B receptors induce the
activation of ryanodine-sensitive channels in human pulmo-
nary endothelial cells. We have shown that the main source
of increasing [Ca2+]i in HUVEC in response to the activation
of 5-HT1B and 5-HT2B receptors could certainly be intra-
cellular stores, but their nature has not yet been established.

In many cases, H2O2 initially causes a transient rise of
[Ca2+]i, but its potentiating effect can be manifested without
an apparent increase in the level of [Ca2+]i in HUVEC. In a
recent paper, we showed that H2O2 activated two-pore cal-
cium channels in HUVEC [18]. It was assumed that calcium
ions released from endolysosomal vesicles through the
two-pore channels serve as a trigger opening of the endo/-
sarcoplasmic reticulum channels. Perhaps this mechanism
is implemented in this case, too.

Presently, it is a well-known fact that H2O2 at low non-
toxic concentrations can serve as a second messenger. The
enhancement of [Ca2+]i is one of the terminal links in sero-
tonergic signaling. The primary targets of H2O2 are known
to be SH groups of PTEN and tyrosine phosphatases [29].
Moreover, tyrosine phosphatases are the target for different
inducers of ROS formation, such as Na3VO4 and BVT946
[27, 30]. These substances have the same effect as H2O2, so
there is a reason to think that the tyrosine phosphorylation
system is involved in the serotonergic regulation of [Ca2+]i

in HUVEC. The involvement of tyrosine protein phospha-
tases and protein kinases of the Src family in calcium signal-
ing of 5-HT2B receptors was shown in vascular smooth
muscle cells [28].

In this work, we have shown that the activation of
5-HT2B receptor by BW723C86 induces ROS accumulation
in the cytoplasm of HUVEC. Earlier, we showed the same
effect of BW723C86 in rat aorta smooth muscle cells [28].
The formation of ROS in both cell types is suppressed specif-
ically by the NADPH oxidase inhibitor VAS2870. This sug-
gests the coupling of 5-HT2B receptors with this enzyme.
The question about the type of NOX interacting with the
5-HT2B receptors requires further investigation.

Based on the data obtained, it might be suggested that
the excessive production of H2O2 by leukocytes as well as
the formation of endogenous ROS in endothelial cells could
influence the serotoninergic regulation of vascular tone and
secretion from endothelial cells. Serotonin stimulates von
Willebrand factor secretion via 5-HT1B receptors and the
mechanism of this process is not completely clear [31]. Oxi-
dative stress and simultaneous release of 5-HT from platelets
could be a pathogenic factor of microvascular thrombosis.
The stimulation of 5-HT2B receptors in endothelial progen-
itors by nordexfenfluramine and some other pharmacologi-
cal agents causes valvular heart disease [32]. The
potentiation of calcium response via 5-HT2B receptors in
progenitors by H2O2 can probably accelerate its develop-
ment. On the other hand, the moderate formation of H2O2
in endothelial cells can cause a physiologically relevant
increase of [Ca2+]i and promote vascular relaxation. Future
work will be required to uncover whether H2O2 potentiates
vasorelaxation via 5-HT receptors.
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Supplementary Materials

Figure S1: inhibition by catalase of H2O2-induced [Ca
2+]i ele-

vation and its effect on 5-HT-induced calcium signaling in
HUVECs. (A) Kinetics of [Ca2+]i changes. (B) Decrease in
5-HT-induced calcium signal. Catalase at concentration
150 units/mL or buffer was added 5min before H2O2. Con-
centrations of H2O2 and 5-HT were 100 and 10μM, respec-
tively. ∗p < 0 01 compared to control without H2O2, n = 4.
Figure S2: the increase in [Ca2+]i in HUVEC incubated with
200μM H2O2 in response to CGS12066A (50μM) and
BW723C86 (100μM) in a medium with calcium ions
(1.25mM CaCl2) and in a medium without calcium in the
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Figure 7: Inhibition of calcium signaling mediated by 5-HT2B
receptors by VAS2870 and potentiation by Na3VO4 and BVT948.
Concentrations of VAS2870, Na3VO4, and BVT948 were 10, 200,
and 1μM, respectively.
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presence of 100μM EGTA. The average of 3 parallel mea-
surements± SEM is presented. Figure S3: the influence of dif-
ferent concentrations of H2O2 on [Ca2+]i elevation in
HUVECs induced by 50μM CGS12066B (A) and 30μM
BW723C86 (B). The magnitude of the response in the pres-
ence of calcium ions and in the absence of H2O2 is taken as
100%. Each value is a mean of 6 measurements. The incre-
ments of ΔF/Fo in the presence of H2O2 significantly differ
from control values (p < 0 01). (Supplementary Materials)
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The concentration of thiobarbituric acid reactive substances (TBARSs) in plasma and erythrocytes, the activity of selected
antioxidant enzymes in erythrocytes: catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GPx), and the
levels of hemoglobin (HGB) and haematocrit (HCT) were determined in 40 patients with sudden sensorineural hearing loss
(SSNHL) subjected to 14 treatment sessions in a Haux Starmed 2200 hyperbaric chamber. Hyperbaric oxygen (HBO) therapy
involved breathing 100% oxygen at 0.25MPa. Blood for analysis was collected from the basilic vein at three time points: before
the first HBO session, approximately 5min after the first session, and after the 14th session. The control group included 20
healthy individuals never before treated with HBO therapy. Compared to the pre-HBO values, a 10% increase (P < 0 05) in the
TBARS concentration in erythrocytes, a 28% increase in the GPx activity (P < 0 05), and a 7% decrease in the SOD activity
(P < 0 05) were observed after 14 HBO sessions. The CAT activity decreased by 6% (P < 0 05) after the first session. The TBARS
concentration in plasma was 13% higher (P < 0 01), while that in erythrocytes was 24% lower (P < 0 001) in the SSNHL patients
before the first HBO session compared to the control group. The CAT activity in the SSNHL patients before HBO therapy was
26% higher (P < 0 001) than that in the control group. A statistically significant reduction in HGB and HCT after 14 HBO
sessions (P < 0 01) compared to the pre-HBO values was demonstrated. SSNHL is accompanied by disturbance in the
oxidant-antioxidant equilibrium. Repeated stimulation with hyperbaric oxygen modulates the activity of antioxidant enzymes. It
seems that the increased generation of hydrogen peroxide is responsible for the changes in the activity of antioxidant barrier
enzymes observed after HBO sessions.

1. Introduction

Sudden sensorineural hearing loss (SSNHL) is impairment of
the hearing of unknown aetiology, developing over 72 hours.
It usually affects one ear, less often both. The age group most
frequently affected is people aged 30 to 60 years [1]. The main
audiometric criterion of SSNHL is hearing impairment no
deeper than 30 dB affecting at least 3 neighbouring frequen-
cies [2, 3]. The incidence of SSNHL in Poland is 5–20 cases
per 100,000 people per year [2]. There is no clearly understood
cause of this condition, but the most common aetiologies

mentioned in the literature include vascular, viral, and auto-
immune factors. SSNHL is treated pharmacologically using
corticosteroids, antiviral drugs, thrombolytic agents, and vita-
mins [1]. Hyperbaric oxygen (HBO) therapy, increasingly
used by otolaryngologists in treating SSNHL, consists of
breathing 100% oxygen in a specially adapted chamber in
which the pressure is approximately 2.5ATA [4]. HBO ther-
apy can be used directly after the occurrence of SSNHL as a
primary treatment, alone or together with pharmacotherapy,
or as a secondary treatment [2]. In studies, the beneficial effect
of this method in treating SSNHL has been associated with
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improvedmicrocirculation and facilitated diffusion of oxygen
from capillary vessels to tissues. After HBO sessions, an
increase in the partial pressure of oxygen in the cochlea and
reduced hypoxia and oedema of tissues are observed. More-
over, the response to infections and ischaemia in the patient
is altered [1].

The purpose of aerobic metabolism is the production of
chemical energy stored in ATP, mainly in the process of oxi-
dative phosphorylation [5]. A side effect of this process is the
formation of reactive oxygen species (ROS), including oxy-
gen free radicals (OFR), particularly during an incomplete
reduction of oxygen in the oxidative chain [5]. The condition
in which the generation of ROS exceeds the antioxidant
capacity of the body is called oxidative stress [6]. Antioxidant
enzymes, such as catalase (CAT), superoxide dismutase
(SOD), and glutathione peroxidase (GPx), are responsible
for scavenging ROS in the human body [6]. One of the con-
sequences of oxidative stress is increased intensity of lipid
peroxidation—free radical chain reactions leading to the oxi-
dation of polyunsaturated fatty acids that form, e.g., cell
membranes. Oxidation of polyunsaturated fatty acids leads
to the enzymatic or nonenzymatic production of multiple
final α,β-unsaturated aldehyde products, such as malondial-
dehyde (MDA)—a mutagen commonly used as a biomarker
of lipid peroxidation [7]. It has already been seen that HBO
increases the production of oxygen free radicals whose
effect on the body can be both beneficial and adverse.
Therefore, it is possible that this form of therapy induces
oxidative stress [8].

The aim of the study was to determine the effect of 14
HBO therapy sessions on the concentration of thiobarbituric
acid reactive substances (TBARSs) in plasma and erythro-
cytes, the activity of key antioxidant enzymes: SOD, CAT,
and GPx, and the levels of haemoglobin (HGB) and haema-
tocrit (HCT) in patients with SSNHL.

2. Material and Methods

The study was approved by the Bioethics Committee of
Ludwik Rydygier CollegiumMedicum inBydgoszcz,Nicolaus
Copernicus University, in Torun, Poland (approval no.: KB
260/2016).

2.1. Study Subject. The study was conducted in 40 patients
(23 men and 17 women; mean age: 43 2 ± 16 0 years) of the
Mazovian Centre for Hyperbaric Therapy andWound Treat-
ment in Warsaw, Poland, treated with HBO therapy for
SSNHL. HBO therapy was initiated no later than 5 days after
the onset of SSNHL. The patients underwent 14 sessions
(conducted daily, one per day) in the hyperbaric chamber,
Haux Starmed 2200 used at the Mazovian Centre for Hyper-
baric Therapy and Wound Treatment in Warsaw (Figures 1
and 2). The patients received systemic corticosteroidotherapy
recommended as the first-line therapy in SSNHL. For the
duration of the experiment, the patients were orally adminis-
tered prednisone (a loading dose of 1mg/kg of body weight
per day, with the usual maximum dose of 60mg/day) at a
gradually tapered dosage until discontinuation. Corticoster-
oidotherapy was initiated immediately after the diagnosis of

SSNHL and continued for 2 weeks. The first and second time
points of the study occurred during prednisone therapy,
while the third time point occurred after the completion of
prednisone therapy. When therapy was completed, an
improvement in hearing (within the range of 10–20dB) was
observed in 30 patients.

Participants with other health problems characterised by
a proven disruption of the oxidant-antioxidant equilibrium
were excluded from the study.

The control group consisted of 20 healthy volunteers
(12 men and 8 women; mean age: 28 1 ± 7 1 years) never
before treated with HBO therapy.

The employed hyperbaric chamber allowed maintaining
equal environmental conditions, i.e., pressure, temperature,
and air humidity, and enabled breathing 100% oxygen for
the same period for each participant. The inside of the cham-
ber was filled with a breathing gas mixture in which the con-
centration of oxygen did not exceed 23%, but the study
participants breathed 100% oxygen using masks. Hyperbaric
oxygen (HBO) therapy involved breathing 100% oxygen at
0.25MPa. The sessions lasted 90min and included two
10-minute periods of compression and decompression. Three
HBO therapy subsessions, lasting 20 minutes each, were sep-
arated by two 5-minute breaks during which the participants
breathed the air inside the chamber. Each complete HBO ses-
sion cycle was as follows: 10min compression+20min oxygen

Figure 1: Inside the hyperbaric chamber at theMazovian Centre for
Hyperbaric Therapy and Wound Treatment in Warsaw, Poland
(photograph: J. Paprocki).

Figure 2: The hyperbaric chamber at the Mazovian Centre for
Hyperbaric Therapy and Wound Treatment in Warsaw, Poland
(photograph: J. Paprocki).
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therapy+5min breathing the air inside the chamber+20min
oxygen therapy+5min breathing the air inside the chamber
+20min oxygen therapy+10min decompression.

In the SSNHL patients, blood for analysis was collected
from the basilic vein at three time points: before the first
HBO session, approximately 5min after the first session,
and after the full series of 14 sessions. The biochemical analy-
ses were conducted at a laboratory of biochemistry at the
Department of Medical Biology and Biochemistry of the
Collegium Medicum of Nicolaus Copernicus University,
Poland. In the control group members, blood samples were
taken once. The samples were analysed for the concentration
of TBARS in erythrocytes and plasma, the activity of CAT,
SOD, andGPx in erythrocytes, and theHGB andHCT values.

2.2. Methods. The TBARS concentration was determined
following a method by Buege and Aust [9] as modified by
Esterbauer and Cheeseman [10]. Lipid peroxidation products
were identified using thiobarbituric acid (TBA). Malondial-
dehyde (MDA) is the main but not the only lipid peroxida-
tion product that reacts with TBA. For the sake of
simplicity, the level of all substances reacting with TBA was
presented as the MDA concentration.

The CAT activity was determined by measuring the
decrease in the absorbance of a solution of hydrogen perox-
ide (H2O2) decomposed by the enzyme. The decrease in the
absorbance value is directly proportional to the reduction
of the H2O2 concentration in the solution [11]. The CAT
activity was expressed in IU/g Hb.

The SOD activity was determined based on the inhibi-
tion of adrenaline autoxidation to adrenochrome in alkaline
conditions. To measure the SOD activity, a previously
obtained haemolysate after removal of haemoglobin with a
chloroform-ethanol mixture was used. After centrifugation,
two layers were obtained: lower layer containing denatured
haemoglobin and chloroform and upper layer containing
the enzyme [12]. To determine the SOD activity, continuous
recording of the reaction was conducted using a reaction

kinetics programme on a Varian spectrophotometer. The
SOD activity was expressed in U/g Hb.

The GPx activity was determined at 20°C using a method
based on the decomposition of hydrogen peroxide by the
enzyme with the concurrent oxidation of reduced glutathi-
one [13]. The results were expressed in U/g Hb.

2.3. Statistical Analysis. The TBARS concentration in plasma
and erythrocytes and the activities of CAT, SOD, and GPx
were analysed using the comparative analysis of variance
(ANOVA; Tukey’s range test) (STATISTICA v. 9.1). For the
assessment of the statistical significance of the HGB and
HCT values measured before the first and after the 14th
HBO sessions, Student’s t-test was used. Differences at
significance level P < 0 05 were presumed as statistically
significant. Dependencies between the analysed parameters
were assessed using correlation matrices. A statistical
hypothesis of the significance of the correlation coefficients
(r) was tested.

3. Results

The TBARS concentration in the plasma of the SSNHL
patients before the HBO therapy was 13% higher than in
the healthy members of the control group, and the difference
was statistically significant (P < 0 01) (Table 1). Approxi-
mately 5min after the first HBO session and then after 14
HBO sessions, the plasma TBARS concentration did not
change in a statistically significant manner compared to the
that in the pretreatment level and was significantly higher
than that in the control group (by 18%, P < 0 001, and 11%,
P < 0 05, respectively).

The TBARS concentration in the erythrocytes of the
SSNHL patients before the HBO therapy was 24% lower
than that in the control group, and the difference was sta-
tistically significant (P < 0 001). Approximately 5min after
the first HBO session, the erythrocytic TBARS concentra-
tion did not change in a statistically significant manner
compared to the level measured before HBO while after

Table 1: Markers of oxidative stress in the blood of healthy members of the control group and patients with sudden sensorineural hearing
loss (SSNHL) treated with hyperbaric oxygen (HBO) therapy and the values of haemoglobin concentration and haematocrit in the
SSNHL patients.

Parameters Control
SSNHL patients

Before HBO therapy ~5min after first HBO session After 14 HBO sessions

TBARS in plasma (nmol MDA/mL) 0 38 ± 0 07 0 43±0 10++ 0 45±0 08+++ 0 42 ± 0 10+

TBARS in erythr. (nmol MDA/g Hb) 32 60 ± 6 77 24 70±8 25+++ 24 47±8 07+++ 27.06± 8.39++∗

CAT (104 IU/g Hb) 52 97 ± 6 09 66 64±10 25+++ 62.93± 8.23+++∗ 64 75±10 07+++

SOD (U/g Hb) 816 73 ± 128 64 764 44 ± 159 00 757 06 ± 141 50 713.26± 72.89+++∗†

GPx (U/g Hb) 5 54 ± 4 05 7 51 ± 4 64 8 97 ± 4 42+ 9.61± 4.75+++∗

HGB (g/mL) 15 58 ± 1 39 14.64± 1.43∗∗

HCT (%) 43 88 ± 3 47 41.29± 3.60∗∗

TBARS: thiobarbituric acid reactive substances; CAT: catalase; GPx: glutathione peroxidase; SOD: superoxide dismutase; HGB: haemoglobin; HCT:
haematocrit. The values are expressed as means ± standard deviations (SD) of the means. +Statistically significant difference compared to the control group
(+P < 0 05; ++P < 0 01; +++P < 0 001). ∗Statistically significant difference compared to parameters measured before the HBO therapy (∗P < 0 05; ∗∗P < 0 01).
†Statistically significant difference compared to the parameters measured after the 1st HBO session (†P < 0 05).
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the 14th session, it was increased by 10% (P < 0 05). The
TBARS concentration in the erythrocytes of the SSNHL
patients after the 14th HBO session was 17% lower than that
in the control group, and the difference remained statistically
significant (P < 0 01).

The CAT activity in the erythrocytes of the SSNHL
patients before the HBO therapy was 26% higher than that
in the control group, and the difference was statistically
significant (P < 0 001). Approximately 5 minutes after the
first HBO session, the CAT activity decreased by 6%
(P < 0 05) compared to that determined before treatment,
while after 14 sessions, it showed a slight increasing trend
(P > 0 05) compared to that measured after the first ses-
sion and was nonsignificantly lower than that before the
HBO therapy. After both the first and 14th HBO sessions,
the CAT activity in the SSNHL patients was significantly
higher than that in the control group by 19% (P < 0 001)
and 22% (P < 0 001), respectively.

No statistically significant differences were found in the
erythrocytic SOD activity before the HBO therapy in the
SSNHL patients and the control group. However, the SOD
activity was nonsignificantly lower in the SSNHL patients.
Approximately 5min after the first HBO session, the SOD
activity decreased in a statistically nonsignificant manner,
while after 14 sessions, it was 7% lower compared to that in
the pretreatment level, and the difference was statistically sig-
nificant (P < 0 05). The SOD activity after 14 HBO sessions
was 6% lower than that after the first session and 13% lower
than that in the control group, and both differences were sta-
tistically significant (P < 0 05 and P < 0 001, respectively).

No statistically significant differences were found in the
erythrocytic GPx activity in the SSNHL patients and the con-
trol group. However, the GPx activity was nonsignificantly
higher in the SSNHL patients than in the control group.
Approximately 5min after the first HBO session, the GPx
activity was nonsignificantly (P > 0 05) increased compared
to the pretreatment value and was significantly higher by
62% (P < 0 05) than that in the control group. After 14
HBO sessions, a nonsignificant increasing tendency in
the GPx activity compared to that after the first HBO ses-
sion was observed. The GPx activity at that time point of
the study was 28% higher (P < 0 05) than that of before the
HBO therapy and 73% higher (P < 0 001) than that in the
control group.

The HGB concentration in the SSNHL patients after the
14th HBO session was 6% lower than that of before the
HBO therapy, and the difference was statistically significant
(P < 0 01). The HCT value determined at that time point
was also 6% lower (P < 0 01) than that of before treatment.

4. Discussion

In this study, no statistically significant changes in the
TBARS concentration in the plasma of the SSNHL patients
were observed. However, in erythrocytes, the concentration
of TBARS after 14 HBO sessions increased compared to the
value determined before the HBO therapy, which can indi-
cate an enhanced peroxidation of membrane lipids in these
cells. Yet, the erythrocytic TBARS concentration in the

SSNHL patients was lower in a statistically significant man-
ner than that in the control group at all time points. There-
fore, the observed increase in the TBARS concentration in
erythrocytes can also be interpreted as normalisation of
redox processes, and the reduced level of TBARS could be a
result of intensified antioxidant mechanisms accompanying
the oxidative processes occurring in SSNHL. This hypothesis
is supported by the significantly higher CAT activity in the
SSNHL patients measured before the HBO therapy com-
pared to the control group. Another fact supporting the
hypothesis of effective removal of ROS by scavenging mech-
anisms in the SSNHL patients was also the statistically signif-
icant negative correlation between the SOD activity and the
TBARS concentration in erythrocytes observed before the
HBO therapy (r = −0 318; P < 0 05) (Table 2, Figure 3).

Despite the proven increase in the generation of ROS in
the blood induced by hyperbaric oxygen [14, 15], changes
in the levels of TBARS andMDA after HBO therapy reported
in the literature are not clear. Both an increase and a decrease
in the levels of lipid peroxidation products after this type of
treatment have been reported. An increase in, e.g., MDA level
in the erythrocytes of divers subjected to hyperbaric exposure
was demonstrated by Kozakiewicz et al. [16]. In turn,
Benedetti et al. [15] observed an increased level of TBARS
in the plasma of patients before their 15th HBO session com-
pared to that of before the first HBO session, with the eryth-
rocytic TBARS concentration showing no significant change.
In patients with diabetes mellitus, a statistically significant
increase in the MDA concentration in plasma was shown
after the first HBO session, while changes observed after the
15th session were not statistically significant [17]. In their
study, Paprocki et al. [18] did not demonstrate statistically
significant changes in the concentration of TBARS in either
the erythrocytes or the plasma of patients subjected to an
HBO session, regardless of the fact whether before the exper-
iment, the patients had undergone HBO sessions of no more
than 3 times, or more than 23 times. In experimental studies
conducted in animals treated with hyperbaric oxygen, as in
humans, the observed changes in the concentrations of lipid
peroxidation products have varied. A reduction in the con-
centration of MDA in erythrocytes after HBO therapy com-
pared to the group not treated with HBO has been shown,
e.g., in rats with experimentally induced Crohn’s disease

Table 2: Statistically significant correlation coefficients between the
parameters measured in the patients with SSNHL (studied group).

Parameters r

Before HBO therapy

TBARS in plasma/SOD 0.458∗∗

TBARS in erythrocytes/SOD −0.318∗

CAT/GPx 0.395∗

~5min after first TBARS in plasma/SOD 0.365∗

HBO session CAT/GPx 0.317∗

After 14 HBO sessions SOD/GPx 0.356∗

TBARS: thiobarbituric acid reactive substances; CAT: catalase; GPx:
glutathione peroxidase; SOD: superoxide dismutase. ∗P < 0 05. ∗∗P < 0 01.
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[19] and with experimentally induced pancreatitis [20]. In
turn, an increase in the TBARS concentration has been found
in the erythrocytes of rats with streptozotocin- (STZ-)
induced diabetes after HBO [21].

Therefore, it seems that the use of HBO generates ROS,
but the functioning antioxidant mechanisms protect mem-
brane lipids from excessive peroxidation. Differences
reported in various publications can also be associated with
the value of pressure at which the HBO sessions are con-
ducted or with the formation of potential adaptive mecha-
nisms with respect to hyperbaric oxygen. It cannot be
excluded that the observed differences were affected by the
time onset of SSNHL and the initiation of HBO therapy. In
this study, HBO therapy was initiated no later than 5 days
after the onset of SSNHL, which was in line with the guide-
lines of the Polish Society of Audiology and Phoniatrics.
According to the guidelines, HBO therapy should be used
only as supportive treatment during the first two weeks after
the onset of SSNHL [1]. However, the effectiveness of HBO
therapy in improving hearing is also observed in cases in
which this treatment is introduced later, e.g., within 20 days
of the onset of hearing loss [22]. Moreover, Topuz et al.
[23] demonstrated that HBO therapy increases the effective-
ness of conventional therapy when the treatment is started
early after the onset of SSNHL.

The level of lipid peroxidation products observed in this
study could also be affected by the use of corticosteroids
(prednisone) by thepatients at a tapered dose. Studies employ-
ing experimental models have proven that short-term use
of corticosteroids protects various tissues against oxidative
damage, but their longer use intensifies lipid peroxidation
[24]. In this experiment, the patients took corticosteroids
for a short period of time, i.e., up to two weeks. Other studies
have also shown that corticosteroids reduce the intensity of
lipid peroxidation. Keles et al. [25] demonstrated a decrease

in the serum and cerebrospinal fluid concentrations of
MDA in patients with multiple sclerosis after corticosteroid
therapy. A decrease in lipid hydroperoxide (ROOH) and nor-
malisation of the H2O2 and TBARS levels have been observed
after corticotherapy in Graves’ disease patients [26]. The
above effects of corticotherapy may be due to the fact that
corticosteroids, among other actions, increase the levels
of antioxidant enzymes in leukocytes [27] and inhibit the
release of superoxide anion by human monocytes [28].

In the study presented in this paper, a statistically signif-
icant decrease of 6% (P < 0 05) in the CAT activity in the
erythrocytes of patients with SSNHL after the first HBO
stimulation was observed. After 14 HBO sessions, the CAT
activity showed a statistically nonsignificant tendency to
increase compared to that determined after the first HBO
session. It was higher in a statistically significant manner
in the SSNHL patients compared to that in the control group
at all time points. In turn, the SOD activity decreased signif-
icantly after 14 HBO sessions. It was 7% lower (P < 0 05)
than that of before the HBO therapy and 6% lower
(P < 0 05) than that of after the first session. Concurrently,
the GPx activity after 14 HBO sessions increased by 26%
compared to that measured before the HBO therapy, and
the difference was statistically significant (P < 0 05). The
higher CAT activity in the erythrocytes of the SSNHL
patients before the HBO therapy compared to the control
group may imply the excessive H2O2 generation in the course
of SSNHL. This was also confirmed by the higher, although
statistically nonsignificant, GPx activity in the erythrocytes
of the SSNHL patients. Both enzymes are involved in the
removal of H2O2, and erythrocytes are considered as a circu-
lating sink of H2O2 [29]. Hydrogen peroxide, which is electri-
cally neutral and more stable than superoxide anion, easily
passes through biological membranes [5] and, therefore,
can migrate from the environment into erythrocytes. Further

55

50

45

40

35

TB
A

RS
 in

 er
yt

hr
. (

nm
ol

 M
D

A
/g

 H
b)

30

25

20

15

10
500 600 700 800 900 1000

SOD (U/g Hb)
1100 1200 1300 1400 1500

60

Figure 3: Linear regression of superoxide dismutase (SOD) activity versus thiobarbituric acid reactive substances (TBARS) concentration in
the erythrocytes of SSNHL patients before HBO therapy (r = −0 318, P < 0 05).
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increase in the GPx activity in erythrocytes to significantly
higher values after the 14th HBO session, compared to that
measured before the HBO therapy, may indicate potential
increase in H2O2 generation also due to hyperbaric oxygen
therapy. Increased H2O2 generation may be also verified by
the statistically significant positive correlation between the
activities of GPx and SOD in the erythrocytes of the SSNHL
patients after 14 HBO sessions (r = 0 356, P < 0 05) (Table 2,
Figure 4). Hydrogen peroxide can initiate a nonenzymatic
degradation of haem, while the products of this degradation
initiate oxidative processes in erythrocytes [30].

Paprocki et al. [31], in a preliminary study in patients
with SSNHL, demonstrated a reduction of the CAT activity
approximately 5 minutes after the completion of a single
HBO session. The largest reduction of the CAT activity was
observed in patients under 35 years of age. Similarly, in peo-
ple with different diseases, only the CAT activity decreased
approximately 5min after a single HBO session, but this phe-
nomenon regarded only those patients who had been in HBO
sessions no more than 3 times prior to the experiment [18].
In turn, no changes in the CAT activity were observed in
people subjected to HBO therapy multiple times (over 23
sessions) before the experiment. The activities of GPx and
SOD in the erythrocytes of those patients did not change in
a statistically significant manner after the experimental
HBO session [18]. No statistically significant changes in the
activities of SOD, GPx, and CAT 24 hours after a single
HBO session were found in the erythrocytes of healthy peo-
ple [32]. In another study conducted in healthy people, the
GPx activity in erythrocytes increased significantly during
HBO therapy, but not after its completion [33]. In studies
conducted in animals, changes in the activity of antioxidant
enzymes after HBO therapy have not been clear either. For
example, an increase in the SOD activity in rapidly contract-
ing muscles and a decrease in the CAT activity in slowly

contracting muscles have been observed in rats [34]. Matsu-
nami et al. [35] demonstrated a decrease in the Cu-Zn SOD
and CAT gene expression and an increase in the GPx gene
expression in all tested organs of rats with experimentally
induced diabetes treated with HBO therapy compared to a
group of rats with experimentally induced diabetes that were
not treated with HBO therapy.

In the SSNHL patients, a statistically significant reduc-
tion of haematocrit and haemoglobin after 14 HBO sessions
compared to the values measured before the first session
was observed. The results obtained by other authors are
not definitive. For example, Handy et al. [36] did not dem-
onstrate changes in the haematocrit value and the concen-
tration of haemoglobin in the blood of chronically ill
patients with problematic wounds after 20 HBO sessions.
In turn, Sinan et al. [37] showed a large reduction in hae-
matocrit in patients after 20 HBO sessions compared to
their baseline values, but the difference was not statistically
significant. Conversely, a statistically significant decrease in
haematocrit and haemoglobin was demonstrated in 16
selected patients after 21 days of HBO therapy [38]. It is
possible that long-term, repeated treatment with hyperbaric
oxygen affects the process of erythropoiesis, which can be
an adaptive mechanism of the body to high pressure and
high oxygen concentration.

5. Conclusions

SSNHL is accompanied by disturbance in the oxidant-
antioxidant equilibrium. Repeated stimulation with hyper-
baric oxygen modulates the activity of antioxidant enzymes.
It seems that increased generation of hydrogen peroxide is
responsible for the changes in the activity of antioxidant
barrier enzymes observed after HBO sessions.
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Objective. Easily oxidizable GC-rich DNA (GC-DNA) fragments accumulate in the cell-free DNA (cfDNA) of patients with various
diseases. The human oxidized DNA penetrates the MCF7 breast cancer cells and significantly changes their physiology. It can be
assumed that readily oxidizable GC-DNA fragments can penetrate the cancer cells and be expressed. Methods. MCF7 cells were
cultured in the presence of two types of GC-DNA probes: (1) vectors pBR322 and pEGFP and (2) plasmids carrying inserted
human rDNA (pBR322-rDNA and pEGFP-rDNA). pEGFP and pEGFP-rDNA contained a CMV promoter and a fluorescent
protein gene EGFP. ROS generation rate, accumulation of the DNA probes in MCF7, 8-oxodG content, expression of EGFP and
NOX4, and localization of EGFP, NOX4, and 8-oxodG in MCF7 were explored. The applied methods were qPCR, fluorescent
microscopy (FM), immunoassay, and flow cytometry (FCA). Results. When GC-DNA is added to the cell culture medium, it
interacts with the cell surface. At the site of GC-DNA contact with the cell, NOX4 is expressed, and ROS level increases. The
ROS oxidize the GC-DNA. When using the plasmids pEGFP and pEGFP-rDNA, an increase in the amount of the DNA EGFP,
RNA EGFP, and EGFP proteins was detected in the cells. These facts suggest that GC-DNA penetrates the cells and the EGFP
gene is expressed. Insertions of the rDNA significantly increase the GC-DNA oxidation degree as well as the rate of plasmid
transfection into the cells and the EGFP expression level. In the nucleus, the oxidized GC-rDNA fragments, but not the vectors,
are localized within the nucleolus. Conclusions. GC-rich cfDNA fragments that are prone to oxidation can easily penetrate the
cancer cells and be expressed. The cfDNA should become a target for the antitumor therapy.

1. Introduction

In the 1940s, it was discovered thatmammalianDNAnot only
is contained in the cell nuclei but could be also found in the
serum of peripheral blood [1]. The human cell-free DNA
(cfDNA) is known to be enriched with GC-pairs. Mean
GC-pair content in cfDNA of healthy controls is 53.7% [2],
whereas gDNA contains 42% of GC-pairs [3]. In pathology
and under the action of harmful environmental factors,

cfDNA becomes increasingly enriched with GC-rich motifs
(GC-DNA) [4]. A hallmark of accumulation of GC-DNA as
part of cfDNA can be two highly repetitive sequences, which
are present in hundreds of copies in the human genome:mito-
chondrial DNA [5, 6] and ribosomal genes (rDNA) [7]. The
rDNA is easier to use, because its abundance in the genome
is constant and does not depend on the current state of the cell.

A several fold increase in rDNA content within cfDNA is
observed in chronic pathologies followed by exaggerated cell
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death (ischemic heart disease, chronic arterial hypertension,
and rheumatic arthritis [7–9]), as well as in case of a chronic
exposure to ionizing radiation or smoking [10, 11]. In some
cases, the content of rDNA fraction within cfDNA can
increase by more than an order of magnitude.

As a result of the change in CG-composition of cfDNA
observed in autoimmune and cardiovascular pathologies, the
cfDNA becomes biologically active. Both models GC-DNA
and cfDNA from the patients induce changes in the func-
tional activity of human endothelial cells [12], rat cardiomyo-
cytes [13], neurons [14], human stem cells [15], and
lymphocytes [16]. The first and major sign of the GC-DNA
impact is elevated ROS production [15].

In spite of intensive studies of cfDNA in oncological dis-
eases [17], whether GC-DNA fragments possess biological
activity in respect of cancer cells remains elusive. We showed
previously that exposure to the oxidized human gDNA
enhances both genome instability and survival in MCF7 can-
cer cells [18]. Nonoxidized human gDNA did not possess
such properties. Since human GC-DNA contains a high
number of most easily oxidizable dGn (n > 2) motifs [15],
one can expect that these oxidized DNA fragments exhibit
activity with regard to cancer cells.

The biological activity of oxidized human gDNA is man-
ifested as a consequence of its more effective penetration into
the cells [18]. GC-DNA can be also expected to penetrate eas-
ily the cells owing to its higher oxidation degree. Alongside
with that, promotors of approximately 40% of human genes
are known to include CpG islets (about 1.5 kbp long), which
are identical to rDNA with respect to their GC-composition
and could accumulate within cfDNA. The accumulation of
a fraction of the genes with GC-rich promotors within
cfDNA can result in the expression of these genes in the cells.
In addition, DNA fragments, when penetrating the cells, can
bind and exhaust the pool of factors that regulate the expres-
sion of some specific genes. As a result, the gene expression
patterns can change.

Thus, in this study, we intended to obtain answers for the
following questions: (1) Does the GC-DNA, containing
rDNA, have an ability to penetrate MCF7 cancer cells? (2)
Can the genes contained in the extracellular GC-DNA be
expressed inside MCF7 cells? (3) Can the extracellular
GC-DNA containing the genes modulate the expression of
the same genes in the nucleus?

2. Methods

2.1. Cell Culture. ER/PR-positive MCF7 breast cancer cells
were purchased at ATCC, Manassas, USA (Cat: HTB-22).
MCF7 cells were cultured in DMEM medium supplemented
with 10% (v/v) fetal calf serum, 2mM L-glutamine,
100 units/mL penicillin, and 100μg/mL of streptomycin.
Cells were grown in a humidified atmosphere with 5% CO2
in air at 37°C. Before the treatment with GC-DNA probes,
cells were grown for 48 h in slide flasks.

2.2. Model GC-DNA. Plasmid pEGFP-C1 (pEGFP) that
contains the EGFP gene (http://www.bdbiosciences.com,
GenBank accession number U55763) was used as a vector

(Figure 1(b)). The DNA fragment to be inserted was syn-
thesized and consisted of 420 base pairs flanked with
BamHI restriction sites and containing the rDNA. Cloned
rDNA fragment covers positions from 601 to 1021 b of
human rDNA (Figure 1(a)).

Plasmid pBR322 is the commercial product (Sigma-
Aldrich). pBR322-rDNA (plasmid DNA) contains rDNA
sequences cloned into the EcoRI site of pBR322 vector.
Cloned rDNA fragment covers positions from −515 to
5321 of human rDNA (Figure 1(a)).

2.2.1. Plasmid Clearance from Endotoxins. All the GC-DNA
samples were subjected to the purification procedure remov-
ing lipopolysaccharides; this included sequential treatment
with Triton X114 (Merck, Germany) followed by gel filtra-
tion on the HW 85 [19] or the use of an Endotoxin Extractor
(Sileks, Russia). In order to prove that the observed response
was caused exclusively by DNA, not by endotoxin residuals,
additional experiments were set up. (1) A sample of plasmid
DNA underwent complete hydrolysis down to nucleosides
using DNA exonucleases and phosphatase. The resultant
plasmid hydrolysates had no biological activity, which is
intrinsic to an intact DNA.

(2) We analyzed the expression of TLR4 gene, which is
always activated in the presence of the endotoxin. The samples
of plasmid DNA induced no increase of TLR4 expression.

2.3. The cfDNA Samples Obtained from Blood Plasma. We
used four blood plasma samples derived from healthy donors
and four blood plasma samples from untreated breast cancer
patients, who had applied for genetic tests in RCMG. The
investigation was carried out in accordance with the latest
version of the Declaration of Helsinki and approved by the
Regional Ethics Committee of RCMG (Approval #5). All par-
ticipants signed an informed written consent to participate
after the nature of the procedures had been completely
explained to them. CfDNA isolation from blood plasma
and quantification of rDNA in the cfDNA was performed
as described earlier [10]. The content of the transcribed
region of rDNA was presented as pg rDNA/ng cfDNA.

2.4. Flow Cytometry

2.4.1. EGFP. Nonfixed cells were analyzed at 488nm. To
quantify the background fluorescence, the control cells
were analyzed.

2.4.2. 8-oxodG and NOX4. Staining of the cells with antibod-
ies was performed as previously described [18]. To quantify
the background fluorescence, we stained a portion of the cells
with secondary FITC- (PE) conjugated antibodies only.

Cells were analyzed at CyFlow Space (Partec, Germany).

2.5. Quantification of mRNA. Total mRNAwas isolated using
RNeasy Mini kits (Qiagen, Germany), treated with DNAse I,
and reverse transcribed by a Reverse Transcriptase kit (Sileks,
Russia). The expression profiles were obtained using
qRT-PCR with SYBR Green PCR Master Mix (Applied
Biosystems). The mRNA levels were analyzed using the
StepOnePlus (Applied Biosystems); the technical error
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was approximately 2%. The following primers were used
(Sintol, Russia):

(1) EGFP (F TACGGCAAGCTGACCCTGAAG; R TG
AAGCACTGCACGCCGTAGG)

(2) NOX4 (F:TTGGGGCTAGGATTGTGTCTA; R:GA
GTGTTCGGCACATGGGTA)

(3) TBP (reference gene) (F: GCCCGAAACGCCGAAT
AT; R: CCGTGGTTCGTGGCTCTCT)

2.6. Quantification of pEGFP and pEGFP-rDNA in the Cells
and Medium

2.6.1. The Cells. After incubation medium removal by centri-
fugation at 460 g, cells were mixed with the solution (1mL)
containing 0.2% sodium lauryl sarcosylate, 0.002M EDTA,
and 75μg/mL RNAse A (Sigma-Aldrich, USA) and incu-
bated for 45min, then treated at 37°C with proteinase K
(200μg/mL, Promega, USA) for 24h. After two cycles of
the purification with saturated phenolic solution, DNA frag-
ments were precipitated by adding two volumes of ethanol in
the presence of 2M ammonium acetate. The precipitate was
then washed with 75% ethanol twice, dried, and dissolved in
water. The concentration of DNA was determined by

measuring fluorescence intensity after DNA staining with
the PicoGreen (Molecular Probes/Invitrogen, CA, USA).
The contents of pEGFP and pEGFP-rDNA were obtained
using qPCRwith SYBRGreen PCRMasterMix (Applied Bio-
systems). The following primers were used (Sintol, Russia):

(1) EGFP (F: TACGGCAAGCTGACCCTGAAG; R: TG
AAGCACTGCACGCCGTAGG)

(2) Human B2M (reference gene, accession number
M17987) (F: GCTGGGTAGCTCTAAACAATGTA
TTCA; R: CATGTACTAACAAATGTCTAAAAT
GG)

2.6.2. Culture Medium. For the isolation of DNA from the
cell culture medium, a procedure similar to that described
above for the cells was used. DNA underwent electrophoresis
in a 2% agarose gel stained with ethidium bromide.

2.7. 8-oxodG Levels in pEGFP and pEGFP-rDNA

2.7.1. MCF7 1h (Figure 2(c)). MCF7 were cultured in the
presence of plasmids for one hour. The RNA fraction which
contained fragments of plasmid DNA was isolated using
YellowSolve (Sileks, Russia). RNA was digested (1 h, 37°,
75μg/mL RNAse A), and DNA was precipitated with 75%
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Figure 1: (a) Scheme of the human ribosomal repeat. Segments—the inserts of the model GC-DNA analyzed are shown. (b) (1)—plasmid
pEGFP-C1 (pEGFP) (http://www.bdbiosciences.com, GenBank accession number U55763). The site BamH1 is marked. (2) and
(3)—distribution of the easily oxidizable GGG-motifs within pBR322, pBR322-rDNA, pEGFP, and pEGFP-rDNA. (c) Determination of
the plasmid fragmentation in the extracellular DNA after 1 h of MCF7 incubation with 50 ng/mL pEGFP or pEGFP-rDNA. The total
DNA was isolated from the cell culture medium. Electrophoresis of DNA was carried out in a 2% agarose gel stained with ethidium
bromide. Gel tracks 1 and 2—plasmid solutions in water were applied.
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ethanol. The contents of pEGFP and pEGFP-rDNA were
obtained using qPCR.

2.7.2. UV/H2O2 (Figure 2(c)). The method for DNA oxidation
was specified previously [18]. Briefly, plasmids pEGFP and
pEGFP-Gn (100 ng/μL) were oxidized in 0.1% H2O2 solution

with UV irradiation (λ > 312 nm) for 3 minutes at 25°C.
Modified DNA was precipitated with two volumes of ethanol
in the presence of 2M ammonium acetate. The precipitate
was washed twice with 75% ethanol, then dried, and dis-
solved in water. Resulting DNA concentrations were quanti-
fied by an analysis of the UV spectra.
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Figure 2: 8-oxodG levels in MCF7. (a) FCA: (1)—cell plots: FL2 (8-oxodG-PE) versus SSC. R: gated area. (2)—relative proportions of
8-oxodG-positive cells in R gate (change with time). (b) FM-based evaluation of mitochondria and 8-oxodG (FITC) in the cells treated
with pEGFP-rDNA for 1 h (×40). Unfixed cells were stained with MitoTracker TMRM (15min, 37° C) and photographed. Next, cells were
fixed with 3% paraformaldehyde, treated with 0.1% Triton X100, and 8-oxodG was detected using antibodies (FITC). Photographed in the
same field. (c) 8-oxodG levels in pEGFP and pEGFP-rDNA. Immunoassay technique on nitrocellulose membranes using 8-oxodG
antibodies conjugated with alkaline phosphatase was used. (1 and 2)—four standard samples of oxidized genomic DNA (10 ng/dot) with a
known content of 8-oxodG (was determined by ESI-MS/MS using AB SCIEX 3200 Qtrap machine [18]) were applied in order to plot a
calibration curve for the dependence of the signal intensity on the number of 8-oxodG bases. (3 and 4)—the samples of oxidized and
nonoxidized (control) pEGFP and pEGFP-rDNA (10 ng/dot) were applied. MCF7 1 h—pEGFP or pEGFP-rDNA after 1 h of incubation
with MCF7; UV/H2O2—plasmids were oxidized in 0.1% H2O2 solution with UV irradiation (λ > 312 nm) for 3 minutes at 25°C (Vilber
Lourmat equipment, TCP-20.LM).
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The method for 8-oxodG quantitation was specified in
details previously [20]. Briefly, the DNA samples were
applied to a prepared filter (Optitran BA-S85, GE Health-
care). Three dots (10 ng/dot) were applied per each sample.
Four standard samples of the oxidized genomic DNA
(10ng/dot) with a known content of 8-oxodG (determined
by ESI-MS/MS using AB SCIEX 3200 Qtrap machine [18])
were applied onto the same filter, in order to plot a calibra-
tion curve for the dependence of the signal intensity on the
number of 8-oxodG copies in a particular sample. The filter
was heated at 80°С in vacuum for 1.5 h. 8-oxodG antibody
conjugated with alkaline phosphatase was used. Then the fil-
ter was placed into a solution of substrates for alkaline phos-
phatase NBT and BCIP. Upon the completion of reaction, the
filter was washed with water and dried in the darkness. The
dried filter was scanned. For the quantitative analysis of the
dots, special software was used (Images6, RCMG, Moscow).
Signals from several dots for the same sample are averaged.
The 8-oxodG content in a studied sample is calculated using
the calibration curve equation. A relative standard error was
15%± 5%.

2.8. Fluorescence Microscopy

2.8.1. Immunocytochemistry. MCF7 cells were fixed in 3%
formaldehyde (4°C) for 20min, washed with PBS, and then
permeabilized with 0.1% Triton X-100 in PBS for 15min at
room temperature, followed by blocking with 0.5% BSA in
PBS for 1 h and incubated overnight at 4°C with the NOX4
and 8-oxodG antibody. After washing with 0.01% Triton
X-100 in PBS, MCF7 cells were incubated for 2 h at room
temperature with the FITC/PE goat anti-mouse IgG, washed
with PBS, and then stained with DAPI.

2.8.2. Intracelullar Localization of Labeled GC-DNA
Fragments. Labeling of pBRR322 and pBR322-rDNA was
performed by nick translation using a CGHNick Translation
Kit (Abbott Molecular) under the manufacturer’s protocol.
Labels pBR322green and pBR322-rDNAgreen or pBR322-
rDNAred were added to the cultivation media for 30min.
Cells were washed three times with PBS, fixed in 3% parafor-
maldehyde (4°C) for 10min, washed with PBS, and stained
with 2μg/mL DAPI.

2.8.3. EGFP. Nonfixed cells were analyzed at 488nm. To
quantify the background fluorescence, the control cells
were analyzed.

2.8.4. Mitochondria. The cells were stained with 30 nM
TMRM (tetramethylrhodamine methyl ester) (Molecular
Probes) for 20min at 37°C.

2.9. ROS Assay. The cells were analyzed using a total fluores-
cence assay in the 96-well plate format at λex = 488 nm and
λem = 528 nm (EnSpire equipment, Finland). The cultiva-
tion medium was replaced by 5μmH2DCFH-DA (Molecular
Probes/Invitrogen, CA, USA) in PBS solution, and a relative
fluorescence intensity increase was detected at 37°C. 16
(8× 2) repeated measurements were provided for each
GC-DNA concentration, and 24 for the control. The mean

absolute intensities were divided by the average value of the
intensity corresponding to t = 0, obtaining the values of I0.
The graphs are presented in the coordinates I − time. The
obtained data were approximated by linear dependence; the
value of the tangent of the slope (index ki) together with the
error of determination was calculated. k0 is reaction rate con-
stant for DCF formation in control cells: Δk = ki − k0.

2.10. Statistics. All reported results for qPCR, PT-qPCR,
immunoassay, and FCA were reproduced at least three times
as independent biological replicates. The significance of the
observed differences was analyzed using nonparametric
Mann–Whitney U tests. The data were analyzed with
StatPlus2007 Professional software (http://www.analystsoft
.com/). All p values were considered statistically significant
at p < 0 05. The software for “Imager 6” was designed by R.
Veiko (RCMG, Moscow).

3. Results

3.1. Experimental Design. In order to study the eventual
biological activity of GC-DNA towards MCF7 cancer cells,
four model GC-DNA constructs were used (Figures 1(a)
and 1(b)):

(1) pBR322-rDNA: plasmid DNA (10,197 bp) contains
rDNA sequences (5836 bp, 73% GC) cloned into the
EcoRI site of pBR322 vector. The rDNA fragment
clone covers the positions from −515 to 5321 of
human rDNA (Figure 1(a))

(2) pBR322: vector (4361 bp, 53% GC) served as a
control for pBR322-rDNA

(3) pEGFP-rDNA: plasmid DNA (5151 bp) contains
GC-rich rDNA sequences (420 bp, 91.9% GC) cloned
into the BamH1 site of pEGFP-C1 vector. Cloned
rDNA fragment covers positions from 601 to 1021b
of human rDNA (Figure 1(a))

(4) pEGFP: plasmid pEGFP-C1 (53.4% GC) contains
EGFP gene used as a control for pEGFP-rDNA

All the plasmids are enriched with GC-pairs compared to
human gDNA (42% GC). Plasmid sequencing showed multi-
ple GGG motifs, Figure 1(b), (2) and (3). The dG bases
included in such motifs are known to have the lowest oxida-
tion potentials among all the bases in the DNAmolecule [21].

In addition to plasmids, cfDNA samples isolated from
the blood plasma of healthy donors (N = 4) and the blood
plasma of untreated breast cancer patients (N = 4) were also
used. In the cfDNA samples, rDNA content was determined.
The cfDNA samples derived from the cancer patients con-
tained more rDNA, than the samples from healthy donors
(1.3–2.1 pg/ng cfDNA vs 3.1–4.2 pg/ng cfDNA).

The MCF7 culture medium contained 320± 40ng/mL
cfDNA 48h after the start of culture growth. The rDNA con-
tent in gDNA and cfDNA was, respectively, 1.47 pg/ng
gDNA [22] and 2.5 pg/ng cfDNA. GC-DNA was added to
the MCF7 culture medium in a concentration of 50 ng/mL.
So the total cfDNA content slightly increased (by a factor of

5Oxidative Medicine and Cellular Longevity

http://www.analystsoft.com/
http://www.analystsoft.com/


1.15, up to 370± 40 ng/mL), while the GC-rDNA content
substantially elevated (approximately 20-fold compared to
the cfDNA content in the control cells). The cells were cul-
tured with GC-DNA for 0.5 to 72 h.

A question whether plasmid DNA requires linearization
before adding to the culture medium was considered spe-
cially. Our first tests failed to show any difference between
the rates of accumulation of intact GC-DNA and their line-
arized forms in the cells. We examined the conformation of
plasmids, which had remained in the medium after
one-hour cell incubation, using electrophoresis in a 2% aga-
rose gel (Figure 1(c), data for pEGFP and pEGFP-rDNA are
presented). The initial plasmid pool contained various circu-
lar forms (tracks 1 and 2, Figure 1(c)). However, following
incubation with the cells, almost only one form remained
(tracks 3 and 4), which was partially fragmented. Thus,
when the cells were present in the medium, the supercoiled
circular plasmid DNA is rapidly hydrolyzed down to linear
molecules of different length that roughly corresponds to
the length of fragments of cell’s own cfDNA accruing in
the culture medium (track 5). On the basis of these data,
we added nonlinearized plasmids to the culture medium
during the major experiments.

3.2. Interaction of GC-DNA with the Cells. The probes
pBR322-rDNAgreen, pBR322-rDNAred, and pBR322green were
labeled with SpectrumRed and SpectrumGreen [18]. After 30
minutes of incubation with MCF7, BR322-rDNAgreen and
pBR322green demonstrated approximately the same MCF7
binding pattern: the signals were situated as separate grains
over the cytoplasm periphery (Figures 3(a) and 3(b)) and
could be observed approximately in half of the cells. More
detailed simultaneous analysis showed that GC-DNA bind-
ing to the cell depended on the base sequence (Figure 3(c)).
Not all signals observed in the cell after binding to
pBR322-rDNAred and pBR322green probes coincide: signals
from pBR322-rDNAred probe are more numerous. As early
as 3 h after, the fluorescence of DNA-probed in MCF7 con-
siderably decreased and was not detected at all 24 h later.

Thus, firstly, rDNA fragments selectively interact with
some cellular structures and, secondly, fluorescent label in
GC-DNA probe quickly degrades. The latter can suggest
an elevated level of ROS, which oxidize and/or quench the
dye fluorescence.

3.3. GC-DNA Induces a Transient Oxidative Stress in MCF7.
To study the possible influence of GC-DNA on the intracel-
lular levels of ROS, the ROS were measured using dichlorodi-
hydrofluorescin diacetate (H2DCFH-DA) dye that rapidly
penetrates cell membranes and gets trapped in the cytosol
in its deacetylated form. In the cytosol, nonfluorescent
DCFH serves as a sensitive intracellular marker for oxidative
stress upon its oxidation to DCF by a variety of ROS [23].
Figure 4(a) shows the results of ROS assay in living cells using
a plate reader.

Whenwe addedDNA samples after addingH2DCFH-DA
to the medium, we observed a signal increase in the presence
of GC-DNA compared to the control. The peak rate of DCF
production was observed within the first 20min after adding

GC-DNA to the cells (Figure 4(a)). Later, the curve slope
diminished several times. But if the cells were at first
exposed to DNA samples during 30min and then added
H2DCFH-DA, the effect lacked (Figure 4(a), (2)).

Both cfDNA samples from controls and patients stimu-
lated ROS synthesis in the cells. The cell response for the
exposure to the cancer cfDNA samples was higher than for
the exposure of the control cfDNA and comparable to the cell
response for the exposure to the model GC-DNA. The ROS
synthesis level positively correlated with the rDNA content
in cfDNA (Figure 4(a), (3)).

Figure 4(b) displays the results of ROS assay in the living
cells using fluorescence microscopy. H2DCFH-DA dye stains
the control cells mainly along the surface of the cell mem-
brane. GC-DNA initiates stained grains in the cytoplasm.
The localization of green DCF grains mainly coincides with
the localization of red grains of the tagged DNA-probe
GC-DNAred (Figure 4(b)). It seems that the interaction of
GC-DNA with the cellular structures stimulates ROS pro-
duction in the place of the contact.

One can conclude, firstly, that GC-DNA is an inducer of
quick ROS synthesis in MCF7 cells. Secondly, in parallel with
the active ROS production, a process is initiated in the cells,
which is aimed at reducing the ROS level.

3.4. GC-DNA Evoked an Increase in NOX4 Expression. The
amount of NOX4 protein in the cells was evaluated using
FCA (Figure 5(a)). MCF7 cell culture harbors two cell
subpopulations: with high (gate R1, approximately 10% of
the cells) and low (gate R2) contents of NOX4 protein
(Figure 5(a), (1)). GC-DNA induced an increase of NOX4
amount. The effect was maximum in 24 h after the start of
exposure and decreased by 72 hours down to the baseline.
The pEGFP and pBR322 plasmids that carried no rDNA
inserts evoked an increase of the rate of cells with high level
of NOX4 expression by a factor of two and five, respectively.
The plasmids that carried rDNA inserts stimulated the
NOX4 protein synthesis in a less degree.

The level of RNA NOX4 in 24 h after an exposure to
GC-DNA is shown in Figure 5(b). In the presence of
pEGFP-rDNA and pBR322-rDNA plasmids, the RNA
NOX4 amount increased by a factor of 2 to 4, whereas in
the presence of pEGFP and pBR322, increased by a factor
of 9 to 10.

In control cells, NOX4 is located on the cellular surface
and in the cytoplasm. In the presence of GC-DNA, this pro-
tein is expressed on the cellular surface, in the cytoplasm, and
in the nucleus (Figure 5(c)).

Thus, all the types of GC-DNA induced an increase in
NOX4 expression; however, the presence of rDNA inserts
reduced this effect.

3.5. GC-DNA Induced an Increase in 8-oxodG Content in the
Cells. The 8-oxodG content in the cells was determined using
FCA (Figure 2(a)). pEGFP-rDNA and pBR322-rDNA
increased the fraction of cells with high 8-oxodG content
(gate R, Figure 2(a), (1)) by a factor of 2-3 (p < 0 05). The
effect reached the peak in the first several hours and
decreased in 24 h (Figure 2(a), (2)). An exposure to the
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plasmids pEGFP and pBR322 slightly influenced the 8-oxodG
content in the cells (p > 0 05).

The elevation of intracellular 8-oxodG signal after an
exposure to pEGFP-rDNA and pBR322-rDNA within the
first hours can be associated with an increased oxidation level
of the cellular DNA (mitochondrial and nuclear) and/or with
an increased oxidation level of the plasmid itself followed by
interaction with the cells. In order to elucidate this question,
we determined the localization of 8-oxodG signals in the cells
using fluorescence microscopy (Figures 2(b) and 6). In the
control cells, 8-oxodG (FITC) was detected in the mitochon-
dria (MitoTracker TMRM). Within the first 30 minutes after
the beginning of exposure to GC-DNA, additional compact
single signals were detected in the cellular cytoplasm. Their
localization only partially coincided with the mitochondria.
These signals were more abundant in case of exposure to
pEGFP-rDNA and pBR322-rDNA. 24 h later, these signals
were not detected. Signals from 8-oxodG detected in the
mitochondria insignificantly differed from the control sam-
ple by intensity.

Thus, the increase of 8-oxodG content in the cells
(Figure 2(a)) is induced by an elevated oxidation level of
GC-DNA itself. It should be noted that the cell treatment

before FCA (washing with a solution containing trypsin
and EDTA) led to detaching the superficially bound cfDNA
and complexes of cfDNA with proteins from the cellular sur-
face [24, 25]. Using FCA, it was possible to detect only those
fragments of oxidized GC-DNA, which had already pene-
trated the cytoplasm through the cell membrane.

In order to find out finally the cause of the difference in
8-oxodG content between the cells exposed to vectors or to
pEGFP-rDNA and pBR322-rDNA, we compared oxidability
of pEGFP-rDNA plasmid and pEGFP vector (Figure 2(c)).
The 8-oxodG content in DNA was analyzed using immuno-
assay on nitrocellulose membranes using antibodies to
8-oxodG conjugated with alkaline phosphatase. For mea-
surement calibration, DNA samples with known 8-oxodG
content were used (Figure 2(c), (1)). Plasmids pEGFP and
pEGFP-rDNA were oxidized in 0.1% H2O2 solution at UV
treatment (λ > 312 nm) or added for 1 h to the MCF7 culture
medium. The plasmids were isolated from the cells as part of
RNA fraction (see Methods) separating the high-molecular
fraction of cellular DNA. Then hydrolysis was conducted
using RNAse 1, and 8-oxodG content was assayed in DNA
(Figure 2(c), (2)). In both experiments, pEGFP-rDNA plas-
mid contained more 8-oxodG than the pEGFP vector

pBR322-rDNA + DAPI

green
VIS + pBR322 - rDNA + DAPI

(a)

pBR322 + DAPI

pBR322 - rDNA + DAPI

DAPI

DAPI

green

green

(b)

DAPI pBR322 pBR322 - rDNA Merge
green red

(c)

Figure 3: Staining of MCF7 cells with various types of labeled GC-DNA. (a) Top photo: pBR322-rDNAgreen, nuclei are stained with DAPI.
Bottom photo: merged staining patterns of pBR322-rDNAgreen, DAPI and the image of the cell in visible light (×100). (b) pBR322green
(top photo) and pBR322-rDNAgreen (bottom photo). (c) Merged staining patterns of pBR322green and pBR322-rDNAred (×40).
Labeling of pBRR322 and pBR322-rDNA was performed by nick translation using a CGH Nick Translation Kit (Abbott Molecular).
Labels pBR322green and pBR322-rDNAgreen or pBR322-rDNAred were added to the cultivation media (50 ng/mL) for 30min. Cells were
washed three times with PBS, fixed in 3% paraformaldehyde (4°C) for 10min, washed with PBS, and stained with 2 μg/mL DAPI.
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(Figure 2(c), (3)). After 1 h long incubation with cells,
pEGFP-rDNA and pEGFP contained, respectively, 0.10 and
0.26 of 8-oxodG per one plasmid molecule. In other words,
as a minimum, one 8-oxodG was contained in approximately
one of four pEGFP-rDNA molecules and only one of 10
pEGFP molecules. One can suppose that rDNA contains still
unidentified motifs, within which dG has even lower poten-
tial, than within the known GGG motif [21].

Thus, the compact single signals in the cellular cytoplasm
(Figure 2(b)) and the considerable increase of 8-oxodG signal
within the first hours of MCF7 incubation with GC-rDNA
(Figure 2(a)) can be explained by stronger oxidation of
GC-rDNA and, correspondingly, a higher rate of penetration
of oxidized GC-rDNA fragments into the cells as compared
to vectors.

Figure 6 shows the data on the localization of 8-oxodG in
the cells exposed for 24 h to plasmids that carried and did not

carry rDNA insertions. The localization of 8-oxodG in the
presence of vectors pBR322 and pEGFP did not differ
from the control cells: 8-oxodG signals were located in
the cytoplasm (in mitochondrial DNA). However, in case
of pEGFP-rDNA and pBR322-rDNA probes, we observed
8-oxodG in the nucleus (within the nucleolus area,
Figure 6(c)) of approximately half of the cells.

Thus, oxidized GC-rDNA fragments penetrate the cells
and are localized in the structures of nucleolus organizer
regions. The appearance of extra rDNA fragments—potential
competitors for binding to nucleolar proteins in the nucleo-
lus—can result in a decline in the performance of the ribo-
some biogenesis.

3.6. GC-DNA Modulates the Performance of Ribosome
Biogenesis in MCF7. For the quantification of intracellu-
lar 18S rRNA, the RT-qPCR technique was applied
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Figure 4: The exposure of MCF7 cells to GC-DNA leads to an increase in ROS production. (a) FL-plate reader. The cells were analyzed using
total fluorescence assay in the 96-well plate format at λex = 488 nm and λem = 528 nm (EnSpire equipment). (1)—an example of reaction rate
constant determination for DCF formation. The cultivation medium was replaced with 5μm H2DCFH-DA in PBS solution, GC-DNA was
immediately added to the solution (50 ng/mL), and a relative fluorescence intensity increase was detected at 37°C. I and I0—sample’s
signal at time t and immediately after H2DCFH-DA and GC-DNA addition, respectively. The line slope-reaction rate constant for DCF
formation (k). ROS index Δk/k0 = ki − k0 /k0. (2)—ROS index for pBR322-rDNA and pBR322. Time of cultivation with GC-DNA before
adding H2DCFH-DA and plasmid concentration is shown in the figure. (3)—dependence of ROS index on the rDNA content in cfDNA
samples. The cfDNA samples (5 or 50 ng/mL) were added after H2DCFH-DA addition. (b) FM-based evaluation of MCF7 cells
sequentially treated with 5μm H2DCFH-DA and pBR322-rDNAred (50 ng/mL) and incubated for 30min (×40). Top photo: red
granules—pBR322-rDNA localization in the cells; green granules—synthesis of DCF. Some of the signals are the same, indicating DCF
synthesis at the site of DNA contact with the cell. In the presence of pBR322-rDNA, it increases the overall intensity of green fluorescence,
compared with the control (bottom photo).
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Figure 5: Expression of NOX4 in MCF7. (a) FCA. (1)—the distribution of FL2-NOX4 fluorescence intensities; black: background
fluorescence (PE-conjugated secondary antibodies). Cells plots: FL2 (NOX4-PE) versus SSC; R1 and R2: gated areas. (2)—relative
fractions of NOX4-positive cells in R1 gate. (3)—median signal intensity of FL2-NOX4 in R1 gate. (b) RT-qPCR. The levels of
NOX4-encoding RNAs in the cells exposed to GC-DNA for 24 h. The data are normalized by the content of RNA NOX4 in the control.
(c) FM-based evaluation of NOX4 (PE) in the cells treated with pEGFP-rDNA for 24 h (×40). ∗p < 0 05 against control group of cells
(nonparametric U test).
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(Figure 6(d)). pEGFP-rDNA and pBR322-rDNA within the
first hours after adding to the culture medium augmented the
rRNA content in the cells by a factor of 1.5 to 2.0. pBR322
and pEGFP induced an increase of rRNA by 10%–15% (the
difference from the controls is not significant, p > 0 05). After
72 h of cell exposure to pEGFP-rDNA and pBR322-rDNA,
the rRNA content demonstrated a 2- or 3-fold decrease;

pBR322 and pEGFP did not decrease or even increase the
rRNA content in the cells.

3.7. The Expression of EGFP Gene from pEGFP and
pEGFP-rDNA. The constructions pEGFP and pEGFP-rDNA
contain CMV-promotor and EGFP gene (Figure 1), ren-
dering a possibility to study EGFP expression in the cells.
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Figure 6: FM-based evaluation of 8-oxodG in the cells treated with pBR322 and pBR322-rDNA (a) and pEGFP and pEGFP-rDNA (b)
for 24 h (×40). (c) For the analysis of the selected area of the photo, the image size was increased via computer processing. (d) RT-qPCR.
The levels of 18S rRNA in the cells exposed to GC-DNA for 2 h and 24 h. The data are normalized by the content of 18Sr RNA in
the control.
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Successful expression requires DNA penetration into the
cells. Therefore, we determined the rate of accumulation
of pEGFP-rDNA and pEGFP plasmids inside the cells
using qPCR (Figure 7(a)). Unlike the pEGFP vector, the
pEGFP-rDNA accumulated inside the cells abundantly
and could be detected even after 72 h.

After 24 h of cultivation in the presence of pEGFP-rDNA
and pEGFP, the content of RNA EGFP increased
(Figure 7(b)). The plasmid pEGFP-rDNA stimulated EGFP
transcription in a greater degree, than pEGFP. We deter-
mined the amount of EGFP protein in the cells using flow
cytometry (Figure 7(c)). For comparison, we performed
pEGFP-rDNA plasmid transfection with the help of a Turbo
Fect kit. We determined the ratio of highly fluorescent cells
(gate R2, Figure 7(c), (1)) and mean fluorescence intensity
of all the cells (gate R1). After 24 h, the cells cultivated in
the presence of pEGFP-rDNA demonstrated a several times
higher content of the EGFP protein, than in the presence of
pEGFP vector, but lower, than in the case of transfection
pEGFP-rDNA conducted with the aid of the Turbo Fect kit.
In the presence of pEGFP-rDNA, the cell culture contained
a larger fraction of cells with a relatively low amount of the
EGFP protein. The data of fluorescence microscopy corrobo-
rated this conclusion (Figure 7(d)).

4. Discussion

4.1. GC-DNA Induces a Transient ROS Burst and Becomes
Oxidized in MCF7. The model GC-DNA, regardless of the
presence of rDNA insertions, induced a ROS burst in the first
hour of cultivation with the cells (Figure 4, scheme in
Figure 8). The blood plasma cfDNA samples stimulate ROS
synthesis as well; moreover, the higher rDNA content in
the cfDNA is, the higher the ROS level is (Figure 4(a), (3)).
Extremely intense ROS synthesis was observed in the places
of the contact of GC-DNA fragments with the cells
(Figure 4(b)). NADPH-oxidase NOX4, which plays an essen-
tial role in the cancer cell physiology [26, 27], is likely a key
participant in this process. NOX4 catalyzes hydrogen perox-
ide synthesis in the cells. The NOX family enzymes are local-
ized on cell membranes and in other places [28]. In the
presence of GC-DNA, NOX4 gene expression noticeably ele-
vated at the levels of both transcription (Figure 5(b)) and
translation (Figures 5(a) and 5(c)).

Both vectors stimulate NOX4 expression stronger and
longer than plasmids with an rDNA insertion. This fact can
be explained by the slower process of oxidation of the vector
compared to rDNA (Figure 2). A negative feedback can be
assumed that already oxidized cfDNA fragments send back
to the cell a signal for reducing the ROS synthesis with
NADPH-oxidase NOX4 enzyme. It can be hypothesized that
the main objective (biological sense) of the elevation of ROS
content in the presence of cfDNA is the oxidation of the latter
in order to impart to cfDNA some novel biologic properties.

In the literature, the matter of influence of the DNA
sequence on its oxidability is poorly explored. There are
reports that within GGG motifs, deoxyguanosine has a very
low oxidation potential, the minimum of all the bases [21].
In case of pEGFP-rDNA plasmid, an insertion of rDNA does

not change significantly the ratio of GGG motif (Figure 1(b),
(3)). However, the oxidation level of pEGFP-rDNA is notably
higher, than that of pEGFP (Figure 2(c)). One can suppose
that rDNA carries motifs with even lower oxidation poten-
tial. Besides, the type of oxidative modification may be also
of importance. In recent years, great attention is paid to the
oxidative modification of cytosine [29]. However, this is still
unclear, if the oxidation potential of cytosine changed when
cytosine is included in the GC-rich DNA regions and if the
oxidation of cytosine has an effect on the oxidation potential
of guanosine within the same GC-pair. This interesting issue
needs further investigation.

4.2. GC-rDNAHas the Increased Property to Penetrate and Be
Expressed in the Cancer Cells.CfDNA oxidation is a key event
in the further development of cfDNA biological effects. The
cfDNA fragments that harbour oxidized bases [18] penetrate
inside the cell. The mechanism of penetration of oxidized
DNA fragments through the cell membrane remains elusive.
An existence of DNA sensors in the cells, which recognize the
oxidized cfDNA bases, is suggested [18, 30, 31].

A number of facts suggest an elevated accumulation of
GC-rDNA in MCF7 compared to the vectors. Sites of locali-
zation of GC-rDNA in the cells are more abundant, than sites
of localization of the vector (Figure 3). The cells contain
much more oxidized fragments of GC-rDNA, than oxidized
fragments of the vectors (Figure 2(a)). GC-rDNA content
in MCF7 is several times higher, than the vector content
(Figure 7(a)). One of the major causes of more active trans-
fection of MCF7 with GC-rDNA compared to the vectors is
the increased oxidability of rDNA fragments (Figure 2(c)).

Nonoxidized DNA fragments have virtually no ability to
pass through the cell membrane from the culture medium
and be expressed in the cells. For efficient transfection of
DNA, various techniques are usually applied. The exagger-
ated rate of GC-rDNA penetration into the cells also suggests
a higher level of expression of genes carried by GC-rDNA.
Indeed, we revealed a high level of expression of EGFP gene
within pEGFP-rDNA even compared to the use of the com-
mon transfection technique (Figures 7(b), 7(c), and 7(d)) that
correlated with the elevated content of pEGFP-rDNA in the
cells (Figure 7(a)). Obviously, effective expression requires,
in addition to DNA penetration to the cell, the intact pro-
moter and gene itself. These conditions seem to be met in
case of pEGFP-rDNA. The elevated oxidability of inserted
rDNA guarantees rapid penetration of the plasmid into the
cell; meanwhile, the promoter and gene itself become oxi-
dized in a less number of plasmid molecules.

The above-mentioned possibility in principle to express
genes from external cfDNA fragments is of importance for
the understanding of processes of cancer cell survival during
therapy. Earlier, we and other authors quoted data related to
the influence of cfDNA on tumor therapy. CfDNA favors
cancer cell survival under the conditions of deleterious
impacts, evoking an adaptive response [18, 32].

4.3. Potential Use of the Study Findings in Antitumor
Therapy. Thus, the total body of facts reported here suggests
that GC-DNA could become a tool in antitumor therapy.
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Figure 7: Expression of EGFP in MCF7 treated with pEGFP-rDNA or pEGFP for 24 h. (a) qPCR. Quantitation of pEGFP and pEGFP-rDNA
in the cellular DNA after 3, 24, and 72 hours of incubation. pEGFP content (3 h) is taken as one unit. (b) RT-qPCR. The levels of
EGFP-encoding RNAs in the cells exposed to pEGFP or pEGFP-rDNA. (c) FCA. (1)—nonfixed cell plots: SSC versus FCS; R—the
analyzed cell subpopulation. Distribution of FL1-EGFP fluorescence intensities. R1- and R2-gated areas. (2)—median signal intensity of
FL1-EGFP (gate R1). (3)—relative fractions of EGFP-positive cells (R2 gate). (d) FM-based evaluation of EGFP in the cells treated with
pEGFP-rDNA or pEGFP-rDNA/Turbo Fect (×40).
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Altering the properties of cfDNA could contribute to more
effective tumor elimination and metastasis prevention. Sev-
eral approaches can be suggested.

4.3.1. Modulation of the Transcriptional Activity of Tumor
Genes. Data shown in Figure 6 suggest a possibility of pene-
tration of oxidized cf-rDNA fragments into the cell nucleus.
When they reached the nucleus, rDNA fragments interact
with the nucleolar proteins, which possess binding selectiv-
ity with respect to rDNA motifs. Moreover, cf-rDNA frag-
ments can compete with the nuclear ribosomal genes for
binding to and exhaust the cell pool of factors necessary
for the ribosome biogenesis. An indirect evidence in favor
of this speculation is the decline of rRNA content in the cells
cultivated in the presence of GC-rDNA, but not plasmid
vectors (Figure 6(b)). Other motifs within GC-cfDNA could
be expected to modulate expression of other genes by com-
peting for binding to transcription factors in the respective
nuclear areas.

Transfection effectiveness of plasmids carrying easily oxi-
dizable regions and motifs, which can affect the expression of
the tumor genes, can be increased via preliminary oxidation
of the plasmids in vitro. The modern methods allow selective
oxidation of DNA bases with different oxidation potentials
[33]. Such conditions can be found, when easily oxidizable
DNA fragments only are oxidized.

4.3.2. Blocking Adaptive cfDNA Action on Tumor Cells.
Earlier cfDNA was shown to induce an adaptive response,
which increases the survival rate of cancer cells, during che-
motherapy [18, 32]. Oxidized DNA induces much higher
adaptive response than unoxidized. The adaptive response
is induced by a short-time elevation of ROS synthesis under

the action of cfDNA [32]. The elevated ROS level induces
a network of DNA damage response (DDR) mechanisms
that counteract toxicity and safeguard genome integrity
[34]. If the ROS burst is blocked, then the adaptive response
does not develop [18]. In this context, the use of natural
low-toxic antioxidants, which quench ROS and have anti-
cancer properties, seems a perspective [35].

CfDNA can carry mutant genes from the tumor genome,
which trigger cancerogenesis in healthy cells. Penetration of
cfDNA into the healthy cells can result in metastases. Previ-
ously, we showed that GC-DNA considerably altered the
functional activity of human stem cells [15]. Antioxidants,
which prevent cfDNA oxidation, can thus preclude its pene-
tration to the healthy cells.

Abbreviations

CfDNA: Cell-free DNA of MCF7 culture medium
GC-cfDNA: GC-rich fragments of cell-free DNA
GC-DNA: A generic term for all DNA probes used in this

study
GC-rDNA: Plasmids carrying rDNA insertions.
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Small reactive oxygen and nitrogen species (ROS/RNS) driven signaling plays a significant role in wound healing processes by
controlling cell functionality and wound phase transitions. The application of cold atmospheric pressure plasma (CAP), a
partially ionized gas expelling a variety of ROS and RNS, was shown to be effective in chronic wound management and
contrastingly also in malignant diseases. The underlying molecular mechanisms are not well understood but redox signaling
events are involved. As a central player, the cellular tumor antigen p53 governs regulatory networks controlling proliferation,
death, or metabolism, all of which are grossly modulated by anti- and prooxidant signals. Using a human skin cell model, a
transient phosphorylation and nuclear translocation of p53, preceded by the phosphorylation of upstream serine- (ATM) and
serine/threonine-protein kinase (ATR), was detected after CAP treatment. Results indicate that ATM acts as a direct redox
sensor without relevant contribution of phosphorylation of the histone A2X, a marker of DNA damage. Downstream events are
the activation of checkpoint kinases Chk1/2 and several mitogen-activated (MAP) kinases. Subsequently, the expression of MAP
kinase signaling effectors (e.g., heat shock protein Hsp27), epithelium derived growth factors, and cytokines (Interleukins 6 + 8)
was increased. A number of p53 downstream effectors pointed at a decrease of cell growth due to DNA repair processes. In
summary, CAP treatment led to an activation of cell repair and defense mechanisms including a modulation of paracrine
inflammatory signals emphasizing the role of prooxidant species in CAP-related cell signaling.

1. Introduction

Cold physical plasma (CAP) is an emerging biomedical tech-
nique and found to interfere with processes controlled by
redox signaling in vivo, such as wound healing, immune
modulation, and cancer [1–6]. Different source geometries
and discharge types (barrier discharges and plasma jets) have
been developed with some being accredited medical products
[7–10]. In principle, energy is introduced into a noble gas or a
molecular gas resulting in the ionization of a fraction of it.
CAP expels various forms of energy: light (UV, visible, and
IR), electromagnetic fields, and small chemical entities like
electrons, ions, and molecules. To the current knowledge,
the short- and long-lived reactive oxygen and nitrogen
species (e.g., NO•, •O2

−, NxOy, HO•, ONOO−, and H2O2)

are the major contributors to the described effects both
in vitro and in vivo. Their occurrence can be controlled by
plasma source design and discharge parameter engineering,
especially the composition of the working gas. In vivo,
stimulatory effects in chronic or acute wound healing
(animal models) or in humans (clinical trials) were reported
[5, 11–14]. The biochemical background of these observa-
tions is so far not fully investigated. In vitro, an impact on cell
viability and cell cycle progression is frequently observed,
along with changes in cell metabolism, redox signaling, and
protein secretion [15–20]. Increasing knowledge is gathered
regarding cellular redox signaling pathways [21, 22]. The
cellular tumor antigen p53 is basically a transcription factor
with a major role in DNA damage sensing and control,
hypoxia, or nutrient fluctuation [23]. Further roles have been
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reported, e.g., interaction with apoptotic effectors in the cyto-
sol [24, 25]. A wide range of posttranslational modifications
adjusts p53’s transcriptional and transcription-independent
functions. Accordingly, p53 regulation is fundamentally
involved in processes requiring cell repair, cell proliferation,
or cell migration, such as acute and chronic wounds [26–28].

A complex, not fully understood relationship evolved
around p53 and redox signal transduction checking free
reactive oxygen or nitrogen species (ROS/RNS) levels and
controlling cell fate [29]. The activation of p53 sparks both
pro- and antioxidant downstream effects. Prooxidant
measures promote autophagy and apoptosis, while antioxi-
dant effects comprise increased protein expression involved
in NADPH and glutathione metabolism, mitochondrial
membrane stabilization, and modulation of nuclear factor-
(erythroid-derived 2-) like 2 (NFE2L2 or NRF2) related
signaling [30–32]. This major antioxidant pathway is protec-
tive against oxidative damages and is activated by natural and
xenobiotic triggers, e.g., photodynamic therapy, small mole-
cules like sulforaphane, or cold atmospheric plasma (CAP)
as source for ROS/RNS [16, 33, 34].

Published data on CAP effects in cells or tissues suggest a
role for p53, its downstream targets, and connected pathways
such as the mitogen-activated protein (MAP) kinases in gov-
erning the cellular response towards CAP-derived ROS/RNS
[35]. Potentially, via oxidative signals, an activation of major
MAP kinases [36] precedes a kinase-driven posttranslational
modification of p53 activity [37–39] and establishes a cross-
talk between the MAP kinase and the p53 signaling pathways
[40–42], even influencing cell migration [43]. To test this
hypothesis, a well-described human epithelial model cell line
(HaCaT) was used to analyze p53 phosphorylation, activa-
tion of up- and downstream targets of the p53, and the
expression of related genes or proteins in response to CAP.

A strong activation of the MAPK – p53 axis was found
after CAP, emphasizing that plasma-derived ROS/RNS have
a significant impact on cell fate and performance. The
involvement of p53 phosphorylation indicates a substantial
impact on cellular processes necessary to adapt to CAP treat-
ment. An activation of cell protective processes accompanied
by an increased expression of growth factors and cytokines
relevant in wound underlines the use of CAP in wound man-
agement and other redox-signaling related conditions.

2. Materials and Methods

2.1. Cell Culture Cells and Cold Plasma Treatment. HaCaT
keratinocytes were cultivated in RPMI 1640 cell culture
medium containing 8% fetal bovine serum (Sigma-Aldrich,
Germany), 2mM glutamine, 0.1mg/ml streptomycin, and
100U/ml penicillin (PAN Biotech, Germany) at 37°C, 95%
relative humidity, and 5% CO2 [16]. Twenty-four hours prior
to experiment, 1× 106 cells were seeded in 60mm dishes
(Sarstedt, Germany). As cold physical plasma source, the
kINPen 09 (neoplas tools, Germany) was utilized. This
plasma jet consists of a central pin-type electrode that ignited
a plasma by applying a voltage of 2–6 kV at a frequency of
around 1MHz. Argon (Air Liquide, France) was used as feed
gas (3 standard liters per minute). For all experiments, an

indirect treatment regimen was chosen to assure homogene-
ity of the treatment and it was achieved by exposing 5ml of
RPMI w/ all supplements to the plasma effluent at a distance
of 9mm using an automated xyz-table. The treated liquid was
transferred immediately to the prepared cells.

2.2. Cellular Viability, ROS Levels, and Apoptosis. Changes of
intracellular redox levels were determined using CM-
H2DCF-DA (Life Technologies, CA, USA). Cells were
stained with 1μM of dye for 20min, prior to plasma-
treated medium was added, and evaluated 5min thereafter
by fluorescence microscopy. Cell viability was assessed using
the CellTox™ Green Cytotoxicity Assay (Promega, Ger-
many). Briefly, 15,000 cells were seeded in 96 well plates
24 h prior to experiment. 24 h after indirect treatment, the
dye was added. After 15min, the fluorescence intensity was
measured at λex 490 nm and λem 525nm using a microplate
reader (Infinite 200, Tecan, Switzerland). To determine late
apoptosis, a Gallios flow cytometer and Kaluza software
(Beckman Coulter, CA, USA) were applied 18 hours after
indirect treatment using Green Caspase-3 Kit (Promokine,
Germany) according to the manufacturer’s protocol.

2.3. Immunofluorescence Microscopy. HaCaT cells were
grown on glass coverslips for 24h, and plasma treated as
indicated. After appropriate time points, cells were fixated
with 4% (w/v) paraformaldehyde for 20min, permeabilized
with PBS/0.1% Triton X-100 for 20min, and treated with
3% bovine serum albumin (BSA) in PBS. Slides were washed
twice with 1% BSA in PBS and incubated at 4°C overnight
with p53 antibody (NEB, Germany, 1 : 1.600). Afterwards,
cells were washed twice with PBS and incubated with second-
ary antibody Alexa Fluor 488-conjugated goat anti-rabbit
(Life Technology, Germany, 1 : 700) for 1 h. Coverslips were
washed again with PBS and mounted using VECTA-
SHIELD® with DAPI (Vector Labs, CA, USA). Samples were
observed using an Axio Observer Z1 (Zeiss, Germany).

2.4. Gene Expression Analysis by Quantitative Real-Time
PCR. RNA was isolated using RNA Mini Kit (Bio&SELL,
Germany), and total mRNA was reversely transcribed using
Transcriptor First Strand Synthesis Kit (Roche, Germany).
Primer specificity was confirmed by separating PCR amplifi-
cation products in an agarose gel. Quantitative real-time PCR
was performed using the Fast Sybr Kit (Kapa Biosystems,
MA, U.S.A.) and a LightCycler 480 (Roche, Germany). Gene
specific primers for BAX, BBC3, GADD45, and CDKN1A
were used [44–47] at a concentration of 200nM (Suppl.
Table 1). The samples were preincubated at 95°C for 3min,
followed by 40 amplification cycles of 10 s denaturing at
95°C, 30 s annealing at 55°C, and amplification for 1 s at
72°C. Finally, a melting curve was performed with five
acquisitions/°C from 65°C to 97°C. All samples were
performed in triplicates. To calculate relative gene
expression, the data of the threshold cycles was analyzed
using the ΔΔCT method.

2.5. Western Blot and ELISA. Cells were plasma-treated,
rinsed with ice-cold PBS, and then lysed in ice-cold
RIPA lysis buffer containing protease and phosphatase
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inhibitors (cOmplete/PhosSTOP; Roche, Germany) and
2mM phenylmethanesulfonylfluoride (PMSF; Carl Roth,
Germany). The protein concentrations were equalized and
samples were heated to 95°C for 5min in Laemmli buffer
(0.25mM Tris, 2% SDS, 10% glycerol, 2% β-mercaptoetha-
nol, 0.001% bromophenol blue). Proteins were separated on
a 10% SDS-PAGE Gel (Anamed GmbH, Germany) and blot-
ted onto a Roti®PVDF membrane (Carl Roth, Germany).
After blocking in TBS-T (0.05% nonfat milk powder in
TRIS-buffered saline pH7.6/0.05% Tween 20,TBS-T), blots
were incubated with Erk1/2 (#9102), Mek1/2 (#9126), Sapk/
Jnk (#9258), p38 (#9212), p53 (#2527) as well as phospho-
specific antibodies for p-ATM (S1981, #5883), p-ATR
(S428, #2853), p-Chk1 (S296, #2349), p-Chk2 (T68, #2661),
p-Erk1/2 (T202/Y204, #4370), p-p38 (T180/Y182, #9216),
p-Mek1/2 (S217/S221, #9154), p-Sapk/Jnk (T183/Y185,
#4668), p-HSP27 (S78,# 2405), p-p53 (S15, # 9286), and p-
p53 (S37, #2989), all 1 : 1000 in TBS-T at 4°C overnight (Cell

Signaling Technologies, Germany). Then, procedure was
preceded by 1h incubation with secondary antibody (Jackson
Europe, UK) 1 : 10,000 in TBS-T and followed by incubation
with ECL reagent. Chemiluminescence was detected by
ImageQuant LAS 4000 and analyzed by ImageQuantTL
(GE Healthcare, UK). Phosphorylated protein levels of p53-
dependent kinases were normalized to β-actin (housekeep-
ing). Analyses of secreted proteins were performed using
the enzyme-linked immunosorbent assay (ELISA). Human
IL-6, IL-8, and GM-CSF were detected using ELISA Max™
kits (BioLegend, UK) and human VEGF-A using ELISA
(Thermo Scientific, Germany). Procedures were performed
according to the manufacturers protocols.

2.6. Statistical Analysis. At least three independent experi-
ments were performed in all assays. Bar graphs represent
arithmetic mean+ standard deviation (S.D.). Statistical
comparison between experimental groups was done using

ctrl

(a)

Plasma

(b)

Viability

ctrl 20 180

2

4

6

8

10

Plasma treatment time (s)

D
ea

d 
ce

lls
 (%

)

⁎⁎⁎

(c)

Caspase 3

ctrl 20 60 180

10

20

30

Plasma treatment time (s)

Ca
sp

as
e 3

 p
os

iti
ve

 ce
lls

 (%
)

⁎⁎⁎

(d)

Figure 1: Cold plasma oxidized keratinocytes and altered cell viability. The intracellular ROS level was detected by CM-H2DCFDA
fluorescence staining for control (a) and indirectly plasma-treated HaCaT keratinocytes (using kINPen 09 plasma jet) (b). For assessment
of cell viability, the CellTox™ Green Dye was used and showed a 1.5 to 3.5-fold increase of death cells after 20 s or 180 s of plasma
treatment, respectively (c). To quantitate apoptosis, plasma-treated cells were stained with active caspase 3-detecting reagents and
examined by flow cytometry. A significant 2.1-fold of caspase 3-positive cells was detected after 180 s of plasma treatment (d). Data are
presented as mean + S.E. of four independent experiments; statistical comparison was done using one-way ANOVA (∗∗∗p < 0 001). Scale
bar 50 μm.
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one-way analysis of variances followed by Dunnett post-
testing comparing treated samples to untreated control
samples. When investigations were carried out at different
time points, statistical analysis was done for each time
point independently. A p value of ≤0.05 was considered
statistically significant.

3. Results

3.1. Intracellular ROS, Cell Viability, and Apoptosis. Micro-
scopic evaluation of the HaCaT cells after treatment showed
an increased fluorescence signal of the redox-sensitive dye
CM-H2DCF (Figures 1(a) and 1(b)`). This increased ROS
prevalence could also be detected in a treatment time-
dependent manner by flow cytometry using the same dye
(data not shown). After 24h, a significant 3.5-fold increase
in dead cell numbers was detected for high-treatment inten-
sity 180 s (Figure 1(c)). In parallel, the late apoptosis marker
caspase 3 activity increased significantly to 18% (Figure 1(d),

basal level ≈ 6–8%). Early apoptotic signs like phosphatidyl-
serine externalization remain scarce (data not shown).

3.2. Plasma-Induced Accumulation and Nuclear
Translocation of the Tumor Suppressor p53. Three hours after
plasma, a treatment time-depending increase of total p53
protein expression was observed (Figure 2(a)). On a timeline,
p53 protein expression levels fluctuated with peaks 15min
(2.3-fold) and 3h (1.9-fold) after treatment and returned to
the baseline level within 24 h (Figure 2(b), 180 s of treat-
ment). Immunofluorescence staining with an anti-p53 anti-
body showed the subcellular localization of endogenous
total p53 after plasma exposure (Figure 2(c)). While control
cells showed a predominant localization of p53 in the cytosol
(Figure 2(c), I), an immediate and rapid cytoplasmic-nuclear
trafficking was observed already 10min after treatment
(Figure 2(c), II). The nuclear localization of p53 was observed
up to 24 h after treatment, changing to a predominantly cyto-
plasmic distribution about 48h after treatment (Figure 2(d)).
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Figure 2: Cold plasma transiently enhanced total p53 protein expression and induced nuclear translocation. Total expression of p53 showed a
treatment time-depending increase (a, after 3 h), in particular, 3 h after plasma exposure (b, 180 s). Immune fluorescent microscopy of HaCaT
cells revealed a strong translocation of p53 (green) from cytoplasm into the nucleus in dependence of treatment and incubation time (CII) in
contrast to control (CI). After 30min, p53 was exclusively detected in nuclei. Forty-eight hours after plasma exposure, p53 was redistributed
in the cytoplasm of HaCaT cells. Data are presented as mean + S.D. of two analyses (a, b) or as one representative (c, d). Statistical analysis was
done using one-way ANOVA with Dunnett corrections for multiple comparisons to untreated, normalized control (∗∗∗p < 0 001). Scale bar
50μm (CII, DI-II) and 20 μm (CI, DIII).
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3.3. Plasma Treatment Contributes to p53 Phosphorylation on
Serine 15 and 37. The nuclear localization of p53 is caused by
activation of p53 through phosphorylation of serine 15
(Ser15) and serine 37 (Ser37). The phosphorylation levels
one hour after plasma treatment showed a clear depen-
dence on treatment intensity. Phosphorylation on Ser15
was increased after 60 s and more clearly after 180 s
(Figure 3(a)). In comparison, phosphorylation level of
p53 on Ser37 was only slightly increased after 60 s but
raised fourfold after 180 s of treatment (Figure 3(b)). On
a time axis, a rapid increase in Ser15 phosphorylation,
reaching a maximum eightfold increase after 45min, was
observed. This level remained until 6 h after treatment
and returned to the baseline level after 24 h (Figure 3(c)).
For Ser37 phosphorylation, a slow and constant increase

was observed which lasted for more than 24h (Figure 3(d)).
The positive control H2O2 (100μM) showed an intensely
increased Ser37 phosphorylation, whereas Ser15 phosphory-
lation level was not affected (data not shown).

3.4. Phosphorylation of p53 Upstream Kinases after Plasma
Treatment. Several sensors and upstream activators of p53
were analyzed regarding their plasma-induced activation
pattern. A treatment time-dependent induction of ATR and
ATM phosphorylation was observed one hour after plasma
treatment (Figures 4(a) and 4(b)). The phosphorylation of
ATR/ATM was transient and returned to baseline 24 h after
treatment. The control (100μM H2O2) led to a very slight
rise in p-ATR, whereas the p-ATM levels raised profoundly
(data not shown). No impact on phosphorylation status
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Figure 3: Cold plasma alters phosphorylation level of p53 in a treatment and incubation time-dependent manner. The upper graphs showed
the treatment time-dependent activation of p53. Displayed are relative p53 phosphorylation levels of residues Ser15 (a) and Ser37 (b)
normalized to total p53 and β-actin expression. Bottom graphs displayed the time courses of relative phosphorylation after longest plasma
treatment of relative p53-Ser15 (c) and Ser37 phosphorylation (d). Untreated samples were included as negative control (ctrl). Data are
presented as mean + S.D. of two independent experiments. The x-axis represents treatment time (a, b) or incubation after plasma
treatment (c, d). Statistical comparison was done using one-way ANOVA with Dunnett corrections for multiple comparison to untreated
control, normalized control (∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001).
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and total protein expression of γ-H2AX by indirect plasma
treatment was detected (Figure 4(c)).

Phosphorylation level of Chk1, the kinase downstream of
ATM, was tightly coupled to plasma treatment and incuba-
tion time. A more than twofold increase of Chk1 phosphor-
ylation after 60 s and a sixfold upregulation after 180 s of
treatment was detected (Figure 5(a)). After treatment,
phospho-Chk1 levels increased rapidly and reached a plateau
after 45min (about fourfold increase), where levels remained
almost constant for the following hours. Beginning 6 hours
after the treatment baseline level was reestablished 24h post-
plasma treatment (Figure 5(c)). Chk2, the checkpoint kinase
downstream of ATR, was phosphorylated rapidly and tran-
siently. A just over threefold increase after 60 s and more
than sevenfold increase in p-Chk2 levels after 180 s of treat-
ment was found (Figure 5(b)). Timewise, the levels of p-
Chk2 increased even more rapidly than those of p-Chk1.
The maximum was reached around 30min after plasma
treatment (5-fold increase), followed by a rapid decline in
p-Chk2 levels so that by three hours after plasma treatment,

the levels of p-Chk2 had returned to nearly baseline level
(Figure 5(d)). In addition, both molecules were strongly
phosphorylated in the H2O2 control (data not shown).

3.5. Cold Plasma Activates Mitogen-Activated Protein (MAP)
Kinase Signaling. The phosphorylation level of the mitogen-
activated protein kinases Erk1/2 (MAPK1/2) increased
steadily with treatment intensity and peaked at nearly five-
fold increase after 180 s (Figure 6(a)). A similar behavior
was observed for p38 and Jnk phosphorylation, which both
peak at 180 s of treatment (Figures 6(b) and 6(c)). Unlike
the more continuous increase observed for Erk phosphoryla-
tion levels, Jnk shows an abrupt escalation in phosphoryla-
tion level up to 14-fold after 180 s of treatment compared to
20 s (1.5-fold) or 60 s (4.8-fold). Kinase p38 phosphorylation
was increased 7-fold (60 s) and 11-fold (180 s), respectively.
The positive control (100 μM H2O2) led to an increase of
the phosphorylation levels in all three kinases (data not
shown). The time course of the MAP kinase phosphorylation
triggered by 180 s of treatment was found to differ between
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Figure 4: Cold plasma activates upstream activators of p53 regardless of γ-H2AX function. Relative phosphorylation of ATR (p-S428) was
slightly enhanced in comparison to control (a). Quantification of Western blot has shown a treatment time-dependent induction of
phosphorylation of ATM (p-S1981) in HaCaT cells (b, not significant). Phosphorylated H2AX (γH2AX), as a key factor in sensing double
strand DNA breaks, was not significantly enhanced after plasma treatment (c). Representative blots are shown. Data are presented as
mean + S.D. of two analyses. The x-axis represents treatment time with plasma or control (ctrl)/positive control (H2O2). Statistical
analysis was done using one-way ANOVA with Dunnett corrections for multiple comparisons to untreated, normalized control.
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the three kinases; while Erk1/2 phosphorylation increased
rapidly, peaking between 15 and 30min (Figure 6(d)), Jnk
phosphorylation levels rose slowly but constantly, peaking
after 3–6h posttreatment. In contrast, p38 levels showed a
more flat and biphasic behavior with similar levels up to 1 h
past treatment and higher levels for 3–6h after treatment
(Figures 6(e) and 6(f)). The positive control H2O2 did not
lead to increased Erk phosphorylation but induced phos-
phorylation of p38 and Jnk only (data not shown). All three
MAP kinase phosphorylation levels returned to their baseline
24 h after plasma treatment.

3.6. Downstream Effects of p53 Activation upon Plasma
Treatment. To clarify the signaling cascade, we checked the
downstream activation of p53 target genes by quantitative
real-time PCR (qPCR). The expression levels of BAX and

BBC3 (proapoptotic pathway), GADD45 (DNA repair), and
CDKN1A/p21 (cell cycle control, senescence) were not sig-
nificantly altered by 60 s of plasma treatment after 3–12h
(Figure 7(a)). The six-hour time point was chosen for further
analysis: a significant, roughly 5-fold increase in BBC3 and
GADD45 as well as CDKN1A mRNA expression was
induced by long (180 s) treatment. With shorter treatments
(20 s and 60 s), target gene expression was slightly but non-
significantly reduced. BAX expression remained unaltered
(Figure 7(b)). Additionally, the cellular protein levels of
Bax, Puma (the gene product of BBC3), Gadd45, and p21
(the gene product of CDKN1A) were analyzed by Western
blotting. The pattern observed on the transcriptional level
was confirmed by an increased expression of BBC3/Puma
(Figure 7(c)), Gadd45 (Figure 7(d)), and CDKNA1/p21
(Figure 7(e)) while Bax remained unchanged (data not
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Figure 5: Cold plasma-induced activation of checkpoint kinases 1 and 2 downstream of ATM/ATR in HaCaT cells. Displayed are the increase
of the relative phosphorylation levels of Chk1 (a, p-S296) and Chk2 (b, p-T68) after different treatment times, and time course of
phosphorylated Chk1 (c) and Chk2 (d) protein after 180 s of plasma treatment over 24 h. Phosphorylated proteins were normalized to β-
actin. Data are presented as mean + S.D. of three analyses. The x-axis represents treatment time (a, b) or incubation after plasma
treatment (c, d). Statistical analysis was done using one-way ANOVA with Dunnett corrections for multiple comparisons to untreated,
normalized control (∗p < 0 05, ∗∗p < 0 01).
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Figure 6: Plasma-induced activation of MAP kinase signaling in HaCaT keratinocytes. Displayed are relative phosphorylation levels of Erk
(p-T202/Y204, a), Jnk (p-T183/Y185 (b)), and p38 (p-T180/Y182, (c) kinases after different treatment times. Lower panels showed the results
for time course of relative phosphorylation levels after 180 s of plasma treatment for Erk (d), Jnk (e), and p38 (f). Each expression was
normalized to total protein expression. Representative blots are shown. Data are presented as mean + S.D. of two analyses. The x-axis
represents treatment time (a–c) or incubation after plasma treatment (d–f). Statistical analysis was done using one-way ANOVA with
Dunnett corrections for multiple comparisons to untreated, normalized control (∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001).
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shown). For p21, a maximal upregulation of protein was vis-
ible six hours after plasma exposure (Figure 7(f)). In contrast
to transcriptional regulation, Gadd45 protein expression was
not altered for investigated time points and treatment times.

The MAP kinase and ROS/RNS-associated heat shock
protein 27 (Hsp27), a downstream effector of the p38 signal-
ing cascade, showed a clear correlation of phosphorylation
level with treatment time. Similar to the p38, the maximal
phosphorylation level was reached after 180 s of treatment

(Figure 8(a)). In H2O2 control, phosphorylation of Hsp27
was only mildly stimulated (data not shown).

Gene expression and protein secretion of several cell-
signaling molecules, e.g., growth factors, and cytokines are
strongly regulated by the MAP kinase activity. The plasma
treatment had a significant impact on mRNA level resulting
in a three- to fivefold upregulation of growth factors such
as the vascular endothelial VEGFA and heparin-binding
growth factor HBEGF as well as the colony-stimulating
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Figure 7: Cold plasma-induced impact on major p53 downstream targets. The total amount and the phosphorylated form of the stress-
related protein HSP27 was significantly enhanced after plasma treatment (a). Agarose gel showing semiquantitative PCR of BAX, BBC3,
GADD45, and CDKN1A after 1 to 24 h posttreatment of HaCaT cells with 60 s plasma (b). mRNA copy numbers of all four targets were
measured 6 h after plasma treatment by qPCR and normalized to the relative gene expression (ΔΔCT values on a log2 scale) (c). Puma
(protein of BBC3), Gadd45 (d), and p21 (e) expression was significantly enhanced after plasma exposure (180 s). p21 (protein of
CDKN1A) increased until 6 hours after plasma treatment, declining afterwards (f). Representative blots are shown. The x-axis represents
treatment time (a, c, d, and e) or incubation after plasma treatment (b, f). Data are presented as mean + S.D. of two (c, d) or three (b)
analyses. Statistical analysis was done using one-way ANOVA with Dunnett corrections for multiple comparisons to untreated,
normalized control (∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001).
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factor CSF2. For IL-6 as a proinflammatory cytokine, the
mRNA levels showed a significant upregulation of DNA
transcription, in contrast to IL-8.

The secretion of the two cytokines (IL-6/8) and growth
factors (GM-CSF and VEGFA) was further measured using
ELISA. Cytokine profiling indicated that IL-6 and IL-8 are
most significantly increased in 180 s treated cells after 12 h
(Figure 8(b)). The secretion of GM-CSF and VEGFA was
found to be maximal 12 h after 180 s of treatment
(Figure 8(c))

4. Discussion

Cold atmospheric plasma generates a mixture of reactive
oxygen or nitrogen species (ROS/RNS) in the gas phase that
in contact with liquids lead to the deposition of secondary/
tertiary species. Among those, singlet oxygen, atomic oxygen,
hydroxyl radicals, and hydrogen peroxide are major contrib-
utors [48–50]. Since several years, CAP is used and investi-
gated in biomedical research and clinics, especially for
targeting chronic and acute wound management [2, 5,
10, 13, 51]. While it is a long-standing axiom that CAP
has antimicrobial properties [52–54], its role and biochem-
ical interaction with mammalian cells are less clear.
Depending on treatment intensity and model system,
CAP induces cell death and senescence or sparks cell acti-
vation and differentiation [16, 55–57]. Latest research

seeks to connect CAP with inflammatory processes and
immune system control [58–61].

After CAP treatment, an increase of intracellular
ROS was observed in HaCaT cells using an unspecific
redox-sensitive dye which is in line with previous find-
ings [62, 63]. However, it remains to be elucidated, which
reactive species of which origin contribute to the oxidation
of intracellular CM-H2-DCF (after ester cleavage) since no
reporter dyes that are accepted of being able to distinguish
between different intracellular ROS are commercially avail-
able. Intracellular compartmentalization increases complex-
ity that is not addressed by the simple dye. A promising but
demanding approach in this regard is thiol switch dyes
(HyPER) [64]. Subsequently, a rapid yet transient increase
of total p53 expression accompanied by its nuclear accumu-
lation was observed. Parallel to the nuclear trafficking, serine
phosphorylation (Ser15 and Ser37) indicated an activation of
p53 via external stimuli, which has been described for UV
light stimulation previously [65]. Reports also demonstrate
that p53 serine 15/37 sites are phosphorylated by stress-
related c-Jun N-terminal kinase (Jnk) and mitogen-
activated protein kinase p38 (p38) as well as several upstream
kinases, especially ataxia telangiectasia mutated (ATM),
ataxia telangiectasia and Rad3-related (ATR), and check-
point kinase 1/2 (Chk1/2) [66]. Besides DNA damage trans-
duction, ATM and ATR act as cellular redox sensor signals
[67–69]. It was found that the ATM protein kinase activity
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Figure 8: Plasma-induced changes of downstream effectors of MAP kinase signaling cascade in HaCaT keratinocytes. Transcription of
several growth factors and cytokines was measured using qPCR. VEGFA, HBEGF, CSF2, and IL-6 were mainly upregulated after plasma
treatment in contrast to nonregulated IL-8 (a). Results of secretion of IL-6 and IL-8 (b) cytokines as well as GM-CSF and VEGFA (c)
growth factors using ELISA measurements confirmed the mRNA expression profiles. Data in diagrams are presented as mean + S.D. of at
least three independent experiments. Statistical analysis was performed using one-way ANOVA with Dunnett corrections for multiple
testing to untreated, normalized control (∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001).
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was directly activated after exposure of cells to H2O2 without
the presence of DNA strand breaks [70]. Observations point
to the importance of ATM in oxidative stress response regu-
lation in addition to its DNA damage sensing [71]. In an
ATM-deficient mice model, increased levels of ROS and
signs of oxidative stress within the central nervous system
were detected [72, 73]. Predominantly after long CAP treat-
ment, the phosphorylation of ATM and the subsequent acti-
vation of the checkpoint kinase Chk1 were observed, which is
in good agreement with the finding that ATM is a relevant
sensor for reactive oxygen (or nitrogen) species. The direct
activation of ATMmay trigger protective downstream effects
in mammalian cells that potentially cross-correlate with the
NFE2L2 pathway [16]. It remains to be established whether
ATM signaling occurs upstream of NFE2L2 thiol oxidation
and is a necessary precondition or if both pathways are acti-
vated in parallel. The fact that the phosphorylation of the his-
tone γ-H2AX was only nonsignificantly increased by CAP
seems to contribute to the above conclusion as only a strong
γ-H2AX activation points at DNA damage as initial effect.
Additionally, DNA damage was not reported a major route

in vitro and in vivo for the plasma device investigated here
[74–76]. However, a robust activation of checkpoint kinases
1 and 2 was detected together with an increase of G2 phase
cells in cell cycle. This is only in part in agreement to findings
reported from a nitrogen plasma jet, which led to a strong γ-
H2AX phosphorylation in human colon cells, combined with
an increase of Chk2 activation [77]. In contrast to the noble
gas plasma used in this work, nitrogen plasmas in contact
with physiological liquids produce high amounts of peroxy-
nitrite and hypochlorite, facilitating oxidative processes in
biomolecules that are subsequently reflected by the activation
of γ-H2AX seen by the authors. Paralleling the low increase
of γ-H2AX, only small changes in ATR phosphorylation
were seen for all plasma treatment times. This indicates that
only a limited and transient oxidative damage to cellular
DNA occurred. The activation of ATR is also reflected by
the Ser37 phosphorylation of p53 that the kinase can be
responsible for; yet, also ATM is able to phosphorylate p53
at Ser37 to a minor extent [69]. On these grounds, it can be
argued that plasma treatment triggers redox signaling and
such increases the “awareness” of prooxidant species [78].
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Figure 9: Schema of proposed cold plasma-induced regulation of p53. The primary event in the described pathways is the recognition of
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Indicative for transcriptionally active p53 is the detected
transcription of apoptosis pathway proteins (BBC3 and
PUMA but not BAX), cell cycle arrest (CDKN1A gene and
p21 protein), and DNA repair (GADD45). Of note, previous
studies using the kINPen and another noble gas plasma
source demonstrated the absence of mutagenic effects in
plasma-treated cells [74, 75, 79].

A connected pathway is the mitogen-activated protein
(MAP) kinase signaling. MAP kinases have a direct role in
translating physical stimuli into biochemical signals. The
phosphorylation of p53 at serine 15 by p38 kinase was
detected after UVB irradiation [66]. In addition, CAP treat-
ment as a physical-chemical stimulus was shown to lead to
the activation of MAP kinases both in normal and in cancer
cells [80–84]. In this work, a time and treatment intensity-
related activation profile of the kinases p38, Jnk, and Erk
was observed. The activity pattern of the stress-activated pro-
tein kinases p38 and Jnk was similar to each other while Erk
phosphorylation showed an inverted time course. Notably,
Erk activation occurs faster and at lower treatment intensity
than Jnk and p38 activation but is less persistent. It can be
assumed that this reflects the activity of short-lived reactive
species (O, O2

−, 1O2) at the cell membrane via oxidation of
the epidermal growth factor receptor [85] or lipid peroxida-
tion products like oxidized phospholipids [86, 87]. The pro-
longed activation of Jnk and p38 can be related to H2O2
which is able to cross the cell membrane via aquaporins
[88]. Downstream of the MAP kinase signaling an activation
of the antiapoptotic heat shock protein Hsp27 was observed.
The molecule serves various functions and acts as a mediator
between ROS, p53, and MAPK signaling [89–91]. Hsp27 is
also involved in cytoskeleton remodeling and cell migration,
which is modulated by CAP treatment [5, 92]. Further, an
increase of transcription and secretion of signal molecules
involved in wound healing processes and cell migration has
been observed. The acute-phase cytokines IL-6 and IL-8 are
closely interwoven with MAPK-related signaling [93].
Having chemotactic impact, they also stimulate neutrophil
trafficking and T-cell differentiation. IL-6 is the more
robustly increased of the two, although also IL-8 is reported
to be controlled by ATM [94]. Plasma treatment induces
upregulation of GM-CSF and VEGFA in normal keratino-
cytes, which this study confirmed [81]. An overview of the
impact of CAP treatment on the cellular redox signaling
based on the present data is given in Figure 9.

There is mounting evidence that p53 modulates the
wound healing processes [27], and the data presented here
further motivate the use of CAP in wound management. In
acute wounds, a transient inhibition of the p53 occurs to sup-
port cell proliferation. This could not be observed in the cell
model used, instead the activation of the p53 signaling cas-
cade led to a decrease of cellularity that is relevant for wound
maturation in order to avoid the development of scar tissue
[95, 96]. Along the same avenue, a decrease of cell prolifera-
tion and metabolism is welcomed to reduce fibrosis in heal-
ing wounds [97]. As discussed, p53 signals in cell
migration. CAP resulted in a transiently enhanced migratory
activity of normal cells [5, 11]. Finally, the secretion of che-
motactic interleukins triggers immune cell invasion and

activation. Taken together, CAP treatment leads to a number
of functional consequences that are in part due to the con-
certed action of MAPK pathway and p53 signaling, which
was presumably triggered by short-lived reactive species
expelled from the plasma source.

5. Conclusion

Cold plasma treatment leads to complex, interwoven redox
signaling events in mammalian cells via the impact of short-
and long-lived ROS/RNS. Signaling related to the p53 axis
was found to be a major hub of cold plasma-cell interaction,
along with the upstream redox sensors ATM and ATR.
Further, MAP kinase signaling accompanied and modulated
the p53 signals. Both, negative (p53 activation) as well as
positive (Erk activation) effects on cellular longevity were
detected for human keratinocytes. A treatment intensity
dependence of the observed proapoptotic, proinflammatory,
and prosurvival effects as well as a general activation of
redox-related proteins showed a timeline dependency of all
changes. Functional consequences with regard to the clinical
use of plasmas in wound treatment are a reduction in cell
proliferation, a transient increase in cell migration, and secre-
tion of immunomodulatory signal proteins.
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Nucleoredoxin (Nrx) is an oxidoreductase of the thioredoxin family of proteins. It was shown to act as a signal transducer in some
pathways; however, so far, no comprehensive analysis of its regulated substrates and functions was available. Here, we used a
combination of two different strategies to fill this gap. First, we analyzed the thiol-redox state of the proteome of SH-SY5Y
neuroblastoma cells depleted of Nrx compared to control cells using a differential thiol-labeling technique and quantitative mass
spectrometry. 171 proteins were identified with an altered redox state; 161 of these were more reduced in the absence of Nrx.
This suggests functions of Nrx in the oxidation of protein thiols. Second, we utilized the active site mutant Cys208Ser of Nrx,
which stabilizes a mixed disulfide intermediate with its substrates and therefore trapped interacting proteins from the mouse
brain (identifying 1710 proteins) and neuronal cell culture extracts (identifying 609 proteins). Profiling of the affected biological
processes and molecular functions in cells of neuronal origin suggests numerous functions of Nrx in the redox regulation of
metabolic pathways, cellular morphology, and signal transduction. These results characterize Nrx as a cellular oxidase that itself
may be oxidized by the formation of disulfide relays with peroxiredoxins.

1. Introduction

Redox signaling constitutes an essential mechanism for the
regulation of protein function within specific, rapid, and
highly regulated signaling cascades, comparable to de-/phos-
phorylation. Specific oxidative modifications of proteins, for
instance, the formation of allosteric disulfides, are often
attributed to the action of reactive oxygen or nitrogen spe-
cies, most of all hydrogen peroxide (H2O2). Due to the low
rate constants of H2O2 with most protein thiols, however,
this oxidation as well as the reduction of disulfides requires
catalysis by specific enzymes [1, 2].

Nucleoredoxin (Nrx) is a member of the thioredoxin
(Trx) family of proteins. This family includes various oxido-
reductases, such as Trxs, glutaredoxins (Grxs), peroxiredox-
ins (Prxs), and protein disulfide isomerases (PDIs) that
catalyze cellular redox signaling [3]. All these proteins share
a common structural motif, the so-called Trx fold [4]. The
Nrx gene (NXN) encodes a protein of 48 kDa and is ubiqui-
tously expressed [5]. Despite its name, the protein is localized
in both the cytosol and the nucleus [5, 6]. The Nrx protein
contains three Trx domains organized in a structure similar
to those of PDIs that contain three to four Trx domains. The
N- and C-terminal domains of Nrx share a high similarity to
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the b′ domains of PDIs and lack a redox active center. The
central domain, however, contains the dithiol active site motif
Cys-Pro-Pro-Cys and was shown to be active in the insulin
reduction assay [6]. The function of the PDI-like domains in
Nrx is unclear; they may be important for substrate recogni-
tion, i.e., specific protein-protein interactions.

Up to now, no comprehensive identification of potential
Nrx substrates has been presented and only scattered
information on the function of the protein is available.
Two interaction partners that have been identified are
phosphofructokinase 1 and protein phosphatase 2A [7, 8].
The activity of both proteins is affected through direct
interactions. Nrx also seems to be part of transcriptional
regulation, because it enhances the induction of the three
transcription factors CREB (cAMP response element-
binding protein), NFκB (nuclear factor kappa B), and AP-1
(activator protein-1) [9]. In addition, Nrx was shown to
regulate both the Wnt/PCP (planar cell polarity) and the
Wnt/β-catenin pathway [10, 11]. The latter is inhibited
through Nrx by binding to the basic PDZ domain of
dishevelled (Dvl), thereby suppressing the redirection of the
Wnt-induced signaling. This process is redox-dependent,
because reducing conditions strengthen and oxidizing condi-
tions weaken this protein-protein interaction [10]. Nrx might
not only suppress this pathway but also retain a pool of inac-
tive Dvl by preventing its proteasomal degradation. Binding
of Nrx to the PDZ domain of Dvl prevents the possible inter-
action of Dvl and kelch-like protein 12 (KLHL12), which is
part of an E3 ubiquitin ligase complex and leads to the
ubiquitination and thus degradation of Dvl [12]. This mech-
anism may ensure that the pathway can be rapidly activated
upon Wnt stimulation.

Here, we present the first comprehensive analysis of
potential Nrx interaction partners and regulated pathways
using a combination of two different strategies. First, we
compared the redox state of the proteome from the human
neuroblastoma cell line SH-SY5Y with cells in which the
expression of Nrx was silenced. The redox state of the thiol
proteome was identified and quantified using a differential
thiol-labeling approach followed by quantitative mass spec-
trometry. Second, we utilized the unique reaction mechanism
of Trx proteins to perform an intermediate trapping experi-
ment using a Cys-Pro-Pro-Ser active site mutant of Nrx.
With this approach, we trapped potential substrates from
the SH-SY5Y cell line, as well as from murine brain tissue.
We identified more than 50 proteins by all three approaches.
Our findings imply potential functions of Nrx as an oxidase,
rather than a reductase, in redox regulation of, e.g., metabolic
pathways, cellular morphology, and signal transduction.

2. Material and Methods

2.1. Chemicals and Reagents. Chemicals and enzymes were
purchased from Sigma-Aldrich (St. Louis, USA), unless
otherwise stated, and were of analytical grade or better. Cell
culture media and supplements were purchased from PAN-
Biotech (Aidenbach, Germany) unless otherwise stated.
Antibodies detecting Nrx (16128-1-AP, Proteintech,
Manchester UK), actin (sc-47778, Santa Cruz Biotechnology,

Dallas, USA), Prx1 (LF-MA0214, AbFrontier, Seoul, South
Korea), Prx2 (serum, produced and validated by AG Lillig
[5]), and tyrosine hydroxylase (Millipore MAP318) were
used, as well as horseradish peroxidase-conjugated anti-
rabbit and anti-mouse IgGs (Bio-Rad, Hercules, USA). SDS
PAGE and Western blotting kits and equipment were
purchased from Bio-Rad (Hercules, USA).

2.2. Cloning, Mutagenesis, Protein Expression, and
Purification. The open reading frame of Nrx was amplified
by PCR from mouse cDNA using the oligonucleotides
3′catatgtcgggcttcctggag5′ and 5′ggatccactagatgggctcaggc3′.
Following A-tailing, the PCR product was ligated into
the pGEM-T vector (Promega, Madison, USA) and was
further subcloned by restriction ligation into the expression
plasmid pET15b (Novagen, Darmstadt, Germany). For the
intermediate trapping experiments, the more C-terminal
active site cysteinyl residue of mouse Nrx was exchanged
for a seryl residue (changing the Cys-Pro-Pro-Cys active
site to Cys-Pro-Pro-Ser) by site-directed mutagenesis as
described before in [13] using specific oligonucleotides
(3′gtgtccacccagccgaagcc5′ and 5′taaggcttcggctgggtggac3′).
Following the sequence analysis, the plasmid was trans-
formed into the E. coli strain BL21(DE3)pRIL. Mouse
Nrx Cys208Ser was expressed as a polyhistidine-tagged
fusion protein in E. coli and was purified using the immo-
bilized metal affinity chromatography technique and FPLC
(ÄKTAprime, GE Healthcare, Uppsala, Sweden) as described
before in [5]. The expression and purification efficiency was
analyzed by SDS PAGE.

2.3. Cell Culture and Cell Transfection. SH-SY5Y cells were
cultured in MEM medium without L-glutamine (PAA/GE
Healthcare) supplemented with 2mM L-glutamine and HeLa
cells in DMEM at 37°C and 5% CO2 in a humidified
atmosphere. Both media were supplemented with 10% FCS
and 0.1mg/ml streptomycin/100U/ml penicillin.

Cells were transiently transfected with specific siRNA
against Nrx (Eurogentec, Liège, Belgium; test siRNAs:
Ambion, Carlsbad, California) (siNrx A sense: GGAUGA
CAUGACUGACUCCtt, antisense: GGAGUCAGUCAUGU
CAUCCtc; siNrx B sense: GGCCUUUGUGAAUGACUU
Ctt, antisense: GAAGUCAUUCACAAAGGCCtc; siNrx C
sense: GCCGAUAGCUGAGAAAAUCtt, antisense: GAUU
UUCUCAGCUAUCGGCtg), as well as unspecific, scram-
bled control siRNA (sense: CAUUCACUCAGGUCAUCA
Gtt, antisense: CUGAUGACCUGAGUGAAUGtt) using
electroporation as described before [14]. In brief, 5 · 106
Mio SH-SY5Y cells or 3.5 · 106 HeLa cells were resuspended
in 550μl electroporation buffer (21mM HEPES, 137mM
NaCl, 5mM KCl, 0.7mM Na2HPO4, 6mM D-Glucose,
pH7.15), mixed with 15μg siRNA and transfected using
230V, 500Ω, and 1050μF for SH-SY5Y cells or 250V,
500Ω, and 1500μF for HeLa cells. The cells were mixed with
550μl prewarmed FCS and seeded in conditioned medium.
After 72 h, cells were transfected a second time with the
corresponding siRNA. After another 72h, the cells were
harvested using trypsin and were lysed as follows. For
Western blot analysis and the 2-Cys Prx redox blot, the
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proteins were alkylated for 30min at 37°C with 100mM
N-ethyl maleimide (NEM) (Pierce, St. Leon-Rot, Germany)
in PBS prior to lysis and were then lysed for 30min at room
temperature in 2% CHAPS lysis buffer containing 5mM
NEM (40mM HEPES, 50mM NaCl, 1mM EDTA, 1mM
EGTA, 1-fold protease inhibitor). For the intermediate trap-
ping, cells and also the brain tissue were lysed in NP40 lysis
buffer (10mM Tris, 10mM NaCl, 3mM MgCl2, 0.1%
NP40, pH7.4).

2.4. SDS PAGE and Western Blot. The protein concentration
of the clarified lysates was determined using the Bradford
reagent (Bio-Rad, Hercules, USA). The proteins were diluted
in TE buffer (10mM Tris, 1mM EDTA, pH8) and mixed
with sample buffer. 20-40μg proteins were separated by
reducing (100mM DTT) or nonreducing SDS PAGE for
30min at 200V using a 4-20% Mini PROTEAN TGX stain-
free gel, which was subsequently activated according to the
manufacturer’s protocol, using the ChemiDoc XRS+ System.
The proteins were transferred to a PVDF membrane using
the Trans-Blot Turbo RTA Transfer Kit, according to the
manufacturer’s instructions. Using the ChemiDoc, the
transferred proteins were imaged. This picture was used to
normalize the Western blot signals to the total protein
amount of the sample separated during the SDS PAGE. The
membrane was blocked and incubated overnight with the
specific primary antibody. The membrane was washed and
incubated with HRP-coupled secondary antibody. The mem-
brane was incubated with SuperSignal West Pico/Femto
(Thermo Fisher Scientific, Waltham, USA) according to the
manufacturer’s instruction, to allow the detection of the
resulting chemiluminescence with the ChemiDoc system.
Western blots were densitometrically analyzed using ImageJ.
In the case of the 2-Cys Prx redox blot, cells were treated with
NEM prior and during cell lysis, and clarified lysates were
subjected to nonreducing SDS PAGE andWestern blot using
specific antibodies against Prx1 and Prx2. The redox state of
Prxs was quantified using ImageJ. The ratio of the reduced
monomeric protein and the oxidized dimeric protein was
analyzed. The 2-dimensional diagonal redox SDS PAGE
was performed modifying the protocol described in [15]. In
brief, 40μg cell lysate was mixed with sample buffer,
denatured, and separated using a 4-20% PROTEAN TGX
stain-free gel (Bio-Rad) at 200V for 30min. The protein lane
was cut out and reduced in 250mM DTT in sample buffer at
65°C. The proteins were alkylated for 20min using 100mM
NEM in 1-fold sample buffer. Next, the gel was applied to a
second 4-20% PROTEAN TGX IPG gel. A molecular weight
marker was added, and the gel lane was overlayed with 1%
agarose before the proteins were separated again. Follow-
ing Western blotting, the total protein in the diagonal
was visualized using the stain-free technology with the
ChemiDoc XRS+ System. Pictures of the total protein in
the diagonal (depicted in blue) and the specific protein
of interest (in black) were overlayed using ImageLab 5.0
Software (Bio-Rad).

2.5. Immunocyto- and Histochemistry. Immunocyto- and
histochemistry were performed as described in [5, 16].

The samples were analyzed with a Leica LCS SP2 confocal
microscope (Leica, Wetzlar, Germany). Deconvolution and
colocalization analysis was performed with the Huygens
software package (Scientific Volume Imaging, Hilversum,
Netherlands).

2.6. Intermediate Trapping and Mass Spectrometry. 1.5 g
CNBr-activated sepharose (GE Healthcare, Little Chalfont,
UK) was prepared for coupling according to the manufac-
turer’s protocol. 1.17mg purified mNrx Cys208Ser was
rebuffered with coupling buffer (0.1M NaHCO3, 0.5MNaCl,
pH8.3) using a PD-10 Sephadex G-25 column (GE Health-
care, Little Chalfont, UK) and added to the sepharose for
6 h at 4°C. After blocking the column overnight with 300μl
blocking buffer (50mM NaH2PO4, 1mM ethanolamine,
1mM HCl) and washing it with excess TE buffer, the protein
was reduced adding 10mM DTT in TE buffer (10mM Tris,
1mM EDTA, pH8), followed by washing with TE buffer.
After equilibrating the sepharose with 5ml NP40 lysis buffer,
3ml clarified SH-SY5Y lysates or mouse brain extracts were
added to the column and incubated for 2 h at 4°C. Mouse
brain extracts were isolated from Black 6 C57J mice, homog-
enized, and lysed in NP40 lysis buffer. The column was
washed first with Tris buffer (100mM Tris, 300mM NaCl,
pH8) and then with TE buffer, before trapped proteins were
eluted in 5ml 10mM DTT and 10mM neutralized TCEP. A
washing step with 3ml TE buffer yielded a second eluate. The
eluates were combined, and proteins were precipitated
adding 10% TCA (final) (Roth, Karlsruhe, Germany). The
proteins were pelletized by centrifugation (13300 rpm,
50min, 4°C) and washed once with ice-cold 100% acetone
(Roth, Karlsruhe, Germany) and twice with 80% (room tem-
perature) acetone. Between the washing steps, the proteins
were centrifuged for 45min at 13300 rpm and 4°C. One part
of the pellet was resuspended in 100μl urea buffer (8M urea,
20mM HEPES, 1mM EDTA, pH8) and separated using a
Mini-PROTEAN TGX stain-free gel (Bio-Rad, Hercules,
USA) at 100V for one hour. The PageBlue (Fermentas, St.
Leon-Rot, Germany) stained gel was analyzed via mass
spectrometry, as well as a part of the pure, nonresuspended
protein pellet. Supplementary Figure 2 shows a scheme
depicting the intermediate trapping approach.

2.7. Differential Thiol-Redox Labeling with iodoTMT. Differ-
ential labeling was performed as described before in [17]. In
brief, Nrx-depleted SH-SY5Y cells and scrambled siRNA
control cells were harvested, washed with PBS, and lysed by
sonication in UHE buffer (8M urea, 20mM HEPES, 1mM
EDTA, pH8.0) containing one vial of iodoTMT™ labeling
reagent, see Table 1 (Thermo Fisher Scientific, Waltham,
USA), followed by incubation for 1 h at 30°C. The lysate
was cleared, and proteins were acetone-precipitated. The pre-
cipitate was pelleted and washed with acetone, and the air
dried pellet was dissolved, reduced, and alkylated in 100μl
UHT buffer (8M urea, 20mM HEPES pH8.0, 1mM
TCEP) containing a second vial of the iodoTMT™ labeling
reagent, followed by incubation for 1 h at 30°C. The protein
concentration was determined, equal protein amounts of
three biological replicates were mixed, and proteins were
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acetone-precipitated. The pellet was washed with acetone,
and the air-dried pellet was loosened in 25mM ammonium
bicarbonate buffer and digested for 2 h at 30°C adding trypsin
at a protein to enzyme ratio of 100 : 1. The same amount of
trypsin as before was added a second time, and the sample
was incubated overnight at 30°C. The reaction was stopped
by adding trifluoroacetic acid (TFA), and the proteins were
freeze-dried. The pellets were dissolved in TBS, and the
iodoTMT™ labeled peptides were purified using an anti-
TMT™ antibody (Thermo Fisher Scientific, Waltham,
USA). The peptides were eluted adding 400μl TMT (tandem
mass tag) elution buffer (Thermo Fisher Scientific, Waltham,
USA), followed by centrifugation. The supernatant was
freeze-dried and dissolved in 5% acetonitrile/0.1% TFA.
The samples were desalted via stage tipping. The peptides
were separated with nano-HPLC and analyzed with an
in-line coupled high-accuracy mass spectrometer. Spectra
were analyzed with the computational proteomics platform
MaxQuant with integrated quantification algorithms for
chemical labels. Supplementary Figure 1 shows a scheme
of the differential labeling approach.

The iodoTMT™ labels were also used to analyze changes
in the abundance of proteins with cysteinyl residues. To do
so, the samples were treated as described before except that
the TCEP was already added to the lysis buffer with
iodoTMT™ reagent to label all thiols in one step.

2.8. Functional Annotation Analyses. Gene ontology (GO)
analysis and classification was done using the PANTHER
data analysis and classification system. Proteins identified
in the differential labeling approach with a p value< 0.05
and identified proteins from the intermediate trapping
approaches with at least two determined iBAQs (intensity-
based absolute quantification) were loaded separately into
the classification tool. Proteins were analyzed for the ontol-
ogies’ “biological process” and “molecular function” using a
human background for the differential labeling and the inter-
mediate trapping with SH-SY5Y extracts and a mouse back-
ground for the intermediate trapping data gained with mouse
brain extracts.

3. Results and Discussion

Nrx is an active oxidoreductase that catalyzes thiol-disulfide
exchange reactions in vitro [6]. It was shown to act as a signal
transducer in some pathways, e.g., Wnt/Dvl [12]; however,
no comprehensive analysis of its substrates and regulated
pathways was available.

We applied two distinct strategies for the identification of
Nrx targets. First, we performed a differential thiol-labeling
approach that allows the specific analysis of the redox state
of the whole thiol-redox proteome. We compared cells with
siRNA-mediated silencing of Nrx expression to control cells
treated with unspecific scrambled siRNA (see Supplementary
Fig. 1). Second, we used an active site mutant of Nrx that
lacks the C-terminal resolving cysteinyl residue within the
dithiol active site motif. This protein was immobilized and
allowed to react with potential target proteins. The thiol-
disulfide exchange reaction mechanism of Trx family pro-
teins requires the formation of an intermediate mixed disul-
fide of the N-terminal active site cysteinyl residue with the
target protein. This intermediate is trapped in reactions with
the mutant protein; hence, we named this approach interme-
diate trapping [18] (see Supplementary Fig. 2). We focused
on redox-regulated targets in neuronal cells. Next to brain
tissue from 6-week-old mice, we analyzed the cell line SH-
SY5Y that was originally derived from a female patient with
neuroblastoma. These cells display a high dopamine-β-
hydroxylase activity and are able to form processes resem-
bling dendrites and axons [19].

Nrx-specific RNA interference was established compar-
ing three different siRNAs. All of them were effective in
significantly reducing the levels of Nrx in HeLa cells
(Figures 1(a) and 1(b)). The most effective one (siRNA C)
reduced the levels of Nrx after consecutive rounds of trans-
fections to below 3% compared to control-transfected cells
and was used for further experiments. The efficiency of the
knockdown was also confirmed in SH-SY5Y cells, where
the protein was essentially undetectable following the siRNA
treatment (Figure 1(c)).

Nrx was described to act in both the nucleus [6] and
cytosol, e.g., [12]. To clarify the localization of the protein
in neuronal cells, we have analyzed the subcellular locali-
zation of the protein in both neuron-like SH-SY5Y cells
and dopaminergic cells of the mouse substantia nigra by
immunocyto- and histochemistry and confocal microscopy
(Figure 2). In all analyzed cells, Nrx displayed a dual nuclear
and cytosolic staining. This confirms previous results from
our extensive analysis of redoxins in mouse tissues [5],
as well as the data presented in the human protein atlas
[20] (https://proteinatlas.org).

To analyze the thiol proteome in Nrx-depleted cells,
SH-SY5Y cells were transfected and seeded in flasks for the
labeling steps. For each condition, the siRNA-mediated
gene-silencing of Nrx was confirmed by Western blot analy-
sis (not shown). The samples were subjected to the differen-
tial labeling as described and analyzed by quantitative mass
spectrometry; for details, see the experimental procedures,
Table 1, and Supplementary Fig. 1. To our surprise, 161,
i.e., 94.2%, of the 171 proteins identified with significant
changes of the thiol-redox state were more reduced in the
samples lacking Nrx expression (Figure 2(a)). These proteins
displayed changes in at least one cysteinyl-containing
peptide. The full list of these proteins was included in the
supplementary material. These unexpected results suggest
that Nrx may be involved in the oxidation of these proteins
in vivo. The oxidation of protein thiols under physiological

Table 1

Sample 1st label (reduced) 2nd label (oxidized) Full label

siCtrl 1 126 129 126

siCtrl 2 127 130 127

siCtrl 3 128 131 128

siNrx 1 126 129 129

siNrx 2 127 130 130

siNrx 3 128 131 131
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conditions is still a mystery. Although hydrogen peroxide
can facilitate this, the low rate constants of most protein
thiols with H2O2 preclude that this reaction occurs in vivo
[2, 21, 22]. This led to the proposal that thiol- and selenol-
peroxidases may act as sensors or transmitters by transfer-
ring the disulfides that form within their active site following
the reduction of peroxides to specific target proteins [21].
Thiol-disulfide exchange reactions are fully reversible by
nature. The direction of these reactions is determined by
thermodynamic constrains such as the redox potential. The
velocity of the reactions, however, is determined by the
activity of enzymes that catalyze the reactions [22]. In fact,
recent reports demonstrated that the oxidation of various
protein thiols in cells depends on the presence of active per-
oxiredoxins [15]. It is tempting to speculate about a catalytic
function of Nrx in disulfide relay pathways. In fact, we iden-
tified Prx1 as an interaction partner of Nrx in this study.

To analyze the potential role of Nrx as oxidase of protein
thiols also in cells of nonneuronal origin, we determined the
redox state of both Prx1 and Prx2 in the HeLa cells lacking
Nrx using Western blotting following nonreducing SDS
PAGE (Figure 3). Prxs form an intermolecular disulfide in
their reaction cycle that allows determining their redox state

in samples treated with thiol alkylators during the harvesting
and lysis of cells. Prx1, but not Prx2, was slightly more oxi-
dized in the absence of Nrx, 11.1% compared to 7.2% in con-
trols. Albeit statistical power was low (p value = 0.1, unpaired
t-test analysis) (Figures 3(a) and 3(b)), the more oxidized
Prx1 and the more reduced target proteins support the idea
that Prx1 may oxidize Nrx in different cell types. Subse-
quently, Nrx transfers these oxidation equivalents to other
proteins that cannot directly interact with the Prx.

Next to the differences in the redox state, the levels of 58
proteins were significantly altered, i.e., the p value of three
independent samples was lower than 0.05. 30 of these pro-
teins were decreased in the cells lacking Nrx compared to
the control cells (see supplementary material).

For the second approach, we cloned mouse Nrx, pro-
duced the trapping mutant protein Cys208Ser by PCR, and
purified the protein by metal affinity chromatography follow-
ing recombinant expression in E. coli (see supplementary
Figures 2 and 3). The proteins were immobilized and
allowed to react with potential targets that were identified
by mass spectrometry. The intermediate trapping of
potential targets from mouse brain tissue as well as from
the SH-SY5Y cell extracts yielded 1710 and 609 significant
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Figure 1: Establishment of siRNA-mediated gene-silencing in HeLa cells. Three different siRNAs against Nrx (siNrx A-C) as well as
unspecific control siRNA (siCtrl) were used to establish a specific gene-silencing of Nrx. HeLa cells were transfected twice by
electroporation, and 72 h after each transfection, cell extracts were prepared. The Nrx protein levels were analyzed by immunoblotting
using specific antibodies against Nrx and actin (a). The quantification of the Western blot signals was performed using ImageJ and shows
that siNrx C induced the most efficient knockdown of Nrx (b). Confirmation of the siRNA-mediated knockdown of Nrx in SH-SY5Y cells
(n = 3) (c).
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hits, respectively, in the databases. In contrast to the
differential labeling approach, however, this approach does
not allow concluding the direct or indirect reduction or
oxidation of target proteins by Nrx due to the reversibility
of the thiol-disulfide exchange reactions. The full lists of the
identified proteins were also included in the supplementary
material.

51 potential Nrx target proteins were identified by all
three approaches and are listed in Table 2. Also, the analysis
of the affected biological processes and molecular functions
using the PANTHER data analysis and classification system
[23, 24] yielded a high degree of overlap between the different

experiments; see Figures 2(b) and 2(c). The lists are topped
by cellular/metabolic processes and proteins with enzymatic
activity, e.g., glyceraldehyde-3-phosphate dehydrogenase
(GAPDH) or triose phosphate isomerase. These are followed
by structural proteins, many of which function in a cellular
component organization, e.g., cofilin 1, fascin 1, or kinesin
light chain 1. Also, proteins with functions in the regulation
of cellular processes and signal transduction were identified
in significant numbers, for instance, guanine nucleotide-
binding protein 1 or histone deacetylase 2.

Some of the proteins identified here as potential Nrx
targets have been reported before to be regulated by the

(a) (b)

(c) (d)

(e) (f)

Figure 2: Subcellular localization of Nrx in SH-SY5Y cells and dopaminergic neurons of the mouse CNS. Immunocytochemistry stained for
Nrx (green) and nuclei (blue in (b) and (d)) or tyrosine hydroxylase (yellow in (f)), analyzed by confocal microscopy. (a, b) SH-SY5Y control
cells. (c, d) SH-SY5Y cells 72 hours after the beginning of neuron-like differentiation induced by retinoic acid. (e, f) Nrx staining in the
substantia nigra of the mouse; dopaminergic neurons were labeled for tyrosine hydroxylase (yellow).
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thiol-redox state. GAPDH, for instance, is inactivated by
disulfide formation and other redoxmodifications of its active
site Cys152 [25]. Here, we found this cysteinyl residue to be
slightly more reduced (3.4%; p value 0.031) in the absence of
Nrx in the cells of neuronal origin (see Supplementary
Tables). We have also analyzed the redox state of this protein
in the HeLa cell culture model using a 2-dimensional diago-
nal gel electrophoresis approach as described in [15]
(Figures 4(c) and 4(d)). The protein was more oxidized in

the presence of Nrx, as seen from the increased GAPDH
staining below the diagonal (Figure 4(c)), compared to cells
lacking Nrx (Figure 4(d)). Cofilin 1 was reported to be redox
regulated by both glutathionylation [26] and intermolecular
disulfide formation [27]. The protein seems to be inhibited
by oxidation in its regulation of actin dynamics. Cell migra-
tion, for instance, seems to require the reduction of the
protein [28]. We have confirmed the more reduced state of
cofilin 1 also in the HeLa model using diagonal
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Figure 3: Classification of potential Nrx interaction partners identified by mass spectrometric analysis. To identify potential Nrx interaction
partners and targets, three mass spectrometric-based approaches were performed, namely, a differential labeling with neuroblastoma
SH-SY5Y cells lacking Nrx as well as two intermediate trappings (IT) with recombinant mNrx Cys208Ser using SH-SY5Y cell and mouse
brain extracts. The results from the differential labeling were used to analyze the redox proteome of Nrx-depleted cells revealing that
94.2% of the identified cysteine-containing proteins were more reduced in the absence of Nrx (a). The potential interaction partners of
Nrx, identified by all three approaches, were compared regarding their biological processes (b) and their molecular function (c) using the
PANTHER classification system. There is a big resemblance between the results of the three approaches, with most potential interaction
partners having catalytic activities and functions in binding, as well as metabolic and cellular processes.
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electrophoresis (Figures 4(e) and 4(f)). Nrx appears to
promote the intermolecular disulfide-bonded form of cofilin
1 (Figure 4(e)). Hence, Nrx may, through the oxidation
and inhibition of cofilin 1, negatively regulate cytoskelatal
dynamics and cell motility.

One of the proteins with the most substantial changes in
thiol-redox state was the triose phosphate isomerase. In the
absence of Nrx, four cysteinyl residues were found to be more
reduced: Cys67 (38.9%, p value 0.0385), Cys87 (29.4%,
p value 0.0245), Cys127 (42.1%, p value 0.0125), and Cys218
(38.7%, p value 0.0479). The S-nitrosylation of the latter
Cys218 residue has been reported to lead to a reduction in
the activity of the human protein by 30% [29]. The glutathio-
nylation of the human enzyme has been described in stressed
T-lymphocytes [26]. In the close homologous enzymes from
plants and algae, Cys127 and Cys218 can also be modified
by glutathionylation [30] and other redox modifications
(summarized, e.g., in [31]). The branched-chain amino
acid aminotransferase was reported to be inactivated by
S-nitrosylation and S-thiolation [32, 33]. In the absence
of Nrx, we found the protein to be more reduced at
Cys292 (20.1%, p value 0.044). Among the proteins identi-
fied here that were not yet reported to be regulated by
redox modification of cysteinyl residues were the proteaso-
mal subunit PSMA6 that was more reduced in the absence
of Nrx at Cys47 (31.4%, p value 0.0238) and the dynein
light chain 1 that was more reduced at Cys56 (23.8%,
p value 0.0177). One of the few proteins that was signifi-
cantly more oxidized in the absence of Nrx was the glutathi-
one S-transferase omega 1 (13.4%, p value 0.0392) at the
nonactive site residue Cys159.

We also identified proteins that were described as inter-
action partners of Nrx before. Nrxs suggested an electron
donor in thiol-disulfide exchange reactions; the selenopro-
tein thioredoxin reductase 1 (TrxR1) [6] was identified in
all three experiments. Protein phosphatase 2A was shown
to form a stable complex with Nrx that may be important
for the regulation of its activity [7]. In our differential labeling

Table 2: Potential Nrx targets identified by all three approaches.
The table contains the 51 proteins that were identified in all three
experiments, i.e., the differential thiol labeling in Nrx-depleted
SH-SY5Y cells, and the intermediate trapping using SH-SY5Y and
mouse brain extracts. The proteins are sorted alphabetically; full
lists can be found in the supplementary material.

Protein ID Gene name Protein name

P49588 AARS Alanine-tRNA ligase, cytoplasmic

P23526 AHCY Adenosylhomocysteinase

P49419 ALDH7A1
Alpha-aminoadipic semialdehyde

dehydrogenase

P04075 ALDOA Fructose-bisphosphate aldolase A

P48444 ARCN1 Coatomer subunit delta

P54687 BCAT1
Branched-chain amino acid
aminotransferase, cytosolic

P78371 CCT2 T-Complex protein 1 subunit beta

P50990 CCT8 T-Complex protein 1 subunit theta

P23528 CFL1 Cofilin-1

Q00610 CLTC Clathrin heavy chain 1

O94760 DDAH1
N(G),N(G)-Dimethylarginine
dimethylaminohydrolase 1

P26641 EEF1G Elongation factor 1-gamma

P13639 EEF2 Elongation factor 2

P09104 ENO2 Gamma-enolase

P21333 FLNA Filamin-A

Q16658 FSCN1 Fascin

P04406 GAPDH
Glyceraldehyde-3-phosphate

dehydrogenase

P62873 GNB1 Guanine nucleotide-binding protein

P17174 GOT1 Aspartate aminotransferase, cytoplasmic

P00505 GOT2
Aspartate aminotransferase,

mitochondrial

Q92769 HDAC2 Histone deacetylase 2

Q99714 HSD17B10
3-Hydroxyacyl-CoA dehydrogenase

type-2

P07900 HSP90AA1 Heat shock protein HSP 90-alpha

Q9NSE4 IARS2 Isoleucine-tRNA ligase, mitochondrial

P12268 IMPDH2 Inosine-5′-monophosphate
dehydrogenase 2

Q07866 KLC1 Kinesin light chain 1

P28838 LAP3 Cytosol aminopeptidase

P55209 NAP1L1 Nucleosome assembly protein 1-like 1

P12955 PEPD Xaa-Pro dipeptidase

P14618 PKM Pyruvate kinase

P62937 PPIA Peptidyl-prolyl cis-trans isomerase A

P53041 PPP5C Serine/threonine-protein phosphatase 5

Q06830 PRDX1 Peroxiredoxin-1

Q9H6Z4 RANBP3 Ran-binding protein 3

P54136 RARS Arginine-tRNA ligase, cytoplasmic

P39023 RPL3 60S ribosomal protein L3

P36578 RPL4 60S ribosomal protein L4

P61247 RPS3A 40S ribosomal protein S3a

Q16181 SEPT7 Septin-7

Table 2: Continued.

Protein ID Gene name Protein name

P37837 TALDO1 Transaldolase

P60174 TPI1 Triosephosphate isomerase

Q71U36 TUBA1A Tubulin alpha-1A chain

Q9BVA1 TUBB2B Tubulin beta-2B chain

Q16881 TXNRD1 Thioredoxin reductase 1, cytoplasmic

P62987 UBA52 Ubiquitin-60S ribosomal protein L40

P61088 UBE2N Ubiquitin-conjugating enzyme E2 N

P45974 USP5 Ubiquitin carboxyl-terminal hydrolase 5

Q99536 VAT1
Synaptic vesicle membrane protein

VAT-1 homolog

Q96QK1 VPS35
Vacuolar protein sorting-associated

protein 35

P54577 YARS Tyrosine-tRNA ligase, cytoplasmic

P63104 YWHAZ
14-3-3 protein zeta/delta

(protein kinase C inhibitor protein 1)
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approach, protein phosphatase 2C A was one of the few pro-
teins that was more oxidized in the presence of Nrx (Cys266,
6.6%, p value 0.0258). Interestingly, in plant cells, catalase is
maintained in a reduced state by substrate-interaction with
the Nrx homologue NRX1 [34].

Nrx has been implied in the redox regulation of
cellular differentiation through the Wnt signaling pathway

[10–12]. Our study suggests that it may also function in
neuronal development. Reactive oxygen species and the
redox state of various proteins contribute to neurogenesis,
cell polarization, and maturation of neurons, providing a
context for the spatiotemporal control of neural fate; see,
for instance, [35]. The production of hydrogen peroxide is
not sufficient to oxidize target proteins with significant rates
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Figure 4: Redox state of cytosolic peroxiredoxins, cofilin, and GAPDH in Nrx-depleted HeLa cells. The redox state of Prx1 and Prx2 was
analyzed in Nrx-depleted HeLa cells by 2-Cys Prx redox blot (a). Prior to lysis, free thiols were alkylated with NEM, and the monomer
and dimer levels of the two proteins were analyzed via the 2-Cys Prx redox blot using specific antibodies against Prx1 and Prx2,
respectively (a). The quantification of the Western blot signals using ImageJ (b) shows that more dimeric, i.e., oxidized Prx1, is present in
the absence of Nrx (p value = 0.1). (c-f) Analysis of the redox state of potential Nrx targets by 2-dimensional diagonal gel electrophoresis
and Western blotting. Both GAPDH and cofilin showed an increased staining of spots that fell below the diagonal in the second
dimension in the presence of Nrx (c, e), compared to HeLa cells lacking Nrx (d, f). In the overlayed pictures, the total protein content in
the diagonal is depicted in blue, the specific protein of interest in black.
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[21, 22]. Nucleoredoxin may thus be a facilitator of hydro-
gen peroxide signaling by catalyzing the thiol-disulfide
exchange reaction between peroxidases, such as Prxs, as
sensors and the downstream target proteins that mediate
the biological functions.

In summary, our study presented here suggests a number
of specific functions for mammalian Nrx in the redox reg-
ulation of metabolic pathways, cellular morphology, and
signal transduction pathways in neuronal cells. We identi-
fied numerous proteins with an altered thiol-redox state,
dependent on the presence of Nrx. Astonishingly, most
of these thiols were more reduced in the absence of this
Trx family oxidoreductase. These results suggest a function
of Nrx in the oxidation of these thiols, rather than their
reduction. A possible way for the oxidation of Nrx itself
may be the formation of disulfide relays with peroxiredox-
ins, supported by the direct interactions of the proteins
demonstrated here.
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Nrx WT and Cys208Ser in E. coli.

Supplementary 2. The list contains 171 potential Nrx
interaction partners identified using the differential labeling

approach in SH-SY5Y cells depleted of Nrx compared to con-
trol cells. Included are proteins with a significantly changed
redox state, i.e., p values< 0.5. The proteins are in order of
the differences in the thiol-redox state, beginning with the
more reduced protein thiols.

Supplementary 3. This list shows 58 cysteine-containing pro-
teins whose abundance is significantly changed (p value< 0.5)
in SH-SY5Y cells lacking Nrx. The proteins were identified
using the differential labeling approach with one iodoTMT™
label and a completely reduced proteome due to addition of
the reductant TCEP.

Supplementary 4. Listed are 609 potential Nrx interaction
partners that were identified with the intermediate trapping
approach using mNrxC208S and SH-SY5Y extracts. Included
are proteins, where at least two positive iBAQ (intensity-
based absolute quantification) values were recorded. The
iBAQ corresponds to the sum of all the peptide intensities
divided by the number of observable peptides of a protein.

Supplementary 5. Using the intermediate trapping approach
with mNrxC208S and mouse brain extracts, 1710 proteins
with at least two positive iBAQ values were identified.
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The placenta plays a vital role in fetal development during pregnancy. Dysfunction of the placenta can be caused by oxidative stress
and can lead to abnormal fetal development. Preventing oxidative stress of the placenta is thus an important measure to ensure
positive birth outcomes. Research shows that tryptophan and its metabolites can efficiently clean free radicals (including the
reactive oxygen species and activated chlorine). Consequently, tryptophan and its metabolites are suggested to act as potent
antioxidants in the placenta. However, the mechanism of these antioxidant properties in the placenta is still unknown. In this
review, we summarize research on the antioxidant properties of tryptophan, tryptophan metabolites, and metabolic enzymes.
Two predicted mechanisms of tryptophan’s antioxidant properties are discussed. (1) Tryptophan could activate the
phosphorylation of p62 after the activation of mTORC1; phosphorylated p62 then uncouples the interaction between Nrf2 and
Keap1, and activated Nrf2 enters the nucleus to induce expressions of antioxidant proteins, thus improving cellular antioxidation.
(2) 3-Hydroxyanthranilic acid, a tryptophan kynurenine pathway metabolite, changes conformation of Keap1, inducing the
dissociation of Nrf2 and Keap1, activating Nrf2 to enter the nucleus and induce expressions of antioxidant proteins (such as
HO-1), thereby enhancing cellular antioxidant capacity. These mechanisms may enrich the theory of how to apply tryptophan
as an antioxidant during pregnancy, providing technical support for its use in regulating the pregnancy’s redox status and
enriching our understanding of amino acids’ nutritional value.

1. Background

During pregnancy, the placenta’s nutrient transport and bar-
rier functions have been shown to affect the development
and health of the fetus [1]. Because of its import, risks to
the placenta can result in further complications. The pla-
centa’s oxidative stress leads to metabolic abnormalities,
which can generate harmful effects and impede the fetal
nutrition and barrier protection functions [2]. A number
of studies have indicated that oxidative stress plays an
important role in preeclampsia, fetal distress, fetal growth

restriction, pathological abortion, and other pregnancy-
associated diseases [3].

In the placenta, syncytiotrophoblast mainly serves inva-
sion and endocrine functions but may also be an important
part of the placental barrier, ensuring optimal fetal develop-
ment and pregnancy. During gestation, various factors can
induce oxidative stress in syncytiotrophoblast, trophoblast,
and other portions of the placenta, thus disturbing the pla-
centa’s overall functioning; even worse, these can induce
pathological pregnancy [4]. For instance, unreasonable nutri-
ent intake, inflammation, heat stress, high stocking density,
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ultraviolet radiation, placental ischemia, and other harmful
factors can induce oxidative stress on the placenta during
pregnancy [5–8].

In addition to a myriad of external factors, there are
numerous internal factors that can affect placental stress.
The addition of antioxidants into a diet during pregnancy is
important to improve antioxidant capacity of the placenta
and fetus and is beneficial for the mother’s health. Some
traditional antioxidant nutrients (such as vitamin C and
vitamin E) are used in the diet and can relieve oxidative stress
during pregnancy [9].However, these traditional antioxidants
also have side effects at the population level, including
reduced fetal weight, increased blood pressure in pregnant
women, and increased risk of premature rupture of mem-
branes [9–11]. The exploration and application of new
antioxidative additives in the diet are thus important and
significant to prevent oxidative stress and associated dis-
eases during pregnancy [10, 11].

Tryptophan (Trp) is an essential amino acid in animals.
It is also a precursor to many active molecules, such as sero-
tonin, melatonin, kynurenic acid, NAD, and NAPD [12].
Studies have reported that Trp and some metabolites
(melatonin, kynurenic acid, and xanthurenic acid) can act
as effective antioxidants in organisms, removing reactive
oxygen, reactive nitrogen, and active chlorine species and
enhancing the organism’s protection against free radical
damage [13–15]. In endotoxic shock mice, Trp acted as an
effective scavenger to clear free radicals and alleviated cellular
damage caused by free radicals [16]. Watanabe et al. showed
that L-Trp was an important antioxidant in the human
placenta, as it helps inhibit the lipid peroxidation reaction
under oxidative stress [17]. Additionally, Trp catabolism
and related metabolic enzymes in the placenta were lower
in patients with preeclampsia and eclampsia than in pregnant
women without these conditions [18]. Animal experiments
have shown that Trp supplements could reduce the mortality
and abortion rate of pregnant mice infected by pseudorabies
virus, improving both the fetal survival rate and the propor-
tion of litters born alive [19].

These studies reveal that Trp can act as an effective
antioxidant. However, the mechanism of how it works is
still poorly understood. Accordingly, this review discusses
the potential antioxidation mechanisms of Trp in the pla-
centa and other extrahepatic tissues based on related
research, with the intent of providing theoretical support
and practical reference to improve the antioxidant capacity
and reproductive performance of pregnant mammals by
controlling Trp metabolism.

2. Antioxidant Property of Trp

In previous research, Trp has been found to be an important
antioxidant in certain foods, such as eggs [20], yacon [21],
and potatoes [22]. Recent studies have indicated that Trp
contributes as an antioxidant in breast milk [23]. Addition-
ally, Trp was proven to be a powerful antioxidant in in vitro
culture tests of human glioma cells [24]. Under high-density
feeding conditions, increased Trp in a diet (0.48%)may signif-
icantly improve the antioxidant capacity of ducks, which

increased glutathione peroxidase (GSH-Px) and catalase
(CAT) content in the pecloralis muscles and other tissues
[25]. These studies have shown that Trp is an effective antiox-
idant in animals.

To investigate the mechanism of Trp’s antioxidation,
Perez-Gonzalez et al. showed that Trp cannot be oxidized
by hydrogen peroxide across a variety of chemical environ-
ments based on quantummechanical and chemical detection
methods. The antioxidant property of Trp in vivo is not
directly attributable to the radical scavenging activity of Trp
molecules per se, but rather the radical scavenging activity
of some Trp metabolites [26, 27] or the activation of antiox-
idative systems in the body after being treated by Trp. Chris-
ten et al. demonstrated that some hydroxylated metabolites
of Trp (serotonin, 3-hydroxykynurenine, xanthurenic acid,
and others) possessed radical scavenging activity, but Trp
did not [14].

3. Antioxidant Property of Some
Trp Metabolites

In the body, tryptophan (Trp) is catabolized through two pri-
mary pathways and generates numerous bioactive molecules
in the following ways: (1) by synthesizing indole derivatives,
containing serotonin and melatonin, through the biosynthe-
sis pathway of melatonin, and (2) by producing kynurenic
acid, xanthurenic acid, anthranilic acid, nicotinic acid, and
others through the kynurenine pathway catalyzed by tryp-
tophan 2,3-dioxygenase (TDO) in the liver or indoleamine
2,3-dioxygenase (IDO) in the extrahepatic tissues [14, 28].

Many studies have reported the antioxidant properties of
Trp metabolites, especially melatonin. Melatonin can directly
remove free radicals and enhance antioxidation capacity by
enhancing the expression or activity of antioxidant enzymes
[15]. Richter et al. reported that melatonin increased the
expression of antioxidant enzymes in the placenta, improv-
ing placental efficiency and birth weight when mothers were
malnourished [29]. Wang et al. found that melatonin treat-
ment could significantly reduce LPS-induced oxidative and
hypoxia stresses in the placenta [30]. Tamura et al. found
that the placenta could synthesize a small amount of melato-
nin, stimulating the synthesis and secretion of melatonin by
the pineal gland, thus relieving oxidative stress on the
placenta [31].

In the kynurenine pathway, kynurenine [14], kynurenic
acid [32], xanthurenic acid [33], 3-hydroxyanthranilic acid
(HA), and other Trp metabolites were shown to have the
ability to effectively eliminate free radicals in vivo and
in vitro. Weiss et al. found that 3-hydroxyanthranilic acid
can effectively remove reactive oxygen species and active
chlorine [13].

4. Antioxidant Property of Trp
Metabolic Enzymes

In addition to these kynurenine metabolites, the metabolic
enzymes IDO and TDO in the kynurenine pathway are also
considered “scavengers” of “free radicals” and important
antioxidant enzymes. TDO and IDO use superoxide anion

2 Oxidative Medicine and Cellular Longevity



as a cofactor to catalyze the oxidation of Trp to kynurenines
[34]. The efficiency of these two enzymes to clear free radicals
is even higher than that of SOD [34]. Their enhanced activity
was suggested to be a response or adaptation to oxidative
stress in the body [34].

5. Trp Metabolism in the Placenta

The expression of IDO is closely associated with the forma-
tion of the placenta and is thus found in its greatest abun-
dance in the placenta [35]. During pregnancy, as maternal
Trp metabolism and utilization rates increase, plasma Trp
concentration is reduced [36, 37] and the ratio of kynure-
nine/Trp increases throughout the pregnancy [18]. Kudo
considered that these changes might be ascribed to increased
IDO activity in the placenta, showing that the expression of
IDO1 in the placenta increased as gestation proceeded in
normal pregnancies [38].

In preeclampsia patients, the mRNA and protein
expression of IDO and Trp metabolic activity decreased in
the placenta. The decrease extent of Trp metabolic activity
was found to be associated with the severity of the disease
[39, 40]. Compared with those who were not pregnant, the
ratio of plasma kynurenine/Trp was significantly increased
in normal pregnant women, but showed no change in
preeclampsia patients [18]. Nilsen et al. researched the anti-
oxidant activity of IDO in the placenta and found that oxida-
tive stress was associated with decreased IDO activity in the
placenta of pregnant preeclampsia patients [41]. In addition,
the mRNA expression of IDO1 was detected in cultured
human placental cells in vitro. Expression increased after
LPS stimulation [42].

6. Trp/mTORC1/Keap1-Nrf2-ARE Pathway

In terms of antioxidation, Trp plays an important regulatory
role in restoring the body antioxidant system. In 2016, Jiang
et al. found that the level of GSH and GPx in muscle tissue
could be enhanced by feeding Trp to grass carp, verifying that
some signal molecules in the Nrf2/ARE pathway and mTOR
pathway were closely related to Trp-initiated increases in
body antioxidant capacity [43].

6.1. Keap1-Nrf2-ARE. The nuclear factor erythroid 2-related
factor 2/antioxidant response element (Nrf2/ARE) pathway
is the most important endogenous antioxidant pathway in
the body. It plays an important role in cellular redox homeo-
stasis and cellular defense against oxidative stress [44–46]. In
the Nrf2/ARE pathway, the transcription factor Nrf2 is a key
to defense oxidative stress. At least two other essential com-
ponents are required to induce protective responses and
cytoprotective enzymes: (1) antioxidant response elements
(AREs), cis-elements with core sequence: TGAG/CNNNGC
[47], and (2) Kelch ECH association protein 1 (Keap1), a
cytosolic repressor molecule that binds with Nrf2 in the cyto-
plasm, promoting proteasomal degradation of Nrf2 [46, 48].

At a resting state, Nrf2 and Keap1 molecules combine in
the cytoplasm in a nonfree and constantly degraded inactive
state. After being stimulated by signals, however, Keap1 and

Nrf2 uncouple; Nrf2 transfers into the nucleus from the
cytoplasm and heterodimerizes with members of the small
musculoaponeurotic fibrosarcoma (Maf) family of transcrip-
tion factors that bind with the antioxidant response elements
(AREs), activating the expression of downstream antioxidant
proteins and detoxifying enzymes [44]. Research has sug-
gested that some antioxidant proteins have genes with the
cis-element ARE in their promoter regions, such as superox-
ide dismutase (SOD), NADPH:quinone oxidoreductase 1
(NQO1), glutathione S-transferase A2 (GSTA2), heme oxy-
genase 1 (HO-1), and glutathione S-transferase (GST); these
serve as target genes after Nrf2 activation [49].

In the process of Nrf2 activation, the dissociation of
Nrf2-Keap1 is a key step [50]. The dissociation of
Keap1-Nrf2 proceeds by two primary patterns: (1) the cys-
teine residues of Keap1 are modified by electrophiles,
inducing a change in Keap1’s conformation and a dissoci-
ation of Keap1-Nrf2 and then transferring Nrf2 into the
nucleus to regulate the transcription of target genes [51],
and (2) the phosphorylation of Keap1 and Nrf2 induced
by protein kinase C (PKC) regulates the dissociation of
Keap1-Nrf2 [50, 52].

6.2. Trp/mTORC1. The mTOR signaling pathway mainly
comprises mTOR (mammalian target of rapamycin) and
other series of protein kinases. mTOR participates in the
composition of two structurally and functionally distinct
multiprotein complexes: mTORC1 (mammalian target of
rapamycin complex 1) and mTORC2 (mammalian target
of rapamycin complex 2) [53]. mTORC1 is composed of
the regulatory-associated protein of mTOR (raptor), a
member of the FK506-binding protein (FKBP) family,
FKBP38, and others [54]. Intracellularly and/or extracellu-
larly, the mTORC1 signaling pathway can be regulated by
growth factors, oxygen, energy levels, amino acids, and
stress (such as endoplasmic reticulum stress, energy stress,
oxidative stress, and genotoxic stress) and plays important
roles in controlling numerous important cellular processes,
including protein translation, lipid synthesis, stress response,
and autophagy [55].

The mTORC1/S6 kinase (S6K) pathway can be activated
by amino acids’ entry into cells via various signaling cascades.
Numerous studies have suggested that a Trp sufficiency sig-
nal was associated with activated mTOR activity in
mTORC1 [56, 57]. In porcine intestinal epithelial cells,
Wang et al. found that L-Trp was not catabolized but can
nonetheless induce mTOR activation and increase the
expression of the L-Trp transporters (solute carrier family
3 member 1 (SLC3A1), solute carrier family 6 member 14
(SLC6A14), and solute carrier family 6 member 19
(SLC6A19)) [56]. The mesenchymal stromal cells could
disrupt mTOR activation by inducing the expression of
indoleamine 2,3-dioxygenase (IDO) and Trp depletion,
which interferes with a Trp sufficiency signal promoting
cellular mTOR activation [57].

6.3. mTORC1/Keap1-Nrf2-ARE. The signaling adaptor p62 is
an integral component in the central gated channel of the
nuclear pore protein complex. It is also a key factor in
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mediating cellular functions due to its ability to establish
interactions with multiple signaling molecules [58, 59]. The
protein p62 is an integral part of the mTORC1 complex
and is essential for mTORC1 activation in response to amino
acids. Studies have shown that in an amino acid-dependent
manner, p62 interacted with mTOR and raptor in mTORC1
and mediated amino acid signaling for the activation of S6K1
and 4EBP1 [58]. In addition, p62 was essential for mTORC1
activation in response to amino acids, but may not be essen-
tial for mTORC1 activation in response to other stimulations
(such as insulin-induced stimulations) [58]. In another
report, direct phosphorylation of p62 was at S351 cysteine
residue by the mTOR kinase via an in vitro kinase assay
[60]. This suggests that the increased phosphorylation of
p62 might directly reflect the steady-state level of mTORC1
kinase activity when p62 was higher expressing [60]. In
mouse embryonic fibroblasts (MEFs), rapamycin (a specific
inhibitor of the mTOR kinase) treatment could suppress
both the phosphorylation of p62 and the downregulation of
Keap1 [60], while also significantly inhibiting the expression
of the Nrf2 target HO-1.

Meanwhile, p62 mediates the regulation of the Keap1-
Nrf2-ARE signaling pathway via kinase phosphorylation
and the uncoupling of the protein kinase [61]. In mouse
embryonic fibroblasts, p62 enhances Nrf2 activation by
impairing Keap1 activity [61]. PF-4708671, a specific inhibi-
tor of S6K1, induces autophagic Keap1 degradation-
mediated Nrf2 activation in a p62-dependent manner,
indicating that p62-dependent Nrf2 activation might play a
crucial role in protecting cells from PF-4708671-mediated
apoptosis [61].

p62 interacts with the Nrf2-binding site of Keap1,
competitively inhibiting the interaction between Keap1 and
Nrf2 and then activating the expression of numerous genes
to encode antioxidant proteins and anti-inflammatory

enzymes [62, 63]. Meanwhile, when p62 activates Nrf2,
Nrf2 can also positively upregulate the expression of p62,
implying a positive feedback loop [64].

Numerous studies have shown that the activation of
mTORC1 can lead to the activation of the Keap-Nrf2-ARE
pathway in a p62-dependent manner [65, 66]. Ichimura
et al. showed that in the mTORC1-dependent manner, the
site S351 cysteine residue in p62 was phosphorylated, leading
to increases in affinity between p62 and Keap1 and inducing
the separation of Keap1 and Nrf2. Then, stable Nrf2 enters
the nucleus and induces the expression of the cytoprotective
genes [60].

Accordingly, combined with the aforementioned details
that Trp could enhance the expression of numerous signal
molecules in the Keap-Nrf2-ARE and mTOR pathways, we
suggest that in extrahepatic tissue, Trp could activate the
phosphorylation of p62 after activation of mTORC1. Phos-
phorylated p62 would then uncouple the interaction between
Nrf2 and Keap1, with activated Nrf2 then entering the
nucleus to induce expressions of antioxidant proteins, thus
improving the cell’s antioxidation capacity (Figure 1).

7. The 3-Hydroxyanthranilic Acid/Nrf2-
Keap Pathway

Studies have indicated that the placenta was the most
enriched site for indoleamine 2,3-dioxygenase (IDO) in the
kynurenine pathway and that the expression of IDO is closely
related to placental formation [35]. Kudo demonstrated that
IDO1 expressions in the normal placenta increased along
with gestational time [38]. Other studies showed that IDO
mRNA and protein expression decreases with decreased
Trp metabolism in the placentas of pregnant preeclampsia
patients [40]. In cultured human placenta cells, the expres-
sion of IDO1 mRNA was detected and expression increased
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after LPS stimulation [42]. Research has also inferred that the
induction of IDO may stimulate tissues’ antioxidant defense
mechanisms. Transcriptome analyses of placentas from
patients with preeclampsia and normal pregnancy showed
that numerous expression genes were enriched in the Trp
metabolism and Nrf2-Keap pathways, indicating that Trp
metabolism and the Nrf2 pathway were associated with oxi-
dative stress in the placentas of patients with preeclampsia
[67]. Therefore, variations in placental Trp metabolism may
affect antioxidant activity in the placenta.

In the extrahepatic tissue, 3-hydroxyanthranilic acid
(HA), one of Trp metabolites in the kynurenine pathway,
is an effective antioxidant [68] (Figure 2). HA not only
directly scavenges for free radicals (hydroxyl radical, perox-
ynitrite, and other radicals included) within certain density
ranges but also induces the expression of heme oxygenase
1 (HO-1), a cellular protection and anti-inflammatory cyto-
kine [68–70]. The capacity of HA to induce HO-1 expres-
sion has been shown to correlate with the formation of
radicals induced by HA because the radical ROS is essential
for the activation of Nrf2. The expression of the HO-1 at
transcriptional level is controlled by numerous factors—for
instance, the HO-1 promoter coordinates with several
transcription-regulating elements in response to redox

sensitivity, including Nrf2-activation. In cultured human
astrocytes, HA was able to effectively induce the expression
of HO-1 [70]. In human microglia, HA can weakly induce
HO-1 expression and LPS-suppressed microglial HO-1
expression [70]. In mammals, inducible nitric oxide synthase
(iNOS) is an isoform ofNOS, which catalyzes the biosynthesis
of nitric oxide (NO) [71, 72]. The production of NO involves
increasedROS and reactive nitrogen species (RNS), which can
induce oxidative stress, cellular damage, and inflammation
[72–74]. Inmurinemacrophages, iNOS, HO-1, and IDOwere
simultaneously expressed after being stimulated by inter-
feron- (IFN-) γ and LPS [69]. HA dose-dependently sup-
pressed iNOS expression by enhancing HO-1 expression
and then increased IDO expression and activity [69]. In the
human umbilical vein endothelial cells, HA could induce the
expression of HO-1 as an antioxidant by activating the Nrf2/
ARE signal pathway and suppressing the activation of
NF-κB, which affects the development of diseases such as
vascular injury and aortic atherosclerotic inflammation [68].

Therefore, besides Trp activates the expressions of anti-
oxidant proteins through activating the mTORC1 and
Nrf2/ARE pathway, we also predict that HA could induce
the expression of antioxidant proteins (such as HO-1) to
enhance the cellular antioxidant capacity in the extrahepatic
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tissues. HA, a Trp metabolite formed along the kynurenine
pathway catalyzed by IDO and kynureninase, could modify
and change conformation of Keap1, induce the dissociation
between Nrf2 and Keap1 after which activated Nrf2 enters
into the nucleus, and induce the expression of antioxidant
proteins (Figure 1). These two regulation modes may coexist
in the tissues or cells and operate in coordination.

8. Conclusion

Overall, although Trp is suggested to be an effective antioxi-
dant and has been used as a functional food additive, the
antioxidant efficiency and antioxidant mechanism of Trp in
the organism required clarification. Meanwhile, we still lack
understanding of the effects of Trp, its metabolites, and met-
abolic enzymes on the antioxidant properties of extrahepatic
tissues. This review summarized early experiments associated
with the effect of Trp’s antioxidant properties (also including
metabolites and metabolic enzymes) to speculate on the anti-
oxidation mechanism of Trp in the placenta. These predicted
pathways pave the way for further research on Trp’s antiox-
idant ability in the placenta and are beneficial for further
exploring its antioxidation mechanism. Future findings will
be useful for recommendations for Trp additives in food as
an antioxidant amino acid. The present review should pro-
vide theoretical support for practical applications: to relieve
oxidative stress and thus improve the reproductive outcomes
for female mammals.
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Hydrogen sulfide (H2S) has emerged as a relevant signaling molecule in physiology, taking its seat as a bona fide gasotransmitter
akin to nitric oxide (NO) and carbon monoxide (CO). After being merely regarded as a toxic poisonous molecule, it is now
recognized that mammalian cells are equipped with sophisticated enzymatic systems for H2S production and breakdown. The
signaling role of H2S is mainly related to its ability to modify different protein targets, particularly by promoting persulfidation
of protein cysteine residues and by interacting with metal centers, mostly hemes. H2S has been shown to regulate a myriad of
cellular processes with multiple physiological consequences. As such, dysfunctional H2S metabolism is increasingly implicated in
different pathologies, from cardiovascular and neurodegenerative diseases to cancer. As a highly diffusible reactive species, the
intra- and extracellular levels of H2S have to be kept under tight control and, accordingly, regulation of H2S metabolism occurs
at different levels. Interestingly, even though H2S, NO, and CO have similar modes of action and parallel regulatory targets or
precisely because of that, there is increasing evidence of a crosstalk between the three gasotransmitters. Herein are reviewed the
biochemistry, metabolism, and signaling function of hydrogen sulfide, as well as its interplay with the other gasotransmitters,
NO and CO.

1. Introduction

1.1. Brief Historical Account of Hydrogen Sulfide. Hydrogen
sulfide (H2S) is known in popular culture as a toxic poison-
ous gas and a source of foul smell, such as that of rotten eggs,
sewers, swamps, and volcanic sources. Ancient alchemic
practices produced several preparations now known to
release hydrogen sulfide, for example, the H2S- and
ammonia-rich gases released upon distillation to obtain
Liquor Hepatis (Balsam of the Soul), made from limestone
and camel dung. In his treaty on workers’ diseases “De
Morbis Artificum,” the 17th–18th century Italian physician
Bernardino Ramazzini first described painful eye inflamma-
tion often leading to secondary bacterial infection and
eventually blindness in workers who cleaned privies and
cesspits [1]. Ramazzini hypothesized that, when the workers

stirred the excrements, an unknown volatile compound was
released which, besides having the undesired health effects,
was also responsible for turning black their copper and silver
coins on the surface. The same toxic volatile substance,
originated in the Paris sewers, was likely responsible for a
series of incidents in the late 18th century, ranging from mild
eye and mucous membrane inflammation to severe asphyxia.
Almost at the same time, in 1777, the Swedish chemist Carl
Wilhelm Scheele described the stinking substance (sulfur
air) resulting from the reaction of pyrite (ferrous disulfide)
with a mineral acid [2].

While long considered a poisonous substance, not only
hazardous for workers but also burdensome for some indus-
trial processes (e.g., “oil souring” in oil extraction), hydrogen
sulfide was in the late 20th century discovered to be endoge-
nously formed in humans, and in the early 21st century, it
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was recognized as an extremely relevant signaling molecule
in physiology and general biology.

1.2. General Chemistry of Hydrogen Sulfide.Hydrogen sulfide
is a colorless flammable gas. It is a weak acid, existing in
aqueous solution in equilibrium with hydrosulfide (HS−)
and sulfide (S2−), according to pKa1~7 0 (H2S/HS−) and
pKa2~19 (HS−/S2−), at 25°C ([3] and references therein). At
physiological pH values, the S2− concentration in solution is
therefore negligible. According to this equilibrium, at the
physiological pH7.4, c.a. 70% of hydrogen sulfide is in its
HS− form, the remainder occurring as H2S. In the alkaline
mitochondrial matrix (pH8.0), HS− reaches 92%, while the
remaining 8% corresponds to H2S. Contrarily, under the
acidic conditions in lysosomes (pH4.7), >99% of hydrogen
sulfide is in its H2S form and is slightly polar, allowing it to
freely diffuse across and accumulate in aqueous or hydropho-
bic milieu such as biological membranes. Herein, unless
otherwise stated, the terms “hydrogen sulfide” or “sulfide”
and the abbreviation “H2S” henceforth collectively designate
the pool of the H2S, HS−, and S2− species.

H2S is the sulfur species corresponding to the lowest
sulfur oxidation state (−2). Sulfur, with its electronic config-
uration [Ne] 3s2 3p4, is a highly redox versatile element, with
oxidation states ranging from −2 to +6 (as in sulfate), due to
the six valence electrons. This versatility certainly accounts
for its biological usefulness and is probably related to the
major role of sulfur in the emergence and evolution of life
on Earth (reviewed in [4]). H2S is a reducing species, display-
ing a reduction potential of −280mV (pH7.0, against the
standard hydrogen electrode) for the two-electron HS−/S0

redox couple (−230mV for H2S/S
0) [5], close to the values

for the glutathione disulfide/glutathione (GSSG/GSH) and
the cystine/cysteine redox couples.

Presently, despite major advances, the physiological H2S
concentrations are still a matter of debate, and the posited
levels have been decreasing with the increasing sophistication
and accuracy of the detection methods. Currently, free H2S is
reported to be submicromolar, although it may exist in
equilibrium with a pool of labile sulfur-containing molecules
that can liberate H2S “on demand,” that is, under particular
physiological conditions [6]. To add more complexity into
the role of H2S in human (patho)physiology, it has become
clear that a great part of the signaling effects attributed to
H2S (see below) actually results from the occurrence of
persulfides and polysulfides, among other sulfur-containing
molecules, that have been collectively termed “reactive sulfur
species” (RSS). More details on the formation of persulfides
and polysulfides, and their physiological relevance inter-
twined with that of hydrogen sulfide, are given below.

2. Hydrogen Sulfide Metabolism in
Human Physiology

The reactivity and potential toxicity of hydrogen sulfide
demand its levels to be kept under strict control. Indeed, even
temporary imbalances in local hydrogen sulfide concentra-
tions can trigger a cascade of cellular events with pathological
consequences. The production and breakdown of H2S is thus

essentially ensured by specialized enzymes, tightly regulated
and compartmentalized. Although H2S is freely permeable
to membranes and thus highly diffusible inside the cell,
compartmentalization of its synthesis or breakdown could
be relevant to ensure local effects in cellular organelles. A clue
for this has been for instance provided by showing that the
mitochondria-targeted H2S donor AP39 ([10-oxo-10-(4-(3-
thioxo-3H-1,2-dithiol-5yl)phenoxy)decyl) triphenylphos-
phonium bromide]), consisting of the H2S-releasing moiety
ADT-OH (5-(4-hydroxyphenyl)-3H-1,2-dithiole-3-thio-
ne)coupled to the mitochondria-targeting triphenylphos-
phonium (TPP+) moiety, protects mitochondria in
oxidatively stressed endothelial cells more effectively than
ADT-OH itself, not coupled to TPP+ and thus unable to spe-
cifically target mitochondria [7]. Despite decades of molecu-
lar and cellular studies on the enzymatic systems involved in
H2S synthesis and breakdown, it appears at times that this
field of biology is still in its infancy, with new reactive mole-
cules and new targets of H2S and related species being consis-
tently identified and new mechanistic details and regulatory
subtleties being unraveled.

2.1. Human H2S-Synthesizing Enzymes. The biogenesis of
hydrogen sulfide in human physiology occurs via two
major routes: by endogenous specialized enzymes and as
an end-product or intermediate of microbial metabolic
pathways within the gut microbiota, particularly in
sulfate-reducing bacteria. Interestingly, by comparing germ-
free versus conventional mice, it was shown that the intesti-
nal microbiota regulates H2S homeostasis not only in the
gut but also systemically in various tissues and organs [8].
Namely, the presence of microbiota was found to be associ-
ated with higher levels of free H2S not only in some intestinal
tracts (colon and cecum) but also in plasma. Moreover, as
compared to germ-free mice, the conventional animals dis-
played higher levels of bound sulfane sulfur in plasma, fat,
and lung, and higher CSE activity and reduced cysteine levels
in most organs and tissues [8]. Another secondary source
of H2S is proposed to be persulfides and polysulfides,
either endogenously generated or derived from dietary intake
(reviewed in, e.g., [9]).

The three human enzymes reported to endogenously
generate hydrogen sulfide are cystathionine β-synthase
(CBS), cystathionine γ-lyase (CSE, also known as cystathio-
nase), and 3-mercaptopyruvate sulfurtransferase (MST)
(Figure 1) [10].

2.1.1. Expression in Cells and Tissues and Cellular
Localization. The occurrence of all three H2S-synthesizing
enzymes in cells, tissues, and organs and their cellular dis-
tribution remain evolving subjects, particularly taking into
account that these may vary under different (patho)physi-
ologic conditions. It is generally considered that CBS regula-
tion occurs at the protein level, the enzyme being a target
of multiple posttranslational modifications and having two
regulatory domains that respond to different stimuli
(reviewed, e.g., in [11]), unlike CSE, for which no post-
translational regulatory mechanisms are known [10]. More-
over, since CBS and CSE employ various combinations of
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the same substrates in their H2S-generating reactions
(Figures 1 and 2), regulation of one enzyme will likely affect
the other, due to increased or decreased substrate availability
(e.g., in [11]).

The tissue and organ distribution of the H2S-synthesizing
enzymes has been studied for different organisms, employing
immunohistochemical detection and analyzing transcrip-
tional levels and H2S-generating activity. In man and
rodents, CBS is mostly abundant in the liver, pancreas,
kidney, brain, and nervous system [9, 12–14]. Recently,
CBS expression in the carotid body, as well as in uterine
and mesenteric and umbilical arteries, was reported [15].
As for CSE, it is mostly expressed in the liver, kidney,
and smooth muscle (both vascular and nonvascular), its
expression and H2S-generating activity being negligible in
the brain, heart, and spleen [9, 13, 16, 17]. MST tissue dis-
tribution has been systematically studied for different
organisms. The activity of bovine MST has been reported
to be highest in the adrenal cortex, followed by the liver,
heart, and kidney [18]. Abundant rat MST expression has

been detected in the kidney (proximal tubular epithelium),
liver (pericentral hepatocytes), aorta, and brain glial cells
[19]. Recently, Tomita et al. detected abundant murine
MST in the brain (neural and glial cells), liver, kidney, testes,
and endocrine organs (particularly in pancreatic islets) and
lower levels in bronchiolar cells, spleen, thymus, and small
intestine [20]. Finally, Western blot analysis and enzymatic
assays revealed the presence of active MST, but undetectable
CBS and CSE, in red blood cells [21].

In terms of cellular localization, the classical view is that
both CBS and CSE are cytosolic enzymes, whereas MST
localizes to the mitochondria (e.g., [9, 10, 22]). However, sev-
eral examples show that this classical viewmay be challenged.
It has been reported that when blood homocysteine levels
rise, microvascular endothelial cells and hepatocytes may
secrete CBS and CSE, thus circulating as part of the plasma
proteome and contributing to H2S generation [23]. Extracel-
lularly synthesized H2S was shown to contribute to increased
cell viability and decreased oxidative damage to DNA after
serum starvation and hypoxia/reoxygenation. Furthermore,
immunoprecipitation of circulating CBS and CSE from
serum prior to its supplementation with homocysteine
enhanced serum-induced stress towards endothelial cells.
Altogether, these observations suggest that secreted CBS
and CSE have a protective role in the endothelium by both
producing H2S and clearing excess homocysteine. Another
notable characteristic of CBS is its ability to be SUMOylated
leading to protein accumulation in the nucleus [24]. Perhaps
of greatest significance for their role as H2S-synthesizing
enzymes is the observation that both CBS and CSE can
translocate to the mitochondria under various (patho)-
physiological conditions. This becomes particularly rele-
vant taking into account that H2S can not only stimulate
mitochondrial bioenergetics (i) by supplying electron
equivalents to the quinol pool via sulfide:quinone oxidore-
ductase (reviewed in [10, 25]), (ii) by activating the glycolytic
enzyme glyceraldehyde 3-phosphate dehydrogenase [26],
and (iii) by persulfidation of ATP synthase [27, 28] but also
block mitochondrial respiration by tight inhibition of cyto-
chrome c oxidase (CcOX, reviewed in [29–31]). CBS has been
observed to partially localize to liver mitochondria, where the
protein transiently accumulates under hypoxia/ischemia,
with the resulting increased H2S generation protecting mito-
chondria from oxidative stress [32]. Once cells return to nor-
moxia, CBS levels are restored via protein degradation by
mitochondrial Lon protease, which recognizes and targets
specifically the oxidized form of the regulatory heme at the
CBS N-terminal domain [32].

In the colorectal cancer cell line HCT 116, a significant
fraction of CBS localizes to the mitochondria, being associ-
ated with the outer mitochondrial membrane. The resulting
increased H2S levels are proposed to stimulate cancer cell
energy metabolism, particularly oxidative phosphorylation
and glycolysis [33]. In line with this observation, CBS has
been shown to contribute in various cancer cells to a shift
in the fate of glucose utilization from glycolysis to the pentose
phosphate pathway [34] (detailed in Section 4.3.1). By also
promoting tumor angiogenesis, the increased H2S availability
may contribute to increased oxygen supply to tumor cells.
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Figure 1: Hydrogen sulfide biosynthetic pathways in mammalian
physiology. (a) Transsulfuration branch of the methionine cycle. L-
Methionine (Met) is converted by L-methionine adenosyltransferase
to S-adenosyl-L-methionine (AdoMet), which is used by methyl-
transferases in methylation reactions, generating S-adenosyl-L-
homocysteine (AdoHcy). AdoHcy hydrolase then converts AdoHcy
into L-homocysteine (Hcy), which can either be converted back
to L-methionine through the remethylation cycle ([remet]), or
enter the transsulfuration branch. Cystathionine β-synthase (CBS)
converts Hcy and L-serine into L-cystathionine (Cysth), which is
taken up by cystathionine γ-lyase (CSE) to generate L-cysteine
(Cys). Hydrogen sulfide (H2S) is synthesized by CBS and CSE in
several alternative reactions (see Figure 2). (b) H2S synthesis by
3-mercaptopyruvate sulfurtransferase (MST). Cys is converted by
cysteine aminotransferase (CAT) into 3-mercaptopyruvate (3-MP),
which is used by MST to synthesize H2S along with its cosubstrates
thioredoxin (Trx), Cys, Hcy, and l-glutathione (GSH).
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In a mouse model of amyotrophic lateral sclerosis, CBS
accumulation in mitochondria isolated from the spinal
cord and the resulting increased H2S generation are pro-
posed to be related with impaired cytochrome c oxidase-
dependent respiration [35].

CSE has been reported to translocate to the mitochon-
dria of vascular smooth muscle cells (SMCs) in response
to stimuli that increased intracellular calcium levels. This
translocation appears to be mediated by the mitochondrial
membrane translocase of the outer membrane 20 (Tom20).
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Figure 2: Catalytic versatility of the H2S-synthesizing enzymes cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE). Chemical
structure of the metabolites and reaction schemes involved in H2S synthesis by CBS and CSE. Top panel, “canonical” reactions catalyzed
by CBS and CSE as part of the transsulfuration branch of the methionine cycle. Center-bottom panel, alternative H2S-generating
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Whereas SMCs display impaired ATP production in hyp-
oxic conditions, the presence of CSE inside the mitochon-
dria contributed to cysteine catabolism, H2S synthesis, and
stimulated ATP synthesis under such conditions, suggest-
ing that CSE translocation may sustain mitochondrial bio-
energetics in response to certain stresses [28].

MST is generally regarded as a mitochondrial enzyme.
However, Fräsdorf et al. have shown that there are actually
two splice variants of the protein, MST-Iso1 and MST-Iso2,
both of which localize to the cytosol, while only MST-Iso2
also localizes to the mitochondria in HEK293a and HeLa
cells [36].

2.1.2. Associated Metabolic Pathways. CBS and CSE partici-
pate in the transsulfuration branch of the methionine meth-
ylation/remethylation cycle (Figure 1(a)), a key pathway
which generates extremely relevant signaling molecules for
mammalian physiology. In this cycle, methionine (Met)
derived essentially from dietary intake is converted to S-ade-
nosyl-L-methionine (AdoMet) by methionine adenosyltrans-
ferase ([37] and references therein). AdoMet is the methyl
group donor for virtually all methylation reactions in mam-
malian physiology, through the action of methyltransferases.
Concurrently with methylation, S-adenosyl-L-homocysteine
(AdoHcy) is generated, which is used by AdoHcy hydrolase
(SAHH) to produce homocysteine (Hcy) and adenosine.
Homocysteine then either enters the transsulfuration branch
or proceeds through the remethylation pathway to revert to
methionine, depending on different metabolic fluxes and
other physiological conditions. The metabolites AdoMet,
AdoHcy, and Hcy participate in the regulation of numerous
physiological processes. As detailed below, AdoMet is an
allosteric regulator of CBS, increasing its enzymatic activity
by 2–5-fold upon binding. This allosteric activation results
in an increase in Vmax, without any notable effect on the sub-
strate affinity (KM) [38, 39]. The “canonical” reactions attrib-
uted to CBS and CSE within the transsulfuration pathway
result in conversion of homocysteine into cysteine as follows
(Figure 2): CBS catalyzes the β-replacement of serine by
homocysteine, yielding cystathionine, and CSE then pro-
ceeds by converting cystathionine to cysteine, α-ketobuty-
rate, and ammonia in an α,γ-elimination reaction. The role
of CBS and CSE in hydrogen sulfide production results from
an extensive repertoire of alternative reactions that these
enzymes are able to catalyze (Figure 2) [39, 40], possibly
related to the fact that both are pyridoxal 5′-phosphate-
(PLP-) dependent enzymes. This may be perceived as cata-
lytic promiscuity or versatility-based robustness [11]. A nota-
ble thorough in vitro kinetic characterization of CBS- and
CSE-catalyzed H2S-generating reactions combined with
kinetic simulations has been carried out by Singh et al., allow-
ing to envisage which reactions are relevant in vivo under dif-
ferent (patho)physiological conditions [39]. Both CBS and
CSE are able to synthesize H2S through cysteine β-elimina-
tion or β-replacement, respectively employing one or two
cysteine molecules (Figure 2, reactions (3) and (4)), or
through β- or γ-replacement using cysteine and homocyste-
ine (Figure 2, reaction (7)). CSE alone is able to synthesize
H2S via homocysteine α,γ-elimination or γ-replacement,

respectively employing one or two homocysteine molecules
(Figure 2, reactions (5) and (6)). Both CBS and CSE also
catalyze cystine α,β-elimination to yield cysteine persulfide,
which ultimately may generate H2S (Figure 2, reaction (8)).
Besides H2S synthesis, some of these reactions originate
thioether metabolites such as lanthionine and homolanthio-
nine, which may have been suggested as biomarkers of
hydrogen sulfide generation in homocystinuric patient sam-
ples [41]. Under substrate saturating conditions, the turn-
over number of recombinant human CBS for the H2S-
generating cysteine and homocysteine β-/γ-replacement
reaction (reaction (7) in Figure 2) is 3.7-fold higher than
that of the cystathionine-generating canonical reaction
[39]. Kinetic simulations show that this difference drops
to 1.3-fold at physiologically relevant substrate concentra-
tions, which still indicates that CBS-catalyzed H2S synthesis
at the expense of homocysteine and cysteine accounts for
~56% of cystathionine production. Notably, reaction (7) is
responsible for 96% of the net CBS-catalyzed H2S produc-
tion, whereas the cysteine-alone-based reactions (reactions
(3) and (4) in Figure 2) account for a mere 1.6–2.6% of
H2S synthesis. Still, the H2S-producing capacity of CBS
appears to be insensitive to the systemic homocysteine
levels, possibly related to the fact that homocysteine can
only bind to CBS after serine or cysteine. The same kinetic
simulations show that, contrarily to CBS, CSE catalyzes the
canonical reaction of cysteine synthesis via cystathionine
α,γ-elimination (reaction (2) in Figure 2) with a much higher
(20–30 fold) catalytic efficiency (kcat/KM) than determined
for the H2S-synthesizing reactions (reactions (3–6) in
Figure 2). At physiologically relevant substrate concentra-
tions (10μM homocysteine, 100μM cysteine, and 5μM cys-
tathionine), the canonical reaction turnover is still 5-fold or
12-fold higher than those for H2S-generating cysteine or
homocysteine cleavage reactions, respectively. Under those
conditions, approximately 70% of CSE-catalyzed H2S pro-
duction derives from cysteine and 29% from homocysteine.
Also in contrast with CBS, the CSE-catalyzed H2S generation
depends on homocysteine availability. Indeed, kinetic simu-
lations assuming equimolar CBS (fully activated by AdoMet)
and CSE at “normal” homocysteine concentrations (10μM)
reveal that CSE contributes to 32% of the synthesized
H2S, whereas the CSE contribution increases to 45% and
74% under conditions of moderate and severe hyperhomo-
cysteinemia, respectively. This indicates that CSE may
have a significant role in homocysteine clearance at patho-
physiological elevated homocysteine levels, particularly in
tissues or organs where CBS is absent or poorly expressed.

Recently, Majtan et al. reported on a thorough kinetic
analysis of CBS-catalyzed reactions combined with simula-
tions [38]. This study demonstrated the competitive advantage
of serine over cysteine as a substrate for its condensation with
homocysteine (to yield H2O or H2S, resp.), with a 2–5-fold
higher catalytic efficiency of the canonical reaction compared
to the H2S-generating reaction. However, despite this appar-
ent advantage at saturating substrate concentrations, the
H2S-producing reaction is able to compete with the canoni-
cal reaction under physiologically relevant conditions [38].
Indeed, one of the key findings is that a main determinant
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of CBS-catalyzed H2S production is the cysteine to serine
ratio, adding another layer of complexity to be taken into
account when considering the in vivo role of each H2S-pro-
ducing enzyme.

Despite the remarkable value of these kinetic studies, H2S
generation obviously also depends on the relative expression
levels of each enzyme in each cell/tissue and on the systemic
and local availability of substrates (cysteine, homocysteine,
cystine, and serine), regulatory metabolites (e.g., AdoMet),
and other effectors which negatively modulate enzymatic
activity (e.g., NO and CO inhibit CBS; detailed below).

The role of 3-mercaptopyruvate sulfurtransferase (MST)
is also tightly associated with cysteine metabolism. 3-
Mercaptopyruvate (3-MP) is generated by cysteine (or aspar-
tate) aminotransferase (CAT, Figure 3(a)) through cysteine
deamination, using α-ketoglutarate as cosubstrate and yield-
ing glutamate as coproduct [10]. An additional pathway
whereby 3-MP is generated has been recently demonstrated
to be present mostly in the cerebellum and the kidney,
involving D-cysteine and a D-amino acid oxidase [42].

The interaction between MST and its 3-MP substrate
gives rise to an enzyme-bound cysteine persulfide intermedi-
ate at Cys248 (MST∗ in Figure 3(b)), concomitantly with
pyruvate release [43]. H2S can then be released by transfer
of the active site cysteine persulfide to physiologic small
thiols like cysteine, homocysteine, and glutathione or reduc-
ing molecules such as thioredoxin (Trx) or dihydrolipoic acid
(DHLA) or by reaction with nonphysiological reductants like
2-mercaptoethanol and dithiothreitol [43]. The MST persul-
fide intermediate transfers its persulfide to an acceptor R-SH,
forming an R-S-SH intermediate, which then reacts with
another acceptor RSH molecule to yield a disulfide (RSSR)
and H2S. From the tested physiological acceptor substrates,
thioredoxin displays the highest catalytic efficiency, orders
of magnitude higher than those for DHLA, cysteine, homo-
cysteine, and glutathione [43]. This observation is consistent
with the observation that some protozoan parasites encode
MST variants with a fused thioredoxin domain.

The broad impact of H2S on mammalian physiology
has been widely assessed in numerous in vivo studies,
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Figure 3: Reaction mechanism of H2S production by 3-mercaptopyruvate sulfurtransferase (MST). Chemical structure of the metabolites and
reaction schemes involved in H2S synthesis by MST. (a) Production of 3-mercaptopyruvate (3-MP) is catalyzed by cysteine aminotransferase
(CAT), with α-ketoglutarate as cosubstrate. (b) MST reaction with its activating substrate 3-MP and acceptor substrates. Upon reacting with
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utilizing knockout mouse models of the three H2S-synthe-
sizing enzymes CBS, CSE, and MST and of ethylmalonic
encephalopathy protein 1 (ETHE1, also known as persulfide
dioxygenase or sulfur dioxygenase), implicated in H2S break-
down. Making use of these models, particularly the ones for
CSE and CBS, H2S has been shown to take part in a huge
number of physiological and pathophysiological processes
and thus to have a high impact on human health and disease.
For a comprehensive overview of the wide spectrum of stud-
ies carried out on these models, the readers can refer to [9], a
recent review specifically addressing this topic.

2.1.3. Structural and Functional Properties of H2S-
Generating Enzymes

(1) Cystathionine β-Synthase (CBS). Human cystathionine β-
synthase (CBS) is considered to assemble as a homotetramer
of 551 amino acid-long (~61 kDa) monomers, each consist-
ing of three domains (Figure 4(a)): an N-terminal domain
(residues 1–70) that binds a noncatalytic heme cofactor, a
central catalytic PLP-binding domain (residues 71–381),
and a C-terminal regulatory domain (residues 412–551, also
known as Bateman module, comprising two motifs, CBS1
and CBS2) responsible for enzyme activation upon AdoMet
binding. Structural studies on the human enzyme have
revealed that the catalytic domain has a highly conserved
structural fold of the β-family of PLP-dependent enzymes,
consisting of thirteen α-helices and two β-sheets composed
of four and six strands [44, 45]. Several intrinsically flexible
regions that were initially not visible in the structure of a
truncated human CBS lacking the C-terminal domain became
visible in the structure of a “full-length” CBS construct (with a
10-residue deletion at the C-terminus, (Figure 4(a)). These
include the strands β4, β5, and β6 preceding the loops
L145–148, L171–174, and L191–202, which are proposed to
constitute the catalytic site entrance (together with loop
L295–316) and are stacked between the catalytic core and
the C-terminal domain, as well as helix α7 following the
L191–202 loop. The active site PLP moiety is bound to the
catalytic core through a Schiff base bond to the ε-amino
group of lysine 119 (Figure 4(b)). A long 30-residue α-helical
stretch (residues 382–411; helices α15 and α16) tethers the
catalytic core to the C-terminal AdoMet-binding domain.
The latter actually comprises two so-called CBS domains
which share a common structural fold despite the poor
sequence identity (~7% over 133 residues). The key finding
in the structure of full-length CBS was the revelation that,
in AdoMet-free CBS, the C-terminal domain from one
monomer blocks the substrate entry site of the opposing
monomer within one dimer (Figure 4(c)) [44]. This blockage
is accomplished by stabilization of the above mentioned
intrinsically flexible region composed by the β4, β5, and β6
strands preceding the loops L145–148, L171–174, and
L191–202. Indeed, the interaction between the core and reg-
ulatory domains has been shown to involve (i) hydrophobic
interactions with residues from the C-terminal domain
CBS2 motif and (ii) H-bonds with residues from the C-
terminal domain CBS1 motif [44, 46]. Notably, in the pres-
ence of AdoMet, the two C-terminal domains assemble

Lys119
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Heme

Cys52
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Arg266

C1free C2free

C1bound

C2bound

(a)

(b)
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Figure 4: Crystallographic structure of human cystathionine β-
synthase (CBS). (a) Cartoon representation of the “full-length”
human CBS homodimer (PDB ID: 4COO; Δ516–525; 2.0 Å
resolution). Green sticks, active site PLP moiety, where H2S
production occurs. Orange sticks, regulatory heme b where CO or
NO binds, resulting in enzyme inhibition. (b) Zoom-in into the
catalytic (PLP) and regulatory (heme) sites. The PLP moiety is
covalently attached to CBS through Lys119 (human CBS
numbering), while the b-type heme is axially coordinated by Cys52
and His65. Orange arrow indicates the communication between
the heme and PLP sites mediated by the α-helix comprising
residues Thr257-Gly258-Gly259-Thr260-Ile261-Thr262-Gly263-Ile264-
Ala265-Arg266. (c) Structural effect of AdoMet binding. While in
AdoMet-free CBS, the C-terminal domain of each monomer
(C1free and C2free, colored in light gray) blocks the substrate
entrance into the active site (green oval circle) of the adjacent
monomer, AdoMet binding to the C-terminal domains leads to
association of the latter in a disk-like form (C1bound and C2bound;
PDB ID: 4PCU; Δ516–525 Glu201Ser; 3.58Å resolution),
unblocking the active site and derepressing the enzymatic activity.
Figure generated with PyMol 1.8.2.0 [238].
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together in a “disc”-like form, similarly to the constitutively
activated Drosophila melanogaster AdoMet-free CBS [47],
the substrate entrance opens, and access to the active site is
enhanced (Figure 4(c)), thus increasing enzymatic activity
[44, 46, 48]. Each Bateman module contains two putative
AdoMet-binding cavities (S1 and S2) with different binding
affinities [49]. One of these cavities (S2) is exposed and thus
likely represents the primary AdoMet binding site, while
the other one (S1) appears to be hindered by bulky hydro-
phobic residues from the catalytic core [46, 48, 49]. The
AdoMet-induced association between adjoining Bateman
modules disrupts the interactions between the catalytic and
C-terminal regulatory domains and opens the catalytic core
to the substrates.

(2) Cystathionine γ-Lyase (CSE). Cystathionine γ-lyase (CSE)
is a homotetrameric enzyme constituted by 405-amino-acid-
long ~44 kDa monomers, each consisting of two structural
domains (Figure 5(a)) [50]. The larger PLP-binding catalytic
domain (comprising residues 9–263) assembles as an α/β/α
fold consisting of a seven-stranded β-sheet (6 parallel and 1
antiparallel) flanked by eight α-helices. The smaller C-
terminal domain (residues 264–401) is composed of a β-
sheet (4 antiparallel strands) with three helices on one side.
Similarly to CBS, the PLP in CSE is anchored through a Schiff
base bond between the PLP carbonyl and the ε-amino group
of a lysine residue (Lys212) (Figure 5(b)), although other
forces are at play to stabilize PLP: π-stacking interactions
between the Tyr114 phenyl moiety and the PLP pyridine ring,
and H-bonds between the PLP phosphate moiety and resi-
dues Gly90, Leu91, Ser209, and Thr211 from the same subunit
and Tyr60 and Arg62 from the adjacent subunit. Structural
studies on CSE in the presence of its inhibitor propargylgly-
cine (PPG) attempted to explain its mode of action [50].
While the lysine-PLP bond appears to remain unaffected,
PPG is proposed to covalently bind to Tyr114, becoming a
vinyl ether, while also forming H-bonds between its amino
group and Glu339 and between its carboxyl moiety and
Arg119 and Arg62 from the other monomer. This static posi-
tion of the covalently bound PPG vinyl ether is such that it
extends towards the internal PLP aldimine, thus blocking
the cofactor reactivity [50].

(3) Mercaptopyruvate Sulfurtransferase (MST). Human
mercaptopyruvate sulfurtransferase (MST) is composed of
297 amino acid residues and assembles as a ~33 kDa
monomer consisting of two structurally related domains
with a rhodanese-like fold (Figure 6(a)) [43]. The N-
terminal (residues 1–138) and C-terminal (residues 165–
285) domains are tethered by a 26-amino acid linker that
strongly interacts with both domains. The assembly of
these structurally related domains could have arisen from
gene duplication. Structural studies of MST in the presence
of its 3-MP substrate have shown that it binds to cysteine
248 in the active site, which is located in a cleft between the
two domains (Figure 6(b)) [43]. The reaction originates a
persulfidated CysSSH-activated intermediate. Despite the
significant substrate-induced chemical modification of the
active site, a comparison between the structures of MST with

and without bound 3-MP reveals that no major structural
differences occur [43]. In a recent report on a compound
screening campaign targeting MST, the structures of
MST in complex with hit compounds revealed a strong
interaction between the persulfidated Cys248 and the inhib-
itors’ pyrimidone-like aromatic rings [51], without major
structural changes.

2.2. H2S Catabolism

2.2.1. H2S: A “Self-Regulatory” Janus Molecule for Cellular
Bioenergetics. As mentioned above, while playing a key sig-
naling role only at relatively low, physiological concentra-
tions, at higher concentrations H2S is potentially toxic,
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Figure 5: Crystallographic structure of human cystathionine γ-lyase
(CSE). (a) Cartoon representation of human CSE homotetramer
(PDB ID: 3COG; 2.0Å resolution) cocrystallized with the inhibitor
propargylglycine (PPG). Each chain is represented in a different
colour. Green sticks, active site PLP moiety where H2S production
occurs. (b) Zoom-in into the catalytic PLP site. The PLP moiety
(green sticks) is covalently attached to CSE through Lys212 (human
CSE numbering); PPG is represented in blue sticks. Figure
generated with PyMol 1.8.2.0 [238].
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being able to impair cell respiration through inhibition of
CcOX [52]. To prevent toxicity, H2S bioavailability must
therefore be finely and differently regulated in different tis-
sues and organs, depending on specific physiological
demands. Control of H2S bioavailability is exerted not only
at the level of its biosynthesis but also through enzymatic dis-
posal of such a potentially toxic molecule. In mammals, the
ability to detoxify H2S to thiosulfate and sulfate was demon-
strated by metabolic labelling in early studies [53]. More
recently, it was discovered that H2S breakdown is mainly
afforded by a mitochondrial enzymatic system (reviewed in
[10, 25]), currently designated as “sulfide-oxidizing unit”
[54] or “sulfide-oxidizing pathway”. Following its initial
identification in the lugworm Arenicola marina [55], this
mitochondrial system has been investigated in more detail.
According to current views, this pathway comprises four dis-
tinct, yet functionally associated enzymes that together coop-
erate to catalyze the breakdown of H2S to thiosulfate and
sulfate, the main sulfide catabolites: a sulfide:quinone oxido-
reductase (SQR), a persulfide dioxygenase (also known as

ETHE1 or sulfur dioxygenase), a thiosulfate sulfurtransferase
(rhodanese), and a sulfite oxidase (SOx) (Figure 7). It is to be
noted that H2S oxidation to polysulfide can also be catalyzed
by globins (see below) and other proteins, such as catalase
and superoxide dismutase, utilizing O2 or H2O2 as electron
acceptor [56–59].

From several perspectives, it is fascinating that H2S oxi-
dation by mitochondria is coupled to energy production,
namely, ATP synthesis, as initially demonstrated by investi-
gating the invertebrate Solemya reidi [60]. Electrons derived
from sulfide oxidation are indeed injected into the respira-
tory chain at the level of coenzyme Q, thus promoting O2
consumption and, in turn, energization of the inner mito-
chondrial membrane. On this basis, H2S has been recognized
as the first inorganic respiratory substrate discovered in
mammals [61]. This makes H2S a very peculiar molecule
from a bioenergetic point of view [62], with a dual effect on
mitochondrial respiration: stimulatory at low (nanomolar)
concentrations when the mitochondrial sulfide oxidation
pathway is fully operative or inhibitory at higher (micromo-
lar) concentrations when CcOX activity is impaired and
reduced coenzyme Q accumulates, leading to blockage of
H2S detoxification. As remarked recently [63], the system is
therefore finely regulated through positive feedback loops
so that at lower concentrations sulfide oxidation prevents
its own accumulation and consequent inhibition of respira-
tion, whereas at higher concentrations sulfide impairs its
own detoxification via inhibition of CcOX. That H2S can
act as an effective substrate of the mitochondrial respiratory
chain is in full agreement with the observation that, despite
the low Ki value measured with isolated CcOX (Ki = 0 2 μM

CysSSH248

Pyr

(a)

(b)

Figure 6: Crystallographic structure of human 3-mercaptopyruvate
sulfurtransferase (MST). (a) Cartoon representation of human
MST monomer (PDB ID: 4JGT; 2.16Å resolution) cocrystallized
with its substrate 3-mercaptopyruvate (3-MP). (b) Zoom-in into the
catalytic persulfidated Cys248 (CysSSH248; human MST numbering)
site, after reaction with 3-MP. Pyruvate, a by-product of the
reaction of MST with 3-MP, is represented in green sticks. Figure
generated with PyMol 1.8.2.0 [238].
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Figure 7: Mitochondrial sulfide-oxidizing pathway. Scheme
depicting the enzymatic components and metabolites involved in
sulfide oxidation in the mitochondria. H2S is initially oxidized by
sulfide:quinone oxidoreductase (SQR), which transfers electron
equivalents to quinones and generates glutathione persulfide
(GSSH) as coproduct. Electrons are transferred to O2 via complex
III (c.III), cytochrome c (Cc), and complex IV (c.IV), contributing
to membrane energization and ATP synthesis. GSSH, with O2 as
cosubstrate, is then converted by persulfide dioxygenase (ETHE1)
to sulfite (SO3

2−) and GSH. Sulfite can be converted, with GSSH
as cosubstrate, into thiosulfate (S2O3

2−) by rhodanese (Rhod), or
oxidized into sulfate (SO4

2−) by sulfite oxidase (SOx).
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at pH7.4 [52]), in isolated mitochondria or intact cells,
inhibition of respiration only occurs if much higher concen-
trations of H2S are administered (micromolar to tens of
micromolar; see, for instance, [64, 65]).

The dual effect of H2S on cell respiration makes investiga-
tion of the mitochondrial sulfide-oxidizing activity somewhat
challenging from a methodological point of view. Sulfide
stimulation of mitochondrial oxygen consumption and con-
sequent energization are indeed best appreciated at low sul-
fide concentrations, unable to inhibit CcOX. For this
reason, most of studies on mitochondrial sulfide oxidation
and related bioenergetic effects have been carried out by con-
tinuous supply of sulfide at given infusion rates, rather than
by sulfide addition as a single bolus (method reviewed in
[66]). Using this approach, sulfide oxidation has been quan-
titatively investigated in several systems, including isolated
mitochondria and permeabilized or intact cells from humans
and other higher organisms [54, 61, 63, 67–72]. Notably,
remarkable differences in terms of H2S oxidation ability have
been reported between human cell lines, spanning from cells
in which this catalytic activity is undetectable (as, e.g., in neu-
ral cells) to others remarkably active in H2S removal, like
colonocytes [54]. The latter cells are indeed physiologically
exposed to massive amounts of H2S produced by the intesti-
nal microbiota and are therefore likely to have undergone

adaptive mechanisms to prevent H2S toxicity. In this regard,
it is interesting that colonocytes were found to ensure a
prominent H2S-catabolyzing activity even through activity
reversal of complex I in the respiratory chain [54].

2.2.2. Components of the Mitochondrial Sulfide-Oxidizing
Pathway. The first enzyme operating in the mitochondrial
sulfide oxidizing pathway is sulfide:quinone oxidoreductase
(SQR, Figure 7). SQR is a member of the protein family of
disulfide oxidoreductases, which has been identified in all life
domains [73]. It is a membrane-associated protein located at
the periplasmic side of the cytoplasmic membrane in pro-
karyotes and at the inner mitochondrial membrane in
eukaryotes. Although no structure of a eukaryotic SQR has
thus far been obtained, crystallographic structures of pro-
karyotic SQRs have been reported [74–76], enabling the con-
struction of a structural model of human SQR (Figures 8(a)
and 8(b)). Several structural and amino acid sequence fea-
tures linked to sulfide oxidation and quinone reduction have
allowed for the classification of the SQR family into six sub-
classes, with human SQR classified as a type II SQR [77].
The main features of type II SQRs, particularly as compared
to type I SQRs, are essentially the lack of any extended loops,
the poor conservation of quinone-interacting residues, and
the substitution of the conserved cysteine covalently linking

Cys248

Cys201

Cys379

FAD

Tyr170

(a) (b)

(c) (d)

Figure 8: Structural models of human sulfide quinone oxidoreductase (SQR) and rhodanese (Rhod). (a) Cartoon representation of structural
model of human SQR (UniProt accession code: Q9Y6N5.1) generated with Swiss-Model based on the structure of Acidithiobacillus
ferrooxidans SQR (H198A variant; PDB code: 3SZF; ~19% sequence identity; ~87% sequence coverage) [78]. Flavin adenine dinucleotide
(FAD) cofactor in yellow sticks. (b) Zoom-in on the SQR active site comprising the FAD moiety, the active site cysteine residues Cys201
and Cys379, and the Tyr170 residue which may establish a covalent link with the FAD cofactor. (c) Cartoon representation of structural
model of human rhodanese (UniProt accession code: Q16762.4) generated with Swiss-Model based on the structure of the bovine enzyme
(PDB code: 1BOH; ~90% sequence identity; 100% sequence coverage). (d) Zoom-in on the Rhod Cys248 active site. Figure generated with
PyMol 1.8.2.0 [238].
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the FAD cofactor for a tyrosine (Tyr170 according to human
SQR numbering), which probably establishes a covalent link
with FAD in human SQR via an 8-α-O-tyrosyl bond [77].
SQRs can be monomeric or assemble into dimers or trimers
of ~50 kDa subunits [78], each harboring a cysteine disulfide
in its active site and a noncovalently bound flavin adenine
dinucleotide (FAD) moiety implicated in electron transfer
[77]. In mammals, SQR couples H2S oxidation to the
reduction of coenzyme Q, with the concomitant transfer
of a sulfur atom to an acceptor that has been proposed
to be either sulfite- (SO3

2−-) yielding thiosulfate (S2O3
2−)

[79–81] or reduced glutathione (GSH) yielding glutathione
persulfide (GSSH) [82]. Although the protein displays a
higher catalytic efficiency using as cosubstrate sulfite (kcat/
KM = 2 5 × 106 M−1 · s−1) as compared to GSH (kcat/KM =
1 6 × 104 M−1 · s−1) [83], at physiological concentrations of
both cosubstrates, GSH was suggested to be the preferential
sulfur acceptor [82–84], at variance from [79–81]. In contrast
to the mammalian protein, bacterial SQRs directly release the
oxidized sulfur as a soluble polysulfide with up to ten sulfur
atoms, instead of reacting with a sulfur acceptor [75, 85].
The reaction mechanism of SQR has been investigated with
the isolated protein not only in detergent solution [80, 82,
84] but also after incorporation into nanodiscs [83], where
slightly higher catalytic rates have been measured. The postu-
lated mechanism involves (i) reaction of the active site cyste-
ine disulfide with H2S associated with persulfidation of
Cys379 (human SQR numbering) to form CysSSH and release
of the Cys201 thiolate that in turn forms a charge transfer
complex with FAD, (ii) transfer of the sulfane sulfur from
the persulfidated Cys379 to the acceptor with the concomitant
reduction of FAD to FADH2, and (iii) oxidation of FADH2
by coenzyme Q. According to kinetic data, the sulfane sulfur
transfer step is the rate-limiting one in the reaction.

The next step in the sulfide oxidation pathway is cata-
lyzed by ETHE1 (Figure 7). Mutations in the gene encod-
ing this protein were found to result into an autosomal
recessive disorder, known as ethylmalonic encephalopathy,
characterized by a severe clinical picture and leading to
death during early childhood [86, 87]. The crystallographic
structure of human ETHE1 was recently solved (Figure 9)
[88]. ETHE1 is a dimeric enzyme, each monomer comprising
an αββα fold structurally related to dizinc classical metallo-
β-lactamases, harboring a mononuclear nonheme iron octa-
hedrally coordinated by two histidines, one aspartate, and
three water molecules [88]. The enzyme is proposed to cata-
lyze the oxygenation of the sulfane sulfur atom in the GSSH
released from SQR, yielding sulfite [55]. It is important to
note that one O2 molecule is consumed in the reaction.

GSSH and sulfite are further converted into thiosulfate
and GSH by rhodanese (Rhod, Figure 7). No structural stud-
ies of the human enzyme have been reported, yet a structural
model can be obtained based on the ~90% identical bovine
homologue (Figures 8(c) and 8(d)) [89]. This protein has a
redox-active cysteine (Cys248) in the active site and is highly
promiscuous in that it can effectively react with several
different substrates. Yet, at physiologically relevant sub-
strate concentrations, the most likely reaction catalyzed
by rhodanese was suggested to be the transfer of a sulfur

atom from GSSH to sulfite to form thiosulfate [82]. Sulfite
oxidase (SOx, Figure 7) catalyzes the last step in the sul-
fide oxidation pathway. SOx is a multidomain cytochrome
b5 with a molybdenum cofactor [90] and a heme mediat-
ing the intramolecular electron transfer from sulfite to
cytochrome c. Concomitantly, an oxygen atom is supplied
by an H2O molecule and sulfate (SO4

2−) forms as the end-
product of the reaction [90].

Overall, the mitochondrial sulfide-oxidizing pathway
couples the oxidation of H2S to thiosulfate and sulfate with
the injection of electrons into coenzyme Q, leading to con-
sumption of 0.79 O2 per H2S molecule oxidized, as reported
by Goubern and coworkers [61], which is compatible with
the predicted value of 0.75. Indeed, based on the postulated

His79

Asp154

His135

Fe

(a)

(b)

Figure 9: Crystallographic structure of human persulfide
dioxygenase (ETHE1). (a) Cartoon representation of human
ETHE1 homodimer (PDB ID: 4CHL; 2.61Å resolution). (b)
Zoom-in into the mononuclear nonheme iron catalytic site. Iron
ligands (His79, His135, and Asp154; human ETHE1 numbering) are
represented in sticks. Figure generated with PyMol 1.8.2.0 [238].
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architecture of the mitochondrial sulfide oxidation pathway
presented above, the oxidation of 2 H2S molecules (involving
2 electrons) is expected to require the consumption of 1.5 O2
molecules (0.5 by CcOX plus 1 by ETHE1). As O2 is required
for sulfide removal, the efficacy of mitochondrial sulfide oxi-
dation is expected to depend on O2 availability, clearly van-
ishing under anoxic conditions. Evidence for a decline of
mitochondrial sulfide oxidation at lower O2 concentrations
was preliminarily provided in [69] and, then, substantiated
in a later study [63]. To be noted that at very low O2 concen-
trations (down to 0.73± 0.04μM), given a fixed amount of
sulfide, a faster onset of cell respiration inhibition was
observed at decreasing O2 concentrations [69], which is con-
sistent with a lower efficacy of sulfide removal but also with a
higher control of the respiratory electron transfer chain by
CcOX at low O2 concentration.

Our knowledge of H2S catabolism and, particularly, of its
implication in human physiology and pathophysiology is still
rather elusive. Current views of the mitochondrial sulfide
oxidation pathway are yet rather patchy and represent a mat-
ter of debate. It is likely that the physiological function of this
pathway goes well beyond the mere removal/detoxification of
H2S. The impact of this pathway on cell bioenergetics under
specific physiological or pathological conditions needs to be
better established, as well as its ability to produce bioactive
sulfur metabolites (e.g., thiosulfate) whose physiological role
has only recently begun to emerge. Finally, it can be antici-
pated that the mitochondrial sulfide oxidation pathway plays
a key role in mediating the intricate interplay between sulfide,
O2, and the other gasotransmitters, but more studies are
needed in this direction.

3. Signaling Mediated by Hydrogen Sulfide

The relevance of hydrogen sulfide in mammalian physiology
results essentially from its role as a second messenger that
transduces signals by interaction with target proteins. The
initial classical view of H2S-mediated signaling initially
merely considered the inhibitory properties of hydrogen sul-
fide towards respiratory CcOX (detailed below) leading to a
state of suspended animation. Presently, the signal transduc-
ing function of hydrogen sulfide is known to occur via at least
two major mechanisms, namely, through (i) interaction with

protein metal centers, particularly heme moieties, and (ii)
protein persulfidation (detailed below).

3.1. H2S and Heme Proteins. Besides being able to promote
thiol persulfidation, H2S can react with protein hemes. As
reviewed in Bianco et al. [91], the mechanism and fate of
the reaction of H2S with a heme protein largely depend on
several factors, such as the redox and ligation state of the
heme iron, the environment in the heme pocket, the proton-
ation state of bound sulfide, and the presence/absence of O2
or reducing agents in solution. Heme-Fe(III) can bind H2S
as such or as HS− (Figure 10). Stability of one or the other
heme adduct generated by reaction with hydrogen sulfide
(heme-Fe(III)-H2S or a heme-Fe(III)-HS−) depends on the
protein residues in the heme surroundings and, particularly,
on the presence of either basic residues able to accept protons
from bound H2S to yield the heme-Fe(III)-HS− species or,
alternatively, nonpolar residues stabilizing the fully proton-
ated state of the ligand. Owing to its reducing character,
bound sulfide can reduce the heme iron, yielding a heme-
Fe(II)-HS· radical adduct that can further react with excess
HS−/HS· or O2/H2O leading, respectively, to formation of
polysulfides or thiosulfate. In contrast to these reactions,
H2S can also promote a covalent modification of the heme,
yielding the so-called sulfheme derivative with a sulfur atom
incorporated into one of the porphyrin pyrrole rings
(Figure 10). The mechanism of sulfheme formation is still
unclear. Sulfheme can be formed by reaction of H2S with
either the ferrous oxygenated (heme-Fe(II)-O2 [92]) or the
ferryl heme (heme-FeIV=O [93, 94]). However, also in the
former case the reaction requires H2O2 and thus, likely,
the formation of higher valent heme iron intermediates
[95, 96]. As reviewed in [5, 91, 95–97], the reactions above
have been described by several groups working on numerous
hemeproteins, including, among others: globins from mam-
mals, invertebrates, and bacteria; heme-based sensor proteins
of diatomic molecules such as O2, NO, and CO; cytochrome c
oxidase; catalase; and peroxidases (lactoperoxidase, myelo-
peroxidase and thyroid peroxidase).

Because heme proteins can usually react not only with
H2S but also with NO, CO, and O2, they can play a key role
in mediating the crosstalk between these gaseous ligands,
namely, controlling each other’s biological function. A para-
digm of this concept is CcOX. The enzyme, highly reactive
with O2, is indeed a recognized target for all three gasotrans-
mitters (NO, CO, and H2S). Each of these species can inhibit
CcOX, though with markedly different kinetics and mecha-
nisms [29]. While CO can only bind to the fully reduced
heme a3-CuB active site, leading to competitive inhibition
of the enzyme [98], CcOX inhibition by NO can proceed
through two alternative reaction pathways (reviewed in
[99–104]): an O2-competitive pathway, favoured at lower
O2 tension and higher electron flux, leading to a nitrosyl
adduct of CcOX with NO bound to ferrous heme a3,
and an O2-uncompetitive one, prevailing at lower electron
flux and higher O2 tension, whereby an inhibited adduct
of enzyme forms with nitrite bound at ferric heme a3
[29, 105–107]. The mechanism of CcOX inhibition by H2S
has not been investigated as thoroughly as for NO and CO.

Fe(III)-HS−

(a)

Sulfheme

(b)

Figure 10: Structure of sulfide-reacted heme moieties in globins. (a)
Structure of ferric heme moiety (light orange sticks) in human
hemoglobin with bound HS− (yellow sphere); PDB entry: 5UCU
[115]. (b) Structure of sulfheme moiety (light blue sticks)
generated by reaction of horse myoglobin and sulfide, resulting in
sulfmyoglobin; PDB entry 1YMC [239].
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Differently from these two species, H2S does not bind ferrous
heme a3. Based on the postulated mechanism, when the
enzyme in turnover with O2 is exposed to H2S, oxidized or
reduced CuB is the primary target site in CcOX. Afterwards,
sulfide is thought to be transferred intramolecularly to the
nearby ferric heme a3, resulting in enzyme inhibition [30].
H2S-inhibited CcOX thus exhibits one sulfide molecule
bound to ferric heme a3 [108, 109] and, possibly, a second
one bound to cuprous CuB, as revealed by electron paramag-
netic resonance (EPR) spectroscopy [110]. Regardless of the
exact molecular mechanism, CcOX inhibition by H2S was
demonstrated to be relatively fast (initial rate constant of
2.2× 104M−1·s−1, as measured at pH7.4 with the enzyme in
turnover with O2 and cytochrome c [30]), effective (Ki = 0 2
μM at pH7.4), independent of O2 concentration, and revers-
ible [52]. Similarly to other heme proteins, CcOX inhibition
by H2S was found to be greatly dependent on pH. Acidic con-
ditions remarkably enhance the inhibitory action of sulfide,
and consistently, as the pH shifts from 8.05 to 6.28, Ki
decreases from 2.6μM to 0.07μM [111]. The enhanced effi-
cacy of sulfide inhibition at lower pH suggests that sulfide
binds to CcOX either as H2S (e.g., in fully protonated state)
or as HS− with the concomitant protonation by a protein res-
idue. This is consistent with the active site of the enzyme
being located in a nonpolar environment, therefore facilitat-
ing the binding of electroneutral or proton-neutralized
anionic species [112].

H2S can also act as a reducing substrate for CcOX
[30, 111, 113], when the enzyme is in the so-called pulsed
state [30], but the reaction products are yet to be character-
ized. By reacting with H2S at relatively low concentrations,
heme a3 in the active site of the enzyme is promptly reduced
and, by further reacting with O2, leads to a ferryl species with
optical features indistinguishable from those of the “P” cata-
lytic intermediate [30]. Afterwards, the “F” ferryl intermedi-
ate spontaneously forms on a longer timescale, but it is
unclear if the reaction results from autoreduction or electron
donation from residual sulfide [30]. CcOX is therefore in
principle able to catalyze the oxidative breakdown of
H2S, but the reaction is probably too slow to be physiolog-
ically relevant, particularly when compared with the high
H2S-metabolizing activity of SQR.

Another group of proteins whose reactivity with H2S
has been investigated in detail is the globin family. These
studies focused primarily, but not exclusively, on human
hemoglobin (Hb) and myoglobin (Mb). The reaction of
sulfide with Hb has long been known to lead to irrevers-
ible covalent conversion of the protein heme to sulfheme
(reviewed in [96]); as described above, the modification
consists in the incorporation of a sulfur atom into the heme
pyrrole B. The resulting protein derivative, named “sulfhe-
moglobin,” exhibits a characteristic green color and lower
O2 affinity as compared to the native protein. Accumulation
of sulfhemoglobin is therefore associated to toxicity, leading
to a rare pathological condition known as “sulfhemoglobine-
mia.”A similar reactivity has been demonstrated also for Mb,
leading to formation of “sulfmyoglobin” (Figure 10).
Whereas sulfhemoglobinemia likely represents a form of sul-
fide toxicity, methemoglobinemia, that is, the accumulation

of ferric hemoglobin (metHb) in the blood, has been sug-
gested to protect against sulfide toxicity in mice [114]. In
these in vivo studies, 2–4mol of H2S was inferred to be inac-
tivated per mol of metHb [114]. This superstoichiometric
value suggests that metHb is able not only to bind H2S but
also to promote its catalytic breakdown. Consistently, under
aerobic conditions metHb was recently demonstrated to bind
H2S, oxidizing it to a mixture of thiosulfate and polysulfides
[21]. The reaction, though proceeding at relatively low rates
(3min−1 in the presence of 0.5mg·mL−1 metHb, at pH7.4
and 25°C [21]), could be of physiological relevance, as Hb-
rich red blood cells lack mitochondria and therefore cannot
dispose H2S via the mitochondrial sulfide-oxidizing pathway.
Sulfide is a relatively low-affinity ligand for metHb: at pH7.4
and 37°C, it binds with a kon of 3.2× 103M−1·s−1 and dissoci-
ates from the oxidized heme with a kof f of 0.053 s

−1, yielding
a KD of 17μM (whose value may be overestimated, given that
the H2S species represents only a fraction of sulfide at
pH7.4). The rate constant for H2S binding to metHb was
found to increase with decreasing pH, and on this basis,
H2S rather than the HS− species, more abundant at pH7.4,
initially binds to the heme. After binding to the heme iron,
H2S is proposed to deprotonate to HS−. The postulated
Fe(III)-HS− species has been recently detected by X-ray crys-
tallographic analysis of the sulfide-reacted metHb (Figure 10)
[115].

Possible mechanisms for polysulfide and thiosulfate for-
mation by metHb have been proposed in [21]. Interestingly,
the newly formed polysulfide remains bound to the pro-
tein upon heme iron reduction by methionine sulfoxide
reductase (MSR). In contrast, it reacts with physiologically
relevant, low-molecular-weight (LMW) thiol compounds,
such as reduced glutathione (GSH) or cysteine (CysSH),
yielding the corresponding persulfides, GSSH and CysSSH,
that are eventually released into the solution. In light of the
high intracellular concentration of GSH, Hb can act as a
source of GSSH that in turn could serve as a persulfide donor
in protein persulfidation (detailed below). Therefore, based
on its intricate chemistry with sulfide, depending on condi-
tions, Hb can mediate sulfide toxicity via formation of sulf-
hemoglobin or be protective by promoting sulfide disposal,
a particularly relevant function in red blood cells lacking
mitochondria. Furthermore, Hb can be viewed as a source
of physiologically relevant sulfide oxidation products,
namely, thiosulfate and glutathione persulfide (GSSH),
whose impact on human physiology is emerging. A some-
what different scenario occurs in atherosclerotic lesions, par-
ticularly when they are infiltrated by red blood cells. Indeed,
in those lesions, oxidized forms of Hb with the heme in the
ferric and ferryl state accumulate and mediate toxicity by
promoting radical reactions leading to formation of cross-
linked Hb species and lipid modification. Under these cir-
cumstances, H2S was recently reported to exert protective
effects, acting as a reductant of ferryl Hb [116].

Another heme protein whose reactivity with sulfide
was investigated in depth is human leukocyte myeloperox-
idase (MPO). Based on recent studies [117, 118], upon
reaction with sulfide, the enzyme does not lead to forma-
tion of the sulfheme derivative, at variance with other
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heme proteins. Of interest, MPO was reported to catalyze
the oxidation of sulfide to sulfane sulfur species both in
the presence and in the absence of H2O2 [117, 118]. The
reaction involves as a central intermediate compound III,
a resonance form between the ferrous/dioxygen (Fe(II)-
O2) and ferric/superoxide (Fe(III)-O2·−) complex, it is
facilitated by ascorbate or SOD and might be of physiolog-
ical relevance as the formed sulfane sulfur species were
proven to oxidize protein cysteine residues to their corre-
sponding per/polysulfide derivatives [117].

3.2. Persulfidation and Persulfide (Bio)chemistry. As men-
tioned above, many of the signaling functions attributed to
H2S have been shown to be tightly associated with formation
of persulfides through the modification of specific cysteine
side chains from target proteins, often involving free reactive
LMW persulfides (RSSH), particularly cysteine persulfide
(CysSSH) and glutathione persulfide (GSSH). Polysulfides
are also considered as potentially relevant from a physiolog-
ical viewpoint, as reviewed elsewhere [119]. However,
because they are contaminants of most inorganic H2S donors
employed in research and therefore possibly responsible for
some of the effects attributed to H2S, their (bio)chemistry is
still far from being fully understood and will not be detailed
herein. The relevance of persulfidation is attested by the fact
that deficiency in persulfidated proteins has been associated
with different pathologies, including cardiovascular and neu-
rodegenerative (Parkinson’s) diseases [120, 121]. Besides its
signaling function, persulfidation may also constitute a
mechanism to prevent thiol oxidation or electrophilic modi-
fication and irreversible damage [122]. The ability of LMW
persulfides to readily donate one electron and form a stable
perthiyl radical (RSS·), unreactive towards oxygen or NO,
led to the proposal of a possible role in redox processes
[123]. Recently, the oxidation of cysteine persulfides to
perthiosulfenic acid (CysSSOH) observed in different pro-
teins as a consequence of NADPH oxidase activation led to
the proposal of this modification as an additional redox-
based signaling event [124]. The chemical and biochemical
properties, biosynthesis and natural occurrence, analytical
detection methods, and cellular longevity of persulfides and
polysulfides have all been covered in excellent articles and
reviews (e.g., [3, 6, 120, 121, 125–129]). As in other fields
focused on reactive molecules, there seem to be controversies
as to which species and reactions are more plausible and rel-
evant from a chemical-to-physiological viewpoint. Presently,
there is however a consensus that H2S cannot react directly
with protein cysteine thiols. Protein persulfidation, in
order to occur, has special requirements both at a “local”
(the environment surrounding the target cysteine) and a
“global” (redox status, free glutathione/cysteine/H2S avail-
ability) level. Currently, although several possibilities for the
formation of persulfidated proteins through posttranslational
modification can be envisaged, only four appear to be more
plausible (Figure 11(a)). Two of these possibilities involve
previous oxidation of the protein target cysteine thiol to a sul-
fenic moiety (CysSOH), for example, by reaction with hydro-
gen peroxide, or to a disulfide (CysSSR) by reaction with an
oxidized sulfur-containing LMW molecule, for example,

oxidized glutathione (GSSG). Both of these oxidized cysteine
residues can then be targeted directly by H2S, resulting in a
persulfidated protein. Reduced cysteine residues (e.g., protein
thiols) can be modified to their persulfide derivatives through
reaction with a free LMW persulfide (RSSH), such as GSSH
or (homo)cysteine persulfide (derived from the H2S biosyn-
thetic or catabolic pathway [125, 126]), or via reaction with
HS·, generated upon reaction of H2S with metal centers,
particularly oxidized protein heme iron. The protein cyste-
ine thiol reaction with HS· should yield a transient
CysSSH·− that, upon reaction with oxygen, yields the
protein-bound CysSSH and superoxide anion, similar to
that reported for HSSH·− [3, 130]. In addition to post-
translational persulfidation, it has been quite recently pos-
ited that in mammals a major source of persulfidated (and
polysulfidated) proteins in vivo are actually cysteinyl-tRNA
synthetases (CARSs, particularly the mitochondrial CARS2),
through cotranslational incorporation of cysteine persulfide
or polysulfide at cysteine sites into the nascent polypeptide
[131] (Figure 11(b)). From a cellular signaling perspective,
the advantage of protein persulfidation by H2S and/or per-
sulfides is that the resulting species can be reverted to
the thiol moiety in different ways, such as direct reaction
with reduced glutathione (GSH) or through the thiore-
doxin system [126], thus affording a reliable switching
modification.

As for the LMW persulfides, which are key molecules in
protein persulfidation, they are increasingly coming into
the limelight due to their intrinsic reactivity (e.g., [125]).
Until recently, the two major sources of these persulfides,
particularly cysteine persulfide (CysSSH) and glutathione
persulfide (GSSH), were considered the enzymes involved
in H2S metabolism. CysSSH is readily generated by the
H2S-synthesizing CBS and CSE, using cystine (CysSSCys)
as substrate [125]. Notably, in the course of this reaction,
longer polythiolated products with catenated sulfur atoms,
such as CysSSSH (synthesized by both CBS and CSE) and
CysSSSSH (synthesized by CSE), have been detected. The
enzymatic generation of these species further results in
appreciable amounts of oxidized polysulfide species like
CysSSSCys, CysSSSSCys, and CysSSSSSCys. The newly
formed CysSSH and longer cysteine persulfides can then
react with reduced glutathione to yield GSSH and GS(S)nH.
It should however be noted that, at physiologically rele-
vant substrate concentrations, H2S rather than CysSSH is
expected to be the major product of the transsulfuration
pathway enzymes [132], also taking into account that in the
cytoplasm, cysteine and reduced glutathione are much more
abundant than their oxidation products cystine and GSSG
[132]. Recently, MST was also recognized as a source of
CysSSH and GSSH, as well as of longer polysulfides, related
with its ability to generate other RSS, such as hydrogen per-
sulfide (H2S2) and hydrogen trisulfide (H2S3) [133, 134].
MST-derived persulfides and polysulfides have been asso-
ciated with higher cellular levels of protein-bound sulfane sul-
fur [134, 135]. The MST-catalyzed CysSS(n)H and GSS(n)H
production was demonstrated with recombinant MST
(wild-type and site-directed variants), MST-expressing COS
cells lysates, and mouse brains (cell suspensions and whole

14 Oxidative Medicine and Cellular Longevity



brains) [133], showing that in the brain LMW persulfides
and protein persulfidation are essentially generated via MST
and not CBS or CSE [133]. A principal role in CysSSH (and
CysSS(n)H) synthesis has been recently proposed for mam-
malian CARSs, particularly the mitochondrial isoform
CARS2 [131]. The same report suggests that mitochondria
are the key cellular compartments where CysSSH is formed
before being released into the cytosol to exert its effects. It
is also posited that whereas CARSs may be the major source
of CysSSH under physiological conditions, CBS and CSE
may still act as major players in CysSSH synthesis in
pathophysiological conditions associated with oxidative and
electrophilic stress with concomitantly increased cystine
concentrations [125, 131, 132].

Besides the LMW persulfides derived from the H2S-
synthesizing enzymes CBS, CSE, and MST [125, 132, 133],
GSSH is a metabolic intermediate of the mitochondrial
sulfide-oxidizing pathway [126] (Figure 7). Indeed, GSH
has been suggested as the preferential sulfur acceptor in the

H2S oxidation reaction catalyzed by SQR, yielding GSSH
[82]. This persulfide is, in turn, the preferential substrate
(with sulfite as cosubstrate) for rhodanese to generate thio-
sulfate as the final oxidation product of sulfide oxidation,
together with sulfate [82].

Regardless of how LMW persulfides are generated,
their reactivity prompts them to be major signal-
transducing species linked to H2S (patho)physiology. In a
nutshell, persulfides are stronger nucleophiles than their thiol
counterparts are (yet displaying also a weak electrophilic
character). Despite this assumption, only recently it was
clearly demonstrated by Cuevasanta et al. [136] that a
human serum albumin persulfide derivative displays 20-
fold increased reactivity with respect to its thiol counter-
part. Persulfides have lower pKa values than the analogous
thiols, thus existing mostly in their anionic nucleophilic
RSS− form [3, 6]. Conversely, their weak electrophilicity is
exhibited solely in their protonated RSSH form. Interestingly,
both the outer sulfhydryl and inner sulfenyl sulfurs have
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(CBS, CSE, and SQR)

(CBS, CSE, and MST)

(CBS, CSE, and MST)

CysSOH + H2O
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CysSSH

CARSs
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Figure 11: Reactions leading to protein persulfidation. Scheme depicting the most plausible in vivo reactions leading to cysteine
persulfidation in target proteins, through (a) posttranslational modification of cysteine residues or (b) cotranslational incorporation of
CysSSH via CysSSH-bound tRNA derived from cysteinyl-tRNA synthetases (CARSs). (a) Proteins with oxidized cysteine residues (CysSSR
and CysSOH) can react directly with H2S (derived from its synthesizing enzymes CBS, CSE, and MST) to yield a protein cysteine
persulfide (CysSSH). Proteins with reduced cysteine residues (CysSH) can react with free LMW persulfides (RSSH, such as glutathione
persulfide and cysteine persulfide, products of H2S biosynthetic—CBS, CSE, and MST—or catabolic—SQR—enzymes) or with the HS·
radical formed by reaction of H2S with metal centers (Mn+). The resulting protein-bound cysteine perthiyl radical (CysSSH·−) can then
react with oxygen to yield CysSSH and superoxide anion. (b) Generation of protein cysteine persulfides through cotranslational
incorporation of CysSSH. Mammalian cysteinyl-tRNA synthetases (CARSs, dark blue box, which also synthesize free CysSSH from
cysteine) catalyze the synthesis of tRNA-bound cysteine persulfides (light blue line), which incorporate CysSSH into the nascent
polypeptide (dark blue line) at cysteine sites upon translation (ribosome depicted in green and mRNA in grey).
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electrophilic character, the reaction occurring on either
one depending on factors such as steric hindrance or acid-
ity of the leaving group [3]. The ambiguous nucleophilic/
electrophilic nature of LMW persulfides, while at the basis
of their physiological relevance, accounts for their instability.
These species indeed quickly decay or react with other spe-
cies, particularly oxidants, hampering their characterization
both in vitro and in vivo. This notwithstanding, the molecular
details and functional consequences of persulfidation at spe-
cific cysteine residues have been demonstrated for a number
of targets and shown to regulate several physiological pro-
cesses (reviewed in, e.g., [127]), such as glycolysis [26], ER
stress [137], apoptosis [138], vasorelaxation, and vasodilation
[139] (detailed in Table 1). Regarding the latter, H2S was the
third gasotransmitter, following NO and CO, to be regarded
as an endothelium-derived relaxing factor (EDRF) and as an
endothelium-derived hyperpolarizing factor (EDHF), thus
regulating vasodilation (detailed below). Despite the rela-
tively few examples available in the literature, protein persul-
fidation is likely prevalent, yet technically challenging to be
detected due to the intrinsic reactivity of persulfides. Using
an adaptation of the biotin switch assay modified to detect
persulfidated rather than nitrosated proteins, Mustafa et al.
reported that 25–50% of hepatic proteins are persulfidated
[26]. The extent of protein persulfidation in vivo has been
further demonstrated by increasingly elaborate and quantita-
tive methodologies [125, 140–143]. It is expected that the
number of identified new targets of protein persulfidation
will continuously increase, pairing this posttranslational
modification with other highly relevant cellular switches.

4. Interplay between Gasotransmitters

4.1. Brief Historical Account of Gasotransmitters. The term
“gasotransmitters” [144] has entered the biochemistry and
physiology jargon to designate essentially the three small
molecules gaseous in nature with demonstrated roles in sig-
nal transduction: nitric oxide (NO; although the formally
correct abbreviation should be NO·, herein NO will be used
for simplicity), carbon monoxide (CO), and hydrogen sulfide
(H2S). Arguably, molecular oxygen (O2), although not
synthesized endogenously in mammalian cells, could be
considered a gasotransmitter due to its gaseous nature, reac-
tivity, and physiological relevance. Besides, O2 is a substrate
of the mammalian enzymes that synthesize NO and CO,
so O2 levels dictate the bioavailability of the latter.

Gasotransmitter-mediated signaling is an intricate and
integrated process involving not only NO, CO, H2S, and
O2 but also the collective pool of reactive species (reactive
oxygen species (ROS), reactive nitrogen species (RNS), and
reactive sulfur species (RSS) resulting from their cross-
reactions, establishing a so-called reactive species interac-
tome (RSI) [145]. Irrespectively of the identity of the gaso-
transmitter molecule or derived species, its signaling mode
of action can be narrowed down essentially to two possi-
bilities: interaction with metal centers or modification of
cysteine residues in proteins, both resulting either in the
activation or in the inactivation of the target protein.
The three gasotransmitters NO, CO, and H2S share a
common history in that they were initially merely
regarded as toxic and poisonous molecules, until the dis-
covery that virtually all life forms, from bacteria to man,
are endowed with dedicated synthesizing and detoxifying
enzymes and produce or scavenge NO, CO, and H2S to
accomplish specific functions. Indeed, in the late 1980s
and early 1990s, major advances concerning the role of
NO in the regulation of cardiovascular function led to
NO being considered Molecule of the Year in 1992 and
to the Nobel Prize in Physiology or Medicine being
awarded in 1998 to Robert Furchgott, Ferid Murad, and
Louis Ignarro Jr “for their discoveries concerning nitric
oxide as a signaling molecule in the cardiovascular system”
[146]. One of the key findings was the identification of the
endothelium-derived relaxing factor (EDRF) as NO [147,
148]. This observation, which revealed beneficial rather
than deleterious effects of an otherwise considered toxic
molecule, triggered a subfield of biology dedicated to sig-
naling by gaseous second messengers. Indeed, besides
other regulatory roles attributed to NO, similar findings
were demonstrated for CO, which was also shown to have
a role in vasorelaxation [149]. The same function came to
be assigned to H2S [17], which also led it to be labeled as
an EDRF [127]. The multiple functions of gasotransmitters
in human physiology are well attested by the “explosion”
of interest that arose since the discovery of NO as a signaling
molecule in the mid-1980s, CO in the mid-1990s, and H2S in
the 2000s. This is well illustrated by carrying out a Pubmed
search querying “gasotransmitters,” “nitric oxide,” “carbon
monoxide,” and “hydrogen sulfide” (Figure 12). Altogether,
the three gasotransmitters regulate, often through similar
molecular processes, vasodilation, energy metabolism, redox
homeostasis, apoptosis, cell cycle, reproduction, neuronal

Table 1: Protein targets for cysteine persulfidation and molecular and cellular consequences.

Protein Target cysteine Physiological process Consequences of persulfidation Refs.

Protein Tyr phosphatase
1B (PTP1B)

Cys215 ER stress response
PTP1B is inhibited, enhancing PERK(a)-mediated

phosphorylation of eIF2α(b), suppressing protein translation.
[137]

p65 subunit of nuclear
factor кB (NF-кB)

Cys38
NF-κB signaling;

apoptosis
Stimulates binding of p65 to ribosomal protein S3,

resulting in increased translation of prosurvival genes.
[138]

Inwardly rectifying potassium
channel subunit Kir6.1

Cys43
Vasorelaxation
and vasodilation

Enhances channel activity through decreased affinity for
ATP and increased binding of PtdIns(4,5)P2

(c).
[139]

aProtein kinase RNA-like ER kinase; beukaryotic translational initiation factor 2α; cphosphatidylinositol-4,5-bisphosphate.
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function, and so on, and dysregulation of the metabolism
and/or levels of NO, CO, or H2S is associated with several
pathological conditions, from cardiovascular and neurode-
generative diseases to diabetes and cancer, among others.

A surprising element in gasotransmitter history was the
finding that mammals, among many other organisms,
encode specialized enzymes that synthesize these previously
considered noxious gaseous molecules. NO is enzymatically
produced by NO synthases, of which three isoforms have
been described and historically classified according to their
location or regulation, yet presently considered to be ubiqui-
tous and constitutively expressed: inducible NO synthase
(iNOS), endothelial NO synthase (eNOS), and neuronal
NO synthase (nNOS) (reviewed, e.g., in [150]). Regardless
of the isoform and its localization or regulation, NO
synthases catalyze the conversion of arginine and O2 into
NO and citrulline, using electron equivalents derived from
NADPH. Besides being synthesized on demand by NO
synthases, NO is endogenously generated (i) under hypoxic
conditions through nitrite reduction by several heme pro-
teins (including hemoglobin, as reviewed in [151]), (ii) in
the digestive tract as an intermediate of bacterial nitrogen
metabolism (particularly in the mouth and the gut), and
(iii) chemically from nitrite under the acidic environment
in the stomach (reviewed, e.g., in [152]). As for CO, it is
generated by either isoform of heme oxygenase, HO-1
and HO-2, which catalyze the conversion of heme, with
O2 as cosubstrate, into biliverdin and CO, employing
NADPH-derived electron equivalents (reviewed, e.g., in
[153]). H2S synthesis is catalyzed by CBS, CSE and MST,
as described above.

As mentioned before, it has become increasingly clear
that no gasotransmitter should be regarded as an isolated
entity with an independent cellular function and lifespan.
Rather, gasotransmitters interact with each other not only
by direct cross-reactions that generate other reactive species
but also by having cooperative or opposite molecular and

cellular consequences towards their targets. Moreover, each
gasotransmitter in many ways is able to modulate the synthe-
sis of the others, which represents an additional intricate level
of regulation. An example of this modulatory action is
described below, concerning the regulation of CBS-
catalyzed H2S production by NO and CO.

4.2. Chemical Bases of the Interplay between H2S and NO. The
biological effects of H2S and NO are intimately intercon-
nected. The interplay between these two gaseous molecules
takes place through numerous mechanisms acting at differ-
ent levels (reviewed in [154]). Many studies aimed at gaining
insight into the chemical foundation of the interaction
between H2S and NO. An extensive analysis has been carried
out of the reactivity of sulfide with several NO metabolites,
including nitrite [155], peroxynitrite [156, 157], and nitro-
sothiols [158–163], and with NO releasers such as nitroprus-
side [163–167]. Despite these efforts, the picture is currently
far from being completely clear. As discussed in [5, 168–171],
some remarkable discrepancies have indeed emerged, mainly
regarding the nature of the species generated in these reac-
tions and their suitability as signaling molecules under phys-
iological conditions.

The first S/N hybrid species suggested to form by reaction
of nitrosothiols (e.g., S-nitrosoglutathione (GSNO)) with sul-
fide was thionitrous acid/thionitrite (HSNO/ONS−) [161].
In line with previous studies by Whiteman et al. [172, 173],
Filipovic et al. [161] reported the formation of HSNO by
reaction of H2S with either GSNO or acidified nitrite, as well
as by investigation of the reaction of NO with HS· generated
by pulse radiolysis. In addition to HSNO, the reaction of
GSNO with sulfide was found to yield also a yellow product
assumed to be a mixture of polysulfides. Of interest regarding
its potential physiological implications, HSNO was proposed
to serve not only as a source of both NO and nitroxyl anion
(NO−) but also as a donor of nitrosonium ion (NO+) to
thiols, thereby promoting transnitrosation reactions even
across biological membranes [161]. On these bases, HSNO
was suggested to be a key species in the interplay between
H2S and NO, sitting at the crossroad between the H2S and
NO signaling pathways.

This view was challenged in subsequent studies by
Cortese-Krott et al. [145, 155, 159, 160, 169, 174], who
failed to detect HSNO accumulation during the reaction
of GSNO with H2S and claimed HSNO to be too short-
lived to accumulate and be identified under physiological
conditions, in agreement with Munro and Williams [175]
and Williams [176]. Compared to other physiologically rele-
vant nitrosthiols, HSNO was indeed suggested to be much
more unstable as it undergoes a facile isomerization by
hydrogen shift, leading to formation of four distinct isomers.
The yellow product generated by reaction of GSNO with H2S
initially described in [161] was assigned by Cortese-Krott
et al. [159] to nitropersulfide (SSNO−), a compound discov-
ered and chemically characterized in the ’80s [177]. The same
research groups reported later [160] that, under physiologi-
cally relevant conditions, the reaction between sulfide
and NO generates not only SSNO− but also polysulfides
and SULFI/NO [ON(NO)SO3

−], an additional bioactive
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compound consisting of an adduct of two molecules of NO
with sulfite. Based on these and further investigations [174],
Cortese-Krott et al. reported that SSNO− is stable in the pres-
ence of thiols and cyanides and is able to release NO upon
decomposition, targeting the Keap1/Nrf2 redox system,
among other possible ones. Overall, this led to the proposal
that SSNO−, rather than HSNO, plays a key role in the
interplay between NO and H2S under physiological condi-
tions [159]. In line with this proposal, SSNO− was reported
to be very stable under anaerobic conditions, to decay
slowly (half life of about 40 minutes) in aqueous buffer
under aerobic conditions, and to directly react with deoxy-
genated metHb with a rate constant of 11M−1·s−1, yielding
ferrous nitrosyl Hb (HbNO) presumably via NO release
[178]. In contrast, by characterizing pure crystalline SSNO−

prepared as a bis(triphenylphosphine)iminium (PNP+) salt
according to [179], Filipovic et al. reported that SSNO− is
a highly unstable species, leading to rapid decomposition
with formation of HNO/NO− in the presence of water,
light, or acid and producing HSNO by reaction with H2S,
cyanide, and GSH [180, 181].

From the observations reported above, it is clear that
additional investigations are needed to reconcile the dis-
crepancies present in the literature and gain further insight
into the chemical foundation of the interplay between NO
and H2S.

4.3. Modulation of H2S Metabolism by NO and CO.
Besides the chemical reactions that define new players in
gasotransmitter-mediated signaling, there is an intricate
web of cross-regulatory mechanisms whereby each gaso-
transmitter regulates the homeostasis of the others. While
part of that cross-regulation may occur at the transcriptional
and translational level, herein we will mainly cover the
molecular mechanisms that result from direct interactions
between the gasotransmitters and their target proteins, focus-
ing on the modulation by NO and CO of H2S biosynthesis
and breakdown.

4.3.1. Modulation of H2S-Generating Enzymes by NO, CO,
and Derived Species. The most thoroughly studied H2S-
generating enzyme in terms of regulatory mechanisms
has certainly been CBS. In what regards its modulation
by the other gasotransmitters NO and CO, CBS regulation
is centered at its noncatalytic heme bound to the N-
terminal domain. This interplay between gasotransmitters
results essentially from the fact that H2S production by
CBS is reversibly inhibited by NO and CO. The direct
effect of this inhibitory mechanism would be that local
increases in NO or CO result in decreased H2S synthesis,
which has been demonstrated in different cellular models
and tissues [182–185]. However, recent evidence suggests
that CBS inhibition may in fact result in overall increased
H2S production, due to a metabolic switch in the transsul-
furation pathway (Figure 1(a)) [11, 186]. In this perspective,
inhibiting CBS deviates the transsulfuration branch from
cysteine to H2S production via CSE, which has a higher
H2S-synthesizing activity, particularly using the accumulated
homocysteine also resulting from CBS inhibition [11, 186].

Moreover, the pathophysiological significance of CBS inhi-
bition by gasotransmitters may extend beyond “merely”
affecting H2S homeostasis. CBS acts as a metabolic hinge
determining the ratio between the remethylation and
transsulfuration steps of the methionine cycle (Figure 1(a)).
CO inhibition of CBS in various cancer cells has been shown
to affect the methylation state of 6-phosphofructo-2-kinase/
fructose-2,6-biphosphatase 3 (PFKFB3), suppressing 6-phos-
phofructo-2-kinase, resulting in a shift of glucose from
glycolysis to the pentose phosphate pathway [34, 187].

The regulatory heme-binding domain may be considered
a hallmark of CBS evolution, since it is absent from CBS
from prokaryotes or unicellular eukaryotes. The low-spin
hexacoordinate b-type heme is axially bound to the His65
imidazole and Cys52 thiolate moieties (human CBS number-
ing; Figure 4(b)). Besides its regulatory role, the CBS heme
has been proposed to have a structural stabilizing effect
and contribute to improve CBS folding [188]. After initial
submission of this review, a quite interesting observation
has been reported, which will once again stir the field of
CBS heme regulation. Kumar et al. observed that the N-
terminal residues 1–40, so far absent from all CBS crystallo-
graphic structures, constitute an intrinsically disordered
region that is able to bind heme with Cys and His as axial
ligands, in a cysteine-proline-based motif [189]. This obser-
vation, deserving further exploration, constitutes an addi-
tional level of complexity regarding all the literature on the
CBS heme regulation (see below).

The heme regulatory role is essentially related to its
redox state and the nature of its endogenous and exoge-
nous ligands. The initial designation of the CBS heme as
a redox sensor stemmed from its sensitivity to reducing
conditions. Indeed, heme reduction by excess sodium
dithionite at 37°C slowly (>20minutes) inactivates the
enzyme, which has been assigned to a ligand switch pro-
cess in which one of the endogenous ligands of heme iron
is replaced by another as yet unknown ligand (Figure 13)
[190]. The resulting species has been termed “C424” due
to its characteristic UV-visible absorption spectrum, in
which the Soret band obtained for reduced CBS with its
λmax at 449nm is shifted to a lower-intensity band cen-
tered at 424nm. Irrespectively of the bound endogenous
ligands, once reduced, the heme is able to bind the gaso-
transmitters CO and NO, which results in reversible
enzyme inhibition (Figure 13) [191–195]. Although the
low reduction potential (−350mV, [196]) measured for
the CBS heme raised some doubts about the occurrence
of reduced CBS heme in vivo, the human enzyme methionine
synthase reductase (MSR) has been shown to be able to cata-
lyze CBS reduction in vitro at the expense of NADPH oxida-
tion. Moreover, MSR is able to generate both the ferrous-CO
and the ferrous-NO species of human CBS [191, 197].
Despite the significant distance between the heme and PLP
cofactors (~11Å from edge to edge and ~20Å from the Fe
ion to the pyridoxine ring), communication between them
is ensured by a network of molecular interactions occurring
at helix 8 (depicted by the yellow arrow in Figure 4(b))
[198, 199]. While at the PLP end of helix 8 the residues
Thr257 and Thr260 establish hydrogen bonds with the PLP
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phosphate group, at the heme extremity of this helix Arg266 is
in electrostatic contact with the heme ligand Cys52 thiolate
moiety. The relevance of these residues in the allosteric com-
munication between the active (PLP) and regulatory (heme)
sites has been further demonstrated in clinically relevant var-
iants [199, 200].

The kinetic characterization of the interplay between the
three gasotransmitters centered at CBS has been made possi-
ble by taking advantage of the distinct characteristic UV-
visible absorption spectra displayed by the heme cofactor in
different oxidation and ligation states. Most studies on the
CBS redox state and ligand reactivity have thus employed
static and time-resolved (stopped-flow) absorption spectros-
copy [192–195, 199–204].

The reaction of reduced CBS with CO has been thor-
oughly characterized in vitro and shown to result in a hex-
acoordinate species in which the endogenous Cys52 ligand
has been replaced by CO, with no evidence for stable inter-
mediates. Indeed, the reaction is limited by the slow dissoci-
ation of Cys52 (0.003–0.017 s−1 [192, 195, 197, 204]), as
confirmed by laser flash photolysis and time-resolved Raman
spectroscopy [192]. Equilibrium titrations revealed that CO
binds to ferrous CBS according to two dissociation constants
(Kd1 = 0 7 – 1 5 μM and Kd2 = 45–68 μM; C50 ≈ 30 μM),
which has been assigned to anticooperativity between paired
monomers [192] or differences in the heme microenviron-
ment [194]. The inhibitory effect of CO binding to the fer-
rous heme in human CBS is characterized by Ki values of
5.6–9.5μM [194, 204].

Recently, our groups have reported that a clinically rele-
vant variant with a mutation in the N-terminal domain,
p.P49L, displays a markedly higher affinity for CO with
respect to WT, while showing an essentially WT-like behav-
ior in other functional and structural terms [203]. While
this mutation may induce increased flexibility of the loop

containing both heme endogenous ligands, the overall
higher proneness to become inhibited by CO may represent
a new pathogenic mechanism in classical homocystinuria.
Current efforts to develop alternative therapies for classical
homocystinuria have essentially focused on chemical and
pharmacological chaperones to recover misfolded protein
variants originating from missense mutations [205–211]
and recently on the development of a PEGylated CBS for
enzyme replacement therapy [212–214].

NO binding to reduced CBS is remarkably faster and
displays much higher affinity than CO binding. However,
initial reports on the reaction between ferrous CBS and
NO indicated otherwise. Very low affinity for NO was
reported (Kd = 281 μM), employing a high excess of sodium
dithionite to keep CBS reduced throughout the NO titrations
and using a slow NO releaser (diethylamine NONOate) as
NO source [193]. Under these conditions, free NO, either
unreacted or dissociated from the ferrous-NO CBS adduct,
reacts with the excess dithionite and leads to an overestima-
tion of the dissociation constants, as later shown even with
minute amounts of excess dithionite [195]. Recently, our
groups have shown that NO binding to ferrous CBS occurs
with an affinity compatible with a physiological role of NO
in controlling CBS function [195]. An apparent Kd of
0.23μM was determined at the lowest dithionite concentra-
tion used in that study, which implies that the actual affinity
is even higher than measured. Contemporarily, a Kd = 30 μM
was determined and still was considered an upper limit for
this dissociation constant, as it was measured using NADPH
and human MSR as reduction system, therefore involving
multiple equilibria (NADPH ↔ MSR, MSR ↔ CBS, and
CBS ↔ NO) [191]. As compared to CO, NO binding to
reduced CBS not only occurs with markedly higher affinity
but is also orders of magnitude faster, as investigated by
stopped-flow absorption spectroscopy. Differently from
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CO, NO binding results in a pentacoordinate ferrous-NO
adduct, where both endogenous ligands have been displaced
and a single NO molecule is bound. No reaction intermedi-
ates have been detected upon mixing NO with reduced
CBS, at least within the time resolution of the stopped-flow
equipment. Moreover, also differently from CO, NO binding
proceeds with rate constants linearly dependent on NO con-
centration (up to 800μM), that is, unlimited by dissociation
of the endogenous ligands, yielding a bimolecular rate con-
stant of ~8× 103M−1·s−1 (at 25°C). In line with the higher
affinity and faster binding of NO with respect to CO, NO dis-
sociation from ferrous CBS is slower than CO dissociation. In
mechanistic terms, since NO binding is not rate-limited by
the displacement of Cys52 (which instead limits CO binding),
it has been proposed that NO may initially displace the His65
heme ligand (Figure 13). In turn, the absence of evidence for
a hexacoordinate intermediate suggests that Cys52 is immedi-
ately displaced upon NO binding. Finally, although it has
been established that the final NO adduct is a pentacoordi-
nate species, it remains to be demonstrated whether NO ends
up on the His65 or Cys52 side of the heme, since both residues
are supposed to dissociate from the heme iron. It should be
noted that if NO ends up on the Cys52 side, the bindingmech-
anism must involve the formation of a transient bis-NO inter-
mediate (Figure 13). Irrespectively of the mechanistic details,
the kinetic and spectroscopic investigations of CBS reduction
and CO and NO binding have determined parameters com-
patible with an in vivo role of this regulatory mechanism.

The reaction of reduced CBS with O2 was also investi-
gated by stopped-flow absorption spectroscopy and shown
to be reasonably fast, occurring with a bimolecular rate con-
stant of ~1× 105M−1·s−1 (25°C) [202], that is, approximately
10-fold faster than the reaction with NO. Although this reac-
tion reverts CBS back to its active ferric state, it also generates
superoxide anion as a reaction product, which may have
damaging effects. This oxidation process has indeed been
reported to involve a partial heme loss. Superoxide anion
promptly reacts with NO (at rates close to the diffusion limit)
to yield the powerful oxidant peroxynitrite. Interestingly, it
has been shown that CBS heme not only is inactivated by
peroxynitrite but also may be a source of it. The reaction
of oxidized CBS with peroxynitrite has been shown to
result in enzyme inactivation with an IC50 of 150μM, occur-
ring according to a bimolecular rate constant of 2.4–
5× 104M−1·s−1 and leading to nitration of Trp208, Trp43,
and Tyr223, as well as damaging the heme moiety [215].
Intriguingly, a recent report demonstrated that the reaction
between ferrous-NO CBS and O2, previously shown to revert
the heme to its ferric state, yields peroxynitrite [201]
(Figure 13). Moreover, the reaction of reduced CBS with
nitrite may itself constitute a source of NO [191, 201], which
further adds to the complex heme-mediated regulation of
H2S synthesis by CBS (Figure 13).

4.3.2. Effect of AdoMet on CO/NO Binding and Inhibition
of H2S Production by CBS. CBS continues to surprise
researchers in the field since regulation of the protein
activity not only is intricate but also at times appears
odd. It has long been established that AdoMet is an activator

of CBS, increasing its enzymatic activity by 2- to 5-fold.
Moreover, AdoMet binding also has a stabilizing effect,
particularly under “normal” (nonpathological) conditions
[216]. Recently, the structural details of this regulatory
mechanism have been elucidated. While the C-terminal reg-
ulatory domain from one monomer blocks the substrate
entry site in the catalytic core of an adjacent monomer, Ado-
Met binding to the C-terminal domain (also called Bateman
module) causes a domain shift and leads to the association of
two C-terminal domains in a disk-like form, unblocking the
substrate entrance and thus “activating” (or derepressing)
the enzyme [44, 46]. The relevance of this regulatory mecha-
nism is well attested by the fact that some homocystinuric
patients express CBS variants with mutations in the C-
terminal domain, that are naturally activated (more active
than WT) and have limited or absent AdoMet response as
the molecular basis of disease [217, 218]. While working on
the kinetic characterization of NO and CO binding to human
CBS, we noticed that AdoMet has the intriguing effect of eli-
citing faster and tighter binding of both CO and NO, thus
making the enzyme more prone to inhibition by either gaso-
transmitter [204]. This observation is directly related to the
binding of exogenous ligands, since AdoMet had been shown
to have no effect on the heme redox properties [196]. Under
the same reaction conditions, AdoMet makes CO inhibition
>10 times more potent than in its absence (Ki CO,+AdoMet =
0 7 μM versus Ki CO,−AdoMet = 9 5 μM) [204]. The kinetic
details of this functional effect have been investigated, and
it was shown that AdoMet increases CO affinity by ~5-fold
and association kinetics by ~10-fold, whereas the effect on
NO binding is less drastic (~2-fold higher affinity with
respect to AdoMet-free CBS). The latter observation also
enforces the previous mechanistic proposal that CO and
NO “attack” different sides of the heme. Recently, this obser-
vation has been extended to a clinically relevant variant,
p.P49L, which displays the same AdoMet response in terms
of becoming more sensitive to CO, while being slightly
impaired in the AdoMet activation of H2S production, com-
pared to WT [203]. Irrespectively of the mechanistic details,
the AdoMet-induced enhanced CO and NO binding appears
as an intricate regulatory mechanism which adds to the com-
plexity of CBS regulation.

4.3.3. Modulation of Sulfide Oxidation by NO. Whereas the
effect of CO and NO on H2S biosynthesis has been investi-
gated in detail, much scarcer is the information on the effect
of these two gaseous molecules on H2S catabolism. Because
CO and NO, similarly to cyanide, can both potently inhibit
CcOX through different mechanisms (see above), relatively
low concentrations of these gasotransmitters are expected
to affect mitochondrial sulfide oxidation. Following cell
exposure to CO or NO, a transient inhibition of CcOX is
indeed expected to occur and lead to electron accumulation
in the mitochondrial respiratory chain, eventually impairing
quinol oxidation. As a result, SQR-mediated oxidation of
sulfide is expected to be impaired as long as CcOX inhibition
persists. Accordingly, addition of the NO releaser MAMA
NONOate (≥20μM) or cyanide (260μM) to colonocytes
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was recently reported to inhibit cellular respiration and its
stimulation by 20μM NaHS [219]. Furthermore, it is worth
noting that long-term intraperitoneal or intravenous admin-
istration of nitroglycerine in rats was shown to induce
decreased rhodanese activity and diminished levels of sul-
fane sulfur in liver extracts [220]. The observed inhibition
of rhodanese was proposed to arise from S-nitrosation of
the catalytic cysteine in the protein active site. A cysteine
in the isolated rhodanese from bovine liver was indeed
shown to be susceptible to S-nitrosation by the NO donors
S-nitroso-N-acetylpenicillamine (SNAP) and GSNO, lead-
ing to enzyme inhibition [220].

The preliminary information reported above unveils an
additional level at which the interplay between the gasotrans-
mitters can be established. A full description of these molec-
ular mechanisms awaits further investigations.

4.3.4. Modulation of NO and CO Synthesis by Hydrogen
Sulfide. In light of the crosstalk between gasotransmitters,
hydrogen sulfide has been shown to have a role in the control
of NO and CO bioavailability under specific (patho)physio-
logical conditions.

As mentioned above, CO is generated by either isoform
of heme oxygenase, HO-1 and HO-2 [153]. Several lines of
evidence point to a role of hydrogen sulfide in increasing
the expression of heme oxygenase, particularly HO-1, and
consequently CO levels (mostly evaluated from the abun-
dance of carboxylated hemoglobin), thereby exerting either
protective or deleterious effects (e.g., [221–227]). The

underlying regulatory mechanism is proposed to involve
the Keap1/Nrf2 system. In particular, persulfidation of Keap1
Cys151, by reaction either of H2S with oxidized Cys151 or of
reduced Cys151 with H2S-derived HS· (Figure 11(a)), causes
the protein dissociation from Nrf2 that, in turn, translocates
into the nucleus, ultimately resulting in increased HO-1 tran-
scription and protein levels (Figure 14) [225]. Another possi-
bility whereby CO production may be modulated resides in
the fact that a thiol/disulfide redox switch comprising three
Cys-Pro signatures in HO-2 regulates heme binding [228,
229]. The sensitivity of this thiol/disulfide switch to the cellu-
lar redox state and possibly to the intracellular sulfide levels
may afford another level of H2S-mediated control of CO
levels. Interestingly, the beneficial health effects of certain
garlic-derived organosulfur compounds, particularly diallyl
disulfide and trisulfide, have been proposed to be related with
the modulation of CO production by H2S via the Keap1/Nrf2
pathway [230–232].

The control of NO biosynthesis by hydrogen sulfide
has been investigated in more detail and appears to occur
at the transcriptional, translational, and posttranslational
levels, involving other signaling pathways, besides a direct
inhibition of all NOS isoforms by H2S. The abundance of
data in the literature highlights the fact that the effect of
H2S on the expression and activity of each NOS isoform
can vary—sometimes yielding conflicting results—with
the model organ, tissue, or cell type investigated and with
the nature, concentration, and potency of the employed
sulfide donor. Moreover, whereas in some studies “only”
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Figure 14: H2S-mediated modulation of nitric oxide and carbon monoxide biosynthesis. Hydrogen sulfide produced by CBS, CSE, and MST,
and the related per- and polysulfide species (RS(n)H), can modulate NO and CO bioavailability through different mechanisms. Left,
representation of sulfide-mediated enhanced eNOS activity: H2S reduces VEGFR2 Cys1024-Cys1045 disulfide, resulting in activation of
PI3K; the accumulated PIP3 increases Akt-mediated phosphorylation of eNOS at Ser1077 and/or Ser1079, enhancing its NO-synthesizing
activity. Center, direct persulfidation of eNOS Cys443 sustains the protein catalytic activity by competing with Cys443 S-nitrosation, which
causes dissociation of the active dimeric into the inactive monomeric form. Right, modulation of CO biosynthesis through increased
expression of HO-1, mediated by the Keap1/Nrf2 pathway. Persulfidation of Keap1 Cys151, either by reaction of H2S with oxidized Cys151
or of reduced Cys151 with H2S-derived HS·, causes its dissociation from Nrf2, which can then translocate to the nucleus, where it enhances
heme oxygenase HO-1 expression, thus resulting in higher CO levels that may become inhibitory for CBS.
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the levels of NO (or nitrite/nitrate) are measured as a
function of sulfide exposure, other studies further investi-
gate the NO-mediated cellular and physiological effects of
sulfide exposure.

Regulation of eNOS by H2S has been thoroughly investi-
gated. In different cell types and under different conditions
and stimuli, eNOS activation in response to sulfide exposure
seems to be mediated by the PIP3/Akt (phosphatidylinositol
3,4,5-trisphosphate/serine/threonine-specific protein kinase)
pathway (Figure 14). The molecular mechanism is proposed
to involve the reduction by H2S of the vascular endothelial
growth factor receptor 2 (VEGFR2) Cys1024-Cys1045 disulfide
that in the oxidized state represses its receptor activity. This
H2S-induced disulfide reduction thus prolongs the VEGFR2
activity and consequently the phosphatidylinositol-4,5-
bisphosphate 3-kinase (PI3K) activity, yielding an increase
in PIP3 levels (which may also be influenced by persulfida-
tion of Cys124 in the phosphatase and tensin homolog
(PTEN)). The resulting increased Akt activation leads to
enhanced eNOS phosphorylation at Ser1177 and/or Ser1179,
thereby increasing the NO-synthesizing activity. Another
level of sulfide-mediated eNOS regulation concerns the direct
persulfidation at Cys443 (Figure 14). Whereas dimerization
appears to be a prerequisite for optimal eNOS activity,
S-nitrosation of Cys443 induces dimer dissociation into
the virtually inactive monomeric form. Sulfide-mediated
persulfidation of this residue actively competes with S-nitro-
sation, thereby maintaining eNOS in the active homodimeric
form. Direct in vitro inhibition of recombinant eNOS by
H2S is characterized by an extremely high (nonphysiological)
IC50 of 170μM [233]. Regarding the sulfide-mediated
modulation of eNOS expression, various reports have
either shown a down- or upregulation of eNOS mRNA and
protein levels in response to H2S exposure. These somehow
contradictory results obtained for different model systems
(animals, organs, and cells) rule out the establishment of a
clear trend, induction versus repression, for sulfide modula-
tion of eNOS expression.

Besides its direct in vitro inhibition at nonphysiological
H2S concentrations (IC50 = 210 μM) [233], sulfide-mediated
modulation of iNOS is reported to occur mainly through
regulation of its expression. Similarly to eNOS, initial con-
tradictory results indicated either an increase or a decrease
in iNOS-mediated NO production in response to sulfide
exposure [234]. This controversy was addressed by compar-
atively investigating the effects of different H2S donors
[235], showing that the rate of H2S release by the donors
is a key determinant for the downstream effects. Subse-
quent investigations on various models commonly assigned
an inhibitory effect of sulfide on iNOS mRNA expression
and consequently iNOS-mediated NO production, thereby
contributing to the establishment of H2S as an anti-
inflammatory molecule (reviewed, e.g., in [154]).

Currently, the information on nNOS modulation by H2S
is scarce. Besides its inhibition at high nonphysiological sul-
fide concentrations (IC50 = 130 μM) [233, 236], nNOS
expression seems to be either insensitive to sulfide exposure
or decreased upon overexpression of the H2S-synthesizing
CBS in hypertensive (but not normotensive) rats [237].

Altogether, the multiple molecular mechanisms whereby
each of the three gasotransmitters may control the bio-
availability of the others highlight the intricate signaling
mechanisms that govern mammalian (patho)physiology
and offer valuable possibilities for pharmacological target-
ing of each pathway.

5. Concluding Remarks

Hydrogen sulfide evolved from being merely perceived as a
toxic and poisonous molecule to a prominent signaling mol-
ecule in mammalian physiology, joining nitric oxide and car-
bon monoxide as the triad of gasotransmitters. The last
couple of decades witnessed an accumulation of data show-
ing that (i) H2S is endogenously synthesized and catabolized
by specialized enzymes and kept under a tight control
through multiple intricate regulatory mechanisms, (ii) the
signaling functions attributed to H2S are mainly linked to
the interaction with and modification of target proteins, via
reaction with metal centers (mostly in heme proteins) and
through cysteine persulfidation that alters protein structure
and function, (iii) dysregulation of H2S homeostasis is at
the basis of several pathologies, including cardiovascular
and neurodegenerative diseases and cancer, and (iv) possible
mechanisms underlying a functional crosstalk between the
three gasotransmitters have been unveiled. The clear link
between H2S metabolism and homeostasis with human
health has triggered a strong interest in the discovery and
development of pharmacological (synthetic and naturally
derived) compounds, either to release H2S or to modulate
the H2S metabolism enzymes. Despite the accumulated
knowledge on hydrogen sulfide biochemistry over the years,
all a contribution as this one can amount to be, particularly
concerning a field in its infancy, is just a still picture of a fast
moving body. Indeed, during the writing of this manuscript,
several pieces of information even challenging previous
observations arose in the literature, further contributing to
the complexity of this quickly progressing field.

Abbreviations

3-MP: 3-Mercaptopyruvate
AdoHcy: S-Adenosyl-L-homocysteine
AdoMet: S-Adenosyl-L-methionine
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CO: Carbon monoxide
CSE: Cystathionine γ-lyase
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CysSOH: Cysteine residue with modified thiol to
sulfenic acid

CysSSH: Cysteine persulfide
CysSS(n)H: Cysteine polysulfide
CysSSOH: Cysteine perthiosulfenic
CysSSR: Cysteine residues with modified thiol to
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DHLA: Dihydrolipoic acid
EDHF: Endothelium-derived hyperpolarizing factor
EDRF: Endothelium-derived relaxing factor
eIF2α: Eukaryotic translational initiation factor 2α
eNOS: Endothelial nitric oxide synthase
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spectroscopy
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FAD: Flavin adenine dinucleotide
GAPDH: Glyceraldehyde 3-phosphate dehydrogenase
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GSS(n)H: Glutathione polysulfide
Hb: Hemoglobin
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H2S2: Hydrogen persulfide
H2S3: Hydrogen trisulfide
HO-1: Heme oxygenase 1
HO-2: Heme oxygenase 2
HS−: Hydrosulfide
HSNO/ONS−: Thionitrous acid/thionitrite
iNOS: Inducible nitric oxide synthase
Keap1: Kelch-like ECH-associated protein 1
Kir6.1: Inwardly rectifying potassium channel

subunit Kir6.1
LMW: Low-molecular-weight
metHb: Ferric hemoglobin
Mb: Myoglobin
MSR: Methionine synthase reductase
MST: 3-Mercaptopyruvate sulfurtransferase
NADPH: Nicotinamide adenine dinucleotide phos-

phate (reduced form)
NF-κB: Nuclear factor κB
nNOS: Neuronal nitric oxide synthase
NO: Nitric oxide (NO·)
NO−: Nitroxyl anion
NO+: Nitrosonium ion
Nrf2: Nuclear factor erythroid 2-related factor 2
PERK: Protein kinase RNA-like ER kinase
PI3K: Phosphatidylinositol-4,5-bisphosphate 3-

kinase
PIP3: Phosphatidylinositol 3,4,5-trisphosphate
PLP: Pyridoxal 5′-phosphate
PNP+: Bis(triphenylphosphine)iminium
PPG: Propargylglycine
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PTEN: Phosphatase and tensin homolog
PTP1B: Protein Tyr phosphatase 1B
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RNS: Reactive nitrogen species
ROS: Reactive oxygen species

RSS: Reactive sulfur species
RSS·: Perthiyl radical
S2−: Sulfide
SAHH: S-Adenosyl-L-homocysteine hydrolase
SMCs: Vascular smooth muscle cells
SOx: Sulfite oxidase
SQR: Sulfide:quinone oxidoreductase
SSNO−: Nitropersulfide
Tom20: Translocase of the outer membrane 20
TPP+: Triphenylphosphonium
Trx: Thioredoxin
VEGFR2: Vascular endothelial growth factor

receptor 2.
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The transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2) is a key master switch that controls the expression of
antioxidant and cytoprotective enzymes, including enzymes catalyzing glutathione de novo synthesis. In this study, we aimed to
analyze whether Nrf2 deficiency influences antioxidative capacity, redox state, NO metabolites, and outcome of myocardial
ischemia reperfusion (I/R) injury. In Nrf2 knockout (Nrf2 KO) mice, we found elevated eNOS expression and preserved NO
metabolite concentrations in the aorta and heart as compared to wild types (WT). Unexpectedly, Nrf2 KO mice have a smaller
infarct size following myocardial ischemia/reperfusion injury than WT mice and show fully preserved left ventricular systolic
function. Inhibition of NO synthesis at onset of ischemia and during early reperfusion increased myocardial damage and
systolic dysfunction in Nrf2 KO mice, but not in WT mice. Consistent with this, infarct size and diastolic function were
unaffected in eNOS knockout (eNOS KO) mice after ischemia/reperfusion. Taken together, these data suggest that eNOS
upregulation under conditions of decreased antioxidant capacity might play an important role in cardioprotection against I/R.
Due to the redundancy in cytoprotective mechanisms, this fundamental antioxidant property of eNOS is not evident upon acute
NOS inhibition in WT mice or in eNOS KO mice until Nrf2-related signaling is abrogated.

1. Introduction

Imbalanced redox equilibria are a hallmark of many patho-
logical processes [1, 2]. An important mechanism by which
cells adapt to an altered redox status as a result of a higher
oxidative burden, or a compromised reductive capacity, or
both, is transcriptional upregulation of a battery of cytopro-
tective genes. The same genes are also central to the supply

with intracellular reducing equivalents required to maintain
redox homeostasis and the detoxification of damaging elec-
trophilic by-products of oxidants. The transcription factor
Nrf2 is a key master regulator of the expression of genes,
encoding antioxidant, detoxifying, and cytoprotective mole-
cules such as heme oxygenase 1 (HO-1), SOD, glutathione
S-transferase, glutamate cysteine ligase (an enzyme critical
to glutathione biosynthesis), and NADPH quinone
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oxidoreductase 1 [3–6]. These genes contain the antioxidant
response cis-element (ARE) in their promoters, which is a
binding site for Nrf1 and Nrf2 transcription factors. Under
steady-state conditions, Nrf2 remains sequestered in the
cytoplasm by binding to Kelch-like ECH-associated protein
1 (Keap1). Oxidants and electrophiles induce the release of
Nrf2 from the cytosolic complex by oxidation of cysteines
within Keap1 and phosphorylation at specific sites [7], thus
allowing Nrf2 to shuttle into the nucleus where it heterodi-
merizes with specific cofactors and coordinates upregulation
of cytoprotective genes. Nrf1 serves complementary, but dis-
tinct functions including regulation of cell growth andmetab-
olism, heme biosynthesis, and mitochondrial function [8].

Dysfunction in Nrf2-dependent gene regulation has been
implicated in the pathogenesis of myocardial and renal ische-
mia, inflammatory disorders, cancer, and aging [9–12].
Ischemia/reperfusion (I/R) increased Nrf2 dissociation from
Keap1, resulting in Nrf2 translocation into the nucleus, bind-
ing to the ARE, and activation of phase II detoxifying and
antioxidant genes [9]. The Nrf2/ARE pathway affects cell
survival through a variety of mediators, including apoptotic
proteins such as Bcl-2 and Bax [13] and phase II enzymes
such as HO-1 [14]. Moreover, Nrf2 is essential to successful
ischemic preconditioning: two cycles of ischemic precondi-
tioning did not result in cardiac protection in the absence
of Nrf2 [2]. Likewise, several Nrf2 activators including gluco-
corticoids [15], endogenous prostaglandin D2 [16], and
hydrogen sulfide (H2S) [17, 18] are cardioprotective in a
Nrf2-dependent manner since this cardioprotection was lost
in Nrf2 knockout (Nrf2 KO) mice.

Our recent study revealed that Nrf2 KO mice show
cardiac hypertrophy, left ventricular diastolic dysfunction,
and impaired Ca2+ homeostasis [19]. However, we found that
vascular function in Nrf2 KO mice was fully preserved via a
compensatory upregulation of eNOS. Considering the potent
antioxidant and cardioprotective effects of nitric oxide (NO),
we surmised that eNOS upregulation in Nrf2 KO mice may
affect outcome after acute myocardial infarction. Specifically,
we hypothesized that upregulation of eNOS may influence
the degree of myocardial I/R injury under conditions of
Nrf2 deficiency given the established significance of this
transcription factor for cytoprotection and redox regulation.

To test this hypothesis, we first characterized overall thiol
andNOmetabolic status ofNrf2KOmice. In a second step,we
subjected Nrf2 KO mice to 30min occlusion of the left ante-
rior descending artery (LAD) followed by 24 h of reperfusion,
analyzed infarct size and myocardial function in the presence
and absence of aNOS inhibitor, and compared themwithwild
type (WT) and eNOS KOmice. We found that Nrf2 KOmice
show decreased antioxidant capacity (GSH synthesis), yet dis-
play preserved redox status and levels of NO metabolites.
Moreover, we found an eNOS-dependent cardioprotection
against I/R injury in Nrf2 KO mice, which was abrogated by
treatment with a NOS inhibitor. Cardioprotection by eNOS-
derived NO was neither evident in WT mice treated with a
NOS inhibitor nor in eNOS KO mice. Our data suggest that
upregulation of eNOS and preserved NO bioavailability
protects against myocardial I/R injury whenever antioxidant
capacity is compromised like in Nrf2 KO mice. Intriguingly,

due to the redundancy in cytoprotective mechanisms, this
fundamental cardioprotective property of eNOS-derived NO
is not evident upon acute NOS inhibition in WT or eNOS
KO mice until Nrf2-related signaling is impaired.

2. Materials and Methods

2.1. Materials. Unless otherwise specified, chemicals were
purchased fromSigma-AldrichChemie/Merck (Deisenhofen,
Germany). Materials for Western blotting were purchased
from Life Technologies (Invitrogen, Darmstadt, Germany).

2.2. Mice. Nrf2 KO/C57BL/6J (BRC number 01390) mice
were obtained from Riken (Koyadai, Tsukuba, Ibaraki,
Japan) and crossed for more than 10 generations with
C57BL/6J. C57BL/6J mice were purchased from Janvier Labs
(Le Genest-Saint-Isle, France) and used as WT mouse
controls. eNOS KOmice on C57BL/6J background were gen-
erously provided by Dr. Axel Gödecke (Heinrich Heine
University of Düsseldorf, Germany) [20]. Transgenic mice
were bred and housed in the animal facility of the Heinrich
Heine University, and male 5-6-month-old mice were used
for experiments. All experiments were approved by the
North Rhine-Westphalia State Agency for Nature, Environ-
ment and Consumer Protection and performed according
to the guidelines for the use of experimental animals as given
by German law.

2.3. Collection of Blood and Tissues from Nrf2 KO, eNOS KO,
and WT Mice. For the analysis of thiols and NO metabolites,
blood and organs were collected as described previously [21].
Briefly, mice were anesthetized with isoflurane (2.0%) and
killed by exsanguination. Blood was transferred immediately
into tubes containing N-ethylmaleimide (NEM)/EDTA
(10 : 1 v/v), dissolved in phosphate-buffered solution (PBS)
at pH7.4 (final concentrations: 10mM NEM, 2mM EDTA),
and centrifuged immediately for 3min at 3000g. Organs
were harvested after 1min of perfusion with ice cold
10mM NEM/2mM EDTA in PBS pH7.4, blotted dry on fil-
ter paper, weighed, snap frozen in liquid nitrogen, and kept at
−80°C until later analysis. For Western blot analysis, organs
were perfused with PBS pH7.4 only.

2.4. Determination of Low-Molecular-Weight Thiols and
Sulfide by Liquid Chromatography-Mass Spectrometry.
Low-molecular-weight thiols and sulfide were measured
as their NEM adducts using a Waters Acquity ultra-high
pressure liquid chromatography (UHPLC) system coupled
with a Xevo triple quadrupole (TQ-S) mass spectrometer.
The UHPLC separation used an Acquity UPLC CSH C18
(1.7μm), 2.1× 100mm column. Gradient elution was used
with the mobile phases consisting of H2O with 5mM ammo-
nium formate and 95% acetonitrile (ACN) (eluent A) and 5%
H2O with 5mM ammonium formate (eluent B). An injection
volume of 5μl was used with a column temperature of 30°C
and a flow rate of 0.2ml/min. The gradient started at 95%
A, decreasing down to 40% over 5min, returning to 95% A
by 6min and allowing the column to equilibrate for another
min, resulting in a total run time of 7min. The elution times
of each compoundmeasured were (in min) 0.94 (GSSG), 1.80
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(GluCys), 2.00 (GSH), 2.11 (Cys), 2.26 (CysGly), 2.35
(HCys), and 4.80 (sulfide).

2.5. Determination of NO Metabolites. Nitrosated (S-nitroso
and N-nitroso) products (RXNO), NO heme, and nitrosyl
species were quantified by gas phase chemiluminescence
as described [21]. For nitrite/nitrate analysis, NEM-
treated samples were deproteinized with ice-cold methanol
(1 : 1 v/v), cleared by centrifugation and subjected to analysis
by high pressure liquid chromatography using a dedicated
nitrite/nitrate analyzer (ENO20, Eicom) as described [22].

2.6. Determination of eNOS Expression by Western Blot
Analysis. Lysis of the heart and aorta, sample preparation,
and Western blot analysis and detection were carried out as
described [19]. Briefly, organs were lysed in RIPA buffer
(1% NP40, 0.5% sodium deoxycholate, and 0.1% SDS in
PBS pH7.4) containing a cocktail of protease and phospha-
tase inhibitors (Pierce), homogenized at 4°C by using Tissue
Ruptor (Qiagen, Hilden, Germany), sonicated for 3min at
4°C, and centrifuged at 4000×g for 10min at 4°C. Total pro-
tein concentration of the supernatant was determined by
Lowry assay. Samples were loaded in 7% NuPAGE Tris-
Acetate precast gels (Invitrogen) and transferred onto PVDF
membrane Hybond P (Amersham Biosciences, Munich,
Germany). The membranes were blocked for 2 hours with
5% BSA (Bio-Rad) in T-TBS (10mM Tris, 100mM NaCl,
0.1% Tween) and incubated overnight at 4°C with a mouse
anti-eNOS (1 : 250, custom made from number 624086
anti-eNOS/NOS type III antibody, stock: 1mg/ml in PBS
pH7.4, BD Bioscience, Erembodegem, Belgium) or monoclo-
nal mouse anti-α-tubulin (1 : 5000, number T6199, Sigma-
Aldrich) in T-TBS. After washing for 1 hour in T-TBS, the
membranes were incubated with HRP-conjugated goat
anti-mouse or anti-rabbit secondary antibodies (1 : 5000;
BD Biosciences), and bands were detected using Amersham
ECL Select Western Blotting Detection Reagent (number
RPN2235, GE Healthcare) and Image Quant (GE Health-
care). Densitometry was carried out using Image Studio Lite
software (LI-COR Biotechnology, Lincoln, NE, USA). Detec-
tion and quantification of the bands was compared within the
linear range of the respective method of analysis.

2.7. Myocardial Ischemia and Reperfusion Protocol. Myocar-
dial ischemia was induced by 30min of ischemia followed
by 24h of reperfusion in WT, Nrf2 KO, and eNOS KO mice
as previously described [23]. Briefly, after skin incision,
median sternotomy, and pericardiotomy, the left anterior
descending coronary artery was ligated halfway from base
to apex with a 7-0 silk suture. Myocardial ischemia was
induced for 30min and confirmed by ST elevation on the
electrocardiogram recorded during the ischemic phase and
the first minute after reperfusion. Infarct size was evaluated
by staining with 2,3,5-triphenyltetrazolium chloride (TTC).
Briefly, the hearts were excised and perfused with 0.9% NaCl.
The left anterior descending artery was reoccluded in the
same location, and 1% Evans Blue dye was injected into
the aortic root to delineate the area at risk (AAR) from
not-at-risk area. The hearts were frozen at −20°C for

60min and serially sectioned in 1mm slices; each slice was
weighed and incubated in 1% TTC for 5min at 37°C. AAR
and nonischemic areas were evaluated by computer-assisted
planimetry. The size of the myocardial infarct is expressed
as a percentage of the infarcted tissue area compared to the
total AAR. A subgroup of mice received a continuous
intraperitoneal (i.p.) infusion of the NOS inhibitor S-
ethylisothiourea hydrobromide (ETU) (1.3mmol/kg/min)
during the ischemic period and in the early reperfusion. Effi-
cient NOS inhibition using this protocol was independently
verified by analyzing the concomitant increase in systolic
and diastolic blood pressure 15min after ETU administra-
tion as assessed invasively by Millar catheter in anesthetized
WT and Nrf2 KO mice [19].

2.8. Analysis of Cardiac Function by High-Resolution
Ultrasound and Cardiac Magnetic Resonance Tomography
(cMRT). Transthoracic echocardiography was performed as
previously described [19]. Left ventricular volume (LV),
end-systolic volume (ESV), and end-diastolic volume
(EDV), LV ejection fraction (EF), fractional shortening
(FS), cardiac output (CO), and stroke volume (SV) were
calculated. LV diastolic function was assessed by analysis of
the characteristic flow profile of the mitral valve Doppler
which was visualized in apical four-chamber view, as
described [19]. Cardiac magnetic resonance tomography
imaging data were recorded by a Bruker AVANCEIII
9.4 T wide bore NMR spectrometer (Bruker, Rheinstetten,
Germany) at 400.13MHz operated by ParaVision 5.1. Images
were acquired using the Bruker microimaging unit Micro 2.5
with actively shielded gradient sets (1.5 T/m) and a 25mm
birdcage resonator, as previously described [24].

2.9. Statistical Analysis. Statistical calculations for each exper-
iment and the number of animals are stated in Results and
figure legends. Statistical comparisons between groups were
calculated by either Student’s t-tests (for 2 groups) or Tukey’s
multiple comparison post hoc test following one-way ANOVA
(for more than two groups). Browne-Forsythe test was per-
formed to check for homoscedasticity of our samples. Post
hoc tests were run only if F was not different between the
groups and there was no significant variance inhomogeneity.
p < 0 05 was considered statistically significant.

3. Results

3.1. Decreased Antioxidant Reserve Capacity with Preserved
Redox State in Nrf2 KOMice. It is well known that mice lack-
ing the transcription factor Nrf2 show decreased expression
of enzymes involved in glutathione biosynthesis, especially
in the liver [25, 26]. To address the question how a lack of
Nrf2 affects circulating and tissue thiol metabolic status in
the heart and other organs, we assessed the concentration
of reduced and oxidized glutathione and some of its precur-
sors in blood and tissues of Nrf2 KO and WT mice. A
schematic representation of the main metabolic pathways
regulating GSH synthesis is provided in Scheme 1. With
the exception of red blood cells, we found that a lack of
Nrf2 significantly affects total GSH levels in plasma and
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all analyzed organs (Table 1), indicating a decreased anti-
oxidant reserve capacity in Nrf2 KO mice as compared to
WT mice. Interestingly, the GSH/GSSG ratio in the heart
and aorta was similar in Nrf2 KO andWTmice, demonstrat-
ing that the redox state in these compartments of Nrf2-
deficient mice is fully preserved. We also found that steady-
state concentrations of the glutathione precursors, homocys-
teine, cysteine, and γ-glutamylcysteine, and that of the
decomposition product cysteinylglycine were significantly
decreased in all organs and in plasma but not in RBCs of
Nrf2 KO mice (Table 1). By contrast, RBCs appear to have
a peculiar resistance to changes in total thiol levels and dis-
played a significant increase in their GSH/GSSG ratio under
conditions of Nrf2 deficiency. The present study offers evi-
dence of an altered antioxidant capacity in Nrf2 KO mice
compared to WT mice, but further examination with a larger
cohort of mice is necessary to confirm this finding.

Next, we aimed to analyze how the changes in the thiol
metabolic status of Nrf2 KOmice may affect NOmetabolism.
In good agreement with data published elsewhere [19], we
observed an upregulation of eNOS protein in myocardial
and vascular tissue of Nrf2 KO mice (Figures 1(a) and 1(b)).
Importantly, previous analysis of these mice revealed that
the upregulated eNOS in Nrf2 KO mice was functionally
active as evidenced by increased flow-mediated vasodilation
in vivo and increased carbachol-induced cGMP reposes in
aortic rings from Nrf2 KO mice as compared to WT mice
[19]. Here, we found that the total levels of nitrite, nitrate,
and nitroso species in all compartments were not significantly
different betweenWT andNrf2 KOmice (Figure 1(c)), except
in the aorta. Of note, nitrosyl-hemoglobin levels in RBCs
were increased in Nrf2 KO mice as compared to WT mice
(Table 2), consistent with the notion of an enhanced NO
availability secondary to eNOS upregulation in the vascula-
ture. While total levels of NO-derived species remain essen-
tially unchanged between groups, there are distinct
distributions for individual species across groups. Determin-
ing whether these trends bear statistical significance, particu-
larly in the case for nitrosation products (RXNO) would
require a follow-up study with a larger cohort of mice.

Taken together, these data suggests that Nrf2 KO mice
have greatly impaired activity for glutathione synthesis and
therefore a diminished antioxidant reserve capacity in all com-
partments except the erythrocytes, yet overall redox status and
total NO metabolite concentrations are well preserved.

3.2. Nrf2 KO Mouse Hearts Are More Resilient toward
Myocardial I/R Injury, and This Extra Protection Is
Dependent on NOS Activity. To study the effects of a dimin-
ished antioxidant reserve capacity on the susceptibility to
myocardial ischemia/reperfusion injury, Nrf2 KO mice were
subjected to 30min occlusion of the left anterior descendent
(LAD) artery followed by 24 h of reperfusion, and infarct size
and area at risk (AAR) were compared between WT and
eNOS KO mice (Figure 2). Unexpectedly, infarct size per
AAR was not increased but significantly decreased in Nrf2
KO mice as compared to WT mice (14.47± 0.7% versus
WT mice: 26.68± 2.1% (Figures 2(a) and 2(b)), n = 9 each,
p < 0 001), while the AAR of the left ventricles did not differ
between these strains (Figure 2(c)).

We reasoned that the enhanced cardioprotection against
I/R injury in Nrf2 KO mice may be a result of compensatory
eNOS upregulation. To test this assumption, we treated mice
with the NOS inhibitor ETU via continuous i.p. infusion dur-
ing ischemia and throughout the first 5 minutes of reperfu-
sion. We found that NOS inhibition did not affect infarct
size in WT mice, while it significantly increased infarct size
in Nrf2 KO mice when compared to untreated controls
(Figures 2(a) and 2(b)), such that there was no significant dif-
ference between infarct size in the ETU-treatedWT and Nrf2
KO mouse hearts. As a further control, the effects of I/R
injury were also tested in mice globally deficient for eNOS.
Similar to what we observed after acute NOS inhibition in
the WT mice, we found no difference in infarct size between
eNOS KO and WT mice (Figure 2(a), red boxes).

Taken together, these data demonstrate that upregulation
of eNOS in the Nrf2 KO mouse heart accounts for the
improved protection of Nrf2 KO mouse myocardium from
I/R injury-induced cell death; this cardioprotective property
of eNOS is not evident upon acute NOS inhibition in WT
or chronic eNOS deficiency in eNOS KO mice but is
unmasked when Nrf2-related signaling is impaired.

3.3. In Nrf2 KO Mouse, Systolic and Diastolic Myocardial
Functions after Acute Myocardial Infarction (AMI) Are
Preserved by NOS. At baseline conditions, Nrf2 KO mice dis-
play well-preserved left ventricular systolic function as mea-
sured by cMRT (Table 3), while their left ventricular diastolic
function is significantly impaired (Supplementary Table 1).
These results fully confirm our previous echocardiographic
analyses in Nrf2 KO mice [19]. Of note, Nrf2 KO mice
showed some degree of LV hypertrophy as evidenced by
increase of the LV mass to body weight ratio (Figure 3(a)).
Furthermore, ESV and EDV in Nrf2 KO mice were
significantly higher than in WT mice (Supplementary
Table 1). Mice lacking eNOS also suffer from cardiac
hypertrophy (Figure 3), which was much more prominent
than that of Nrf2 KO mice, but was not accompanied by any
changes in systolic functional parameters (except for SV) as
compared to WT mice (Figure 4, Supplementary Table 1).

Twenty-four hours after AMI, left ventricular systolic
function was impaired in WT mice as evidenced by signifi-
cantly reduced ejection fraction (EF) (Figure 4(a)). In con-
trast, in Nrf2 KO mice, EF was fully preserved after AMI as
compared to baseline (Figure 4(a)). Interestingly, acute
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Glutathione
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Scheme 1: Simplified schematic representation of the main
metabolic pathways involved in the production and degradation of
glutathione in mammalian tissues.
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Table 1: Concentrations (nM) of low-molecular-weight thiols in blood and tissues of wild type (WT) and Nrf2 KO mice (mean± SD,
n = 5 per group).

WT mice Nrf2 KO mice p value (versus WT mice)

Heart

Total GSH (nM) 144.3± 53.11 91.52± 12.06 =0.0620 (↓ ns)

GSH (nM) 143.7± 52.77 90.77± 11.99 =0.0602 (↓ ns)

GSSG (nM) 0.6263± 0.427 0.7531± 0.352 0.6225

GSH/GSSG 335.0± 217.9 140.2± 52.51 =0.0887 (↓ ns)

Cys (nM) 16.38± 6.976 8.99 ± 1.804 =0.051 (↓ ns)

HCys (nM) 0.6387± 0.1949 0.4231± 0.06714 ↓∗0.0475

GluCys (nM) 0.2066 ± 0.03208 0.1852± 0.02159 0.2506

Sulfide (nM) 45.9 ± 22.1 28.56± 6.597 0.1301

Aorta

Total GSH (nM) 217.2± 73.95 105.9± 21.91 ↓∗0.0121

GSH (nM) 216.4± 73.54 105.2± 22.2 ↓∗0.0119

GSSG (nM) 1.099± 0.2598 0.7146± 0.4136 0.1517

GSH/GSSG 224.8± 58.4 186.9± 101.2 0.5308

Cys (nM) 54.18± 12.78 18.15± 3.143 ↓∗∗∗0.0003

HCys (nM) 2.324± 0.3268 3.226± 2.024 0.3539

GluCys (nM) 0.9574± 0.1772 0.6319± 0.1166 ↓∗∗0.0089

Sulfide (nM) 21.51± 5.773 16.78± 5.570 0.2237

Liver

Total GSH (nM) 8097± 833.6 4742± 2042 ↓∗∗0.0094

GSH (nM) 8028± 814.8 4592± 2025 ↓∗∗0.0078

GSSG (nM) 68.61± 27.77 150.6± 43.52 ↑∗∗0.0075

GSH/GSSG 127.2± 31.83 31.55± 15.14 ↓∗∗∗0.0003

Cys (nM) 204.8± 16.85 179.1± 52.44 0.3272

HCys (nM) 39.12± 7.435 18.18± 6.563 ↓∗∗0.0015

GluCys (nM) 0.7695 ± 0.04889 0.5463± 0.1343 ↓∗∗0.0082

CysGly (nM) 96.75± 16.4 62.13± 21.8 ↓∗0.0219

Sulfide (nM) 13.19± 2.683 15.17± 4.521 0.4229

Plasma

Total GSH (nM) 27,144± 8464 16,594± 3540 ↓∗0.0331

GSH (nM) 26,456± 8364 16,194± 3482 ↓∗0.0351

GSSG (nM) 688.3± 171 399.9± 93.14 ↓∗0.0107

GSH/GSSG 39.04± 10.17 41.28± 7.372 0.7005

Cys (nM) 11,900± 2432 8207± 1249 ↓∗0.0165

HCys (nM) 337± 159 209.2± 35.86 0.1177

GluCys (nM) 668.8± 140.9 320.1± 83.34 ↓∗∗0.0014

CysGly (nM) 725± 186 1422± 728.2 = 0.0751 (↓ ns)

Sulfide 332.1± 46.77 457.7± 386.6 0.4912

Erythrocytes

Total GSH (nM) 3.94∗106± 0.52∗106 3.77∗106± 0.30∗106 0.5570

GSH (nM) 3.93∗106± 0.52∗106 3.77∗106± 0.30∗106 0.5583

GSSG (nM) 1058± 103.7 781.5± 153.3 ↓∗0.0103

GSH/GSSG 3766± 726.2 4946± 841 ↑∗0.0449

Cys (nM) 26,254± 10,655 18,796± 2980 0.1702

HCys (nM) 754.3± 317.9 550.8± 104.8 0.2109

GluCys (nM) 286.7± 118.3 202.7± 44.78 0.1757

CysGly (nM) 11,488± 5053 11,772± 3183 0.9178

Sulfide (nM) 387.3± 69.59 490.7± 98.66 0.0917

ns - not significant; ↓ - decreased; ↑ - increased; ∗p < 0 05, ∗∗p < 0 01, ∗∗∗p < 0 001.
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Figure 1: Upregulation of eNOS and preserved total levels of NO metabolites in Nrf2 KO mice. (a) Representative Western blot of eNOS
(upper panel) standardized to alpha-tubulin (lower panel) and densitometric analysis of eNOS expression in aorta and (b) heart of WT
and Nrf2 KO mice detected by Western blot (n = 5 per group, means± quartiles, ∗p < 0 05, t-test). (c) Total NO species in different tissues
of Nrf2 KO and WT mice (n = 5 per group, means± SEM), (for statistical comparisons and SD please refer also to Table 2).
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NOS inhibition with ETU in Nrf2 KOmice impaired EF after
AMI, but did not affect EF in WT mice as compared to
untreated mice (Figure 4(a); ETU treatment). Likewise,
NOS inhibition significantly decreased CO in Nrf2 KO mice
only, but did not affect it in WT mice, pointing to a role of
NOS activity in preserving LV systolic function after AMI
in Nrf2 KO mice but not in WT mice (Figure 4(b)). Consis-
tent with the results obtained after NOS inhibition in WT
mice, CO was not changed after myocardial I/R injury in
eNOS KO mice as compared to baseline (Figure 4(b), red
boxes). Furthermore, NOS inhibition in Nrf2 KO mice
resulted in a significant impairment of cardiac contraction,
as indicated by an increase in isovolumetric contraction time
(IVCT) measured in apical four-chamber view using pulse
wave Doppler (Figure 4(c), Supplementary Table 1, Nrf2
KO+ETU post I/R versus Nrf2 KO post I/R) while NOS
inhibition in WT mice had no effect on IVCT, and there
was no difference in IVCT in eNOS KO post I/R versus
baseline values (Figure 4(c), red boxes).

Assessment of LV diastolic function by mitral flow
Doppler imaging showed that Nrf2 KO mice have significant
diastolic dysfunction at baseline as evidenced by prolonged
DT and IVRT and increased E/A ratio (Supplementary
Table 1). Surprisingly, despite the prominent diastolic
dysfunction and reduced capacity of myocardial relaxation,
LV diastolic dysfunction was not further aggravated by
AMI in Nrf2 KO mice as there were no changes in diastolic
functional parameters (Figure 5), while E wave DT, IVRT,
and total diastolic time were significantly impaired after
AMI in WT mice (versus WT baseline, white boxes,
Figure 5; Supplementary Table 1). Following administration
of the NOS inhibitor, LV DT in Nrf2 KO mice was further
impaired (Figure 5(a), red boxes), whereas NOS inhibition
in WT mice did not affect DT (Figure 5(a), Supplementary
Table 1). Similar to the effects of acute NOS inhibition,
LV diastolic functional parameters were not changed post
AMI in eNOS KO mice (Figure 5, red boxes); however,
these mice exhibited LV diastolic dysfunction at baseline

Table 2: Concentrations of nitrite, nitrate, nitrosation products (RXNO), and nitrosyl heme (NO heme) in blood and different tissues of Nrf2
KO mice as compared to WT mice (mean± SD, n = 5 each).

Metabolite Concentration WT mice Nrf2 KO mice p value (versus WT mice)

Heart

Nitrite μM 1.673± 0.4005 0.7784± 0.8500 ↓∗∗0.0039
Nitrate μM 57.30± 40.04 31.22± 29.14 ns

RXNO nM 144.1± 26.76 177.4± 57.65 ns 0.0603

NO heme nM 103.8± 42.02 79.40± 4.777 ns

Aorta

Nitrite μM 146.1± 99.19 87.49± 15.87 ns

Nitrate μM 2755± 1166 8428± 4852 ns

RXNO nM 2506± 836.9 2712± 1154 ns

NO heme nM nd nd —

Liver

Nitrite μM 0.2970± 0.1423 0.3772± 0.3052 ns

Nitrate μM 28.63± 9.395 37.17± 9.736 ns

RXNO nM 1040± 136 710.1± 278.8 ↓∗∗0.0019
NO heme nM 300.0± 67.34 162.6± 30.52 ↓∗∗0.0032
Lung

Nitrite μM 0.7026± 0.05554 0.9157± 0.2999 ↑∗0.0133
Nitrate μM 32.40± 3.535 38.05± 8.71 ns

RXNO nM 56.56± 21.18 42.79± 24.02 ns

NO heme nM 301.6± 92.45 275.0± 173.8 ns

Plasma

Nitrite μM 0.9387± 0.1351 0.6771± 0.1681 ↓∗∗0.0080
Nitrate μM 27.33± 6.395 26.42± 7.61 ns

RXNO nM 21.25± 2.7 8.852± 1.215 ↓∗∗∗∗<0.0001
NO heme nM nd nd —

Erythrocytes

Nitrite μM 1.147± 0.1761 0.9267± 0.1291 ns 0.0545

Nitrate μM 46.87± 12.34 33.75± 13.18 ns 0.0514

RXNO nM 177.8± 46.18 213.1± 63 ns

NO heme nM 48.67± 15.46 169.0± 54.82 ↑<0.0001
ns - not significant; ↓ - decreased; ↑ - increased; ∗p < 0 05; ∗∗p < 0 01; ∗∗∗p < 0 001.
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which was evidenced by almost twofold increased DT
(Supplementary Table 1).

Taken together, these data suggest that Nrf2 KO mice,
despite their decreased antioxidant reserve capacity, are more
protected against AMI than WT mice, as evidenced by
reduced infarct size, maintained systolic function and a lack
of postischemic facilitation of LV diastolic dysfunction.
Moreover, the results of NOS inhibition experiments
revealed the increased infarct size, post AMI impairment of
left ventricular systolic dysfunction, and increase of diastolic
dysfunction in Nrf2 KO mice demonstrating that NOS-

dependent signaling pathways play a key role in the protec-
tion of the heart against I/R injury under conditions of
Nrf2 deficiency.

4. Discussion

The main finding of our study is that upregulation of eNOS
mediates cardioprotection against I/R under conditions of
decreased antioxidant capacity in mice lacking the transcrip-
tion factor Nrf2. Specifically, we demonstrated that (1) Nrf2
KO mice have a severe decreased antioxidant reserve
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Figure 2: NOS-dependent decrease of infarct size in Nrf2 KO mice. (a) Infarct sizes (INF) per area at risk (AAR). Nrf2 KO mice showed a
significant decrease in infarct sizes as compared toWTmice. Application of the NOS inhibitor ethylthiourea (ETU) inWTmice did not affect
infarct size, whereas ETU application in Nrf2 KO mice increased I/R injury demonstrating the cardioprotective role of NOS activity despite a
compromised antioxidative reserve capacity in Nrf2 KO mice. eNOS KO mice showed no differences in I/R injury as compared to WT and
WT+ETU mice. WT mice: n = 9, Nrf2 KO mice: n = 8, eNOS KO mice: n = 4‐5; Browne-Forsythe test p = 0 27, means± quartiles, one-way
ANOVA ∗∗p < 0 01, ∗∗∗p < 0 001. (b) Representative TTC stained heart sections of each strain 24 h after AMI. (c) Comparable values of
area at risk/left ventricle demonstrate the reproducibility of the I/R surgery (Browne-Forsythe test p = 0 24, means± quartiles, one-way
ANOVA, ns).
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capacity, characterized by significantly decreased concentra-
tion of total glutathione, and of its precursors, but show fully
preserved redox status and global NO bioavailability at base-
line; (2) following myocardial I/R injury Nrf2 KO mice had a
reduced infarct size and (in contrast to WT mice) showed a
fully preserved systolic LV function; (3) inhibition of NO
synthase activity at the onset of ischemia and during early
reperfusion increased myocardial damage and induced
systolic dysfunction in Nrf2 KO mice, but not in WT mice;
(4) consistent with the results upon acute NOS inhibition
in WT mice, infarct size in eNOS KO mice was not different
from that in WT mice. Taken together, these data suggest
that upregulation of eNOS under conditions of decreased
antioxidant capacity due to Nrf2 deficiency likely plays an
important role in cardioprotection against I/R injury, while
this mechanism of cardioprotection is not evident after acute
NOS inhibition in WT or in eNOS KO mice.

4.1. Decreased Antioxidant Capacity and Preserved NO
Bioavailability in Nrf2 KOMice.Nrf2 is known to play a cen-
tral role in cellular stress response, adaptation, and resilience
[1]. Accordingly, Nrf2 deletion has been shown to result in
downregulation of phase 2 detoxifying enzymes (like gluta-
thione S-transferase), antioxidant enzymes (like SOD), and
enzymes responsible for glutathione de novo biosynthesis/
thiol metabolism (like glutamate cysteine ligase and glutathi-
one synthetase) as assessed in the liver and other organs
including the heart [17, 27, 28]; however, a proportion of
certain organ-specific Nrf2 target genes is also regulated by
other transcription factors, like the aryl hydrocarbon recep-
tor (AhR) [29]. We here provide evidence that thiol metabo-
lism and total antioxidant capacity are strongly impaired in
Nrf2 KO mice in all analyzed organs, and this translates into
decreased concentrations of glutathione and its precursors,
cysteine, homocysteine, and γ-glutamylcysteine. We also
found that the changes in glutathione-related aminothiols
are tissue-specific. Although this is consistent with the notion
of differential expression of Nrf2 target genes among

different organs, a larger cohort of animals is necessary to
confirm our findings.

Interestingly, tissue redox status (i.e., the ratio of
reduced/oxidized thiols in different organs) in Nrf2 KO mice
is not significantly different from that of WT mice, as a result
of compensatory alterations of multiple reduced and
oxidized thiols. Consistent with a fully preserved redox
status, the total levels of NO metabolites remain essentially
unchanged between the groups. However, upon observation
on these data, there are distinct distributions for individual
species across groups. This is particularly the case for nitrosa-
tion products (RXNO), exhibiting a p value of 0.0603. Deter-
mining whether these trends bear statistical significance
would require a follow-up study with a larger cohort of
animals. Consistently to preserved levels of NO metabolites,
we found that the expression of eNOS was upregulated both
in the conduit arteries and in the heart of Nrf2 KO mice as
shown by us previously [19] and in this study (which corre-
sponds to increased eNOS-derived NO production with
consecutive cGMP-mediated vascular responses). Moreover,
this eNOS upregulation translates into elevated nitrosyl-
hemoglobin concentrations in RBCs, a good indicator of
increased NO bioavailability [21, 30].

Taken together, while the lack of Nrf2 induces a pro-
found decrease in overall antioxidant reserve capacity in all
organs, especially in the heart, redox status, total levels of
NO metabolites, and NO bioavailability are fully preserved.
Further studies with a larger cohort of mice and mice lacking
both Nrf2 and eNOS will reveal the causal relationship
between lack of Nrf2 and eNOS-derived NO formation to
preserve antioxidant capacity and NO bioavailability.

4.2. Nrf2 KO Mice Are Protected against I/R in a NOS-
Dependent Fashion. It is well known that the reoxygenation
of the heart during reperfusion is associated with an increase
in the production of superoxide and other reactive oxygen
species by a variety of enzymes including xanthine oxidase,
NADPH oxidases, and respiratory complexes of the mito-
chondrial electron transport chain. Under these conditions,
Nrf2-dependent antioxidant enzymes and the pool of
reduced thiols are thought to counterbalance the regional
increase in oxidant formation, thereby protecting the myo-
cardium from fatal damage. Thus, lack of Nrf2-dependent
protection coupled with downregulation of antioxidant genes
and reduced redox capacity of the myocardial and vascular
tissues was expected to have detrimental effects in myocardial
I/R injury. Moreover, as we previously demonstrated that
Nrf2 KO mice have LV diastolic dysfunction (characterized
by a decreased cardiac relaxation and impaired Ca2+ homeo-
stasis; [19]), one might expect a further impairment of car-
diac function in Nrf2 KO mice following AMI secondary to
a reduced capacity of myocardial relaxation.

Surprisingly, we found that the Nrf2 KO mouse hearts
were fully protected from I/R injury. Specifically, Nrf2 KO
mice showed a significantly decreased infarct size and pre-
served LV systolic function after AMI as compared to WT
mice. Furthermore, following I/R injury, we failed to detect
any further decline of LV diastolic function in Nrf2 KOmice,
which was evident in WT post AMI. The reduced infarct size

Table 3: Preserved systolic function in Nrf2 KO mice as measured
by cMRT (mean± SD, n = 5 each).

Parameter Units
WT mice

(mean± SD)
Nrf2 KO mice
(mean± SD) p value

BM (g) 35.39± 2.55 33.41± 2.32 0.228

Age (d) 219.50± 26.48 217.50± 28.49 0.911

HF (min−1) 547.42± 49.56 519.17± 26.36 0.287

EDV (μl) 52.03± 7.61 51.41± 5.80 0.888

ESV (μl) 15.33± 3.98 15.89± 2.42 0.792

SV (μl) 36.70± 4.38 35.52± 4.11 0.668

EF (%) 70.86± 3.99 69.10± 2.81 0.439

HZV (ml/min) 19.98± 2.17 18.47± 2.49 0.330

m (D) (mg) 112.17± 16.00 119.62± 8.54 0.380

rel. m (mg/g) 3.19± 0.56 3.59± 0.23 0.177

dmitt (D) (mm) 1.09± 0.06 1.07± 0.06 0.646

dmitt (S) (mm) 1.59± 0.10 1.60± 0.07 0.844

WVmitt (%) 145.35± 7.31 149.24± 9.58 0.487
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after I/R injury in Nrf2 KOmice when compared toWTmice
seems to be in contrast to previously published findings on an
increased sensitivity of the Nrf2 KOmouse hearts to ischemic
reperfusion injury [17]. A possible explanation for these con-
tradictory findings might be the different strains of Nrf2 KO
mice used in this and our study, specifically with regard to
genetic background. In our study, we used Nrf2 KO mice
on a fully backcrossed C57BL/6 background, while others
studied Nrf2 KO mice on a SVB background [2, 17, 31]. Of
note, Nrf2 KO mice on SVB background do not show LV
diastolic dysfunction at baseline (but develop it only after
transverse aortic constriction [32]), in addition, they displayed
a lupus-like phenotype [33], but the expression of eNOS or
NO metabolites were not investigated in these mice. Addi-
tional experiments, for example, future studies in Nrf2 KO
mice crossbreed with the eNOS-deficient mice, might repre-
sent a better approach to study a role of eNOS in cardiovascu-
lar protection under conditions of chronic Nrf2 deficiency.

Importantly, the Nrf2 KO mice used in the present study
are characterized by upregulation of a fully functional eNOS,
which results in hypotension, preserved vascular function
in vivo (FMD) and ex vivo (aortic ring relaxation), and
increased cGMP production in response to pharmacological
eNOS stimulation in Nrf2 KO mouse vessels while basal
levels of cGMP were not changed [19]. Except of the classical
NO-sGC-cGMP signaling, NO can also exert its regulatory
effects on protein structure and function through S-

nitrosation of cysteine thiols [34, 35]. Published data demon-
strate eNOS-dependent S-nitrosation of many myocardial
proteins including beta-arrestin, cardiac ion channels, and
GPCR kinase-2, which influence heart contractility and myo-
cyte survival and function [36–40]. S-Nitrosation of these
proteins during myocardial I/R can attenuate apoptosis [41]
and inflammation [39]. For instance, caspase-3 activity is
known to be inhibited by protein S-nitrosation [42]. Further-
more, mitochondrial ROS production can be decreased dur-
ing I/R, since S-nitrosothiols are able to modify complex I of
the mitochondrial electron transfer change [43] and prevent
opening of the mitochondrial permeability transition pore
[44] and thus may represent cardioprotective action of
upregulated eNOS in Nrf2 KO mice. In this study, we could
not detect a significant change in total levels of nitroso spe-
cies in the heart (although a clear trend to increased RXNO
levels was observed) which might be due to the fact that the
total detected RXNO levels include not only RSNO but also
other nitroso species (e.g., RNNO).

Here, we demonstrate that the increase in eNOS activity
plays an important fole in cardioprotection against AMI in
Nrf2 KO mice. This is supported by our finding that in
Nrf2 KOmice, acute NOS inhibition greatly increased infarct
size and decreased systolic and diastolic function after I/R,
while neither NOS inhibition in WT mice nor chronic global
eNOS deficiency in eNOS KO mice affected these parame-
ters. Therefore, eNOS upregulation in Nrf2 KO mice likely
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Figure 3: Cardiac hypertrophy in Nrf2 KO and eNOS KO mice. (a) LV mass normalized to body weight illustrates cardiac hypertrophy
in both Nrf2 KO and eNOS KO mice as compared to WT mice. (b) Diameter of left ventricular posterior wall measured at the end of
systole highlights the increase in myocardial hypertrophy in both KO mice. (c) Representative B-mode pictures of the heart from
different mouse strains visualize the extent of cardiac hypertrophy. Red bars show the diameter of the left ventricular posterior wall.
WT mice: n = 8, Nrf2 KO mice: n = 9, eNOS KO mice: n = 4; Browne-Forsythe test p > 0 05, means± quartiles, one-way ANOVA ∗p < 0 05,
∗∗p < 0 01, ∗∗∗p < 0 001, ∗∗∗∗p < 0 0001.
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represents an important protective mechanism that not only
protects against myocardial I/R injury but also against
impairment of systolic function and the aggravation of
diastolic dysfunction after AMI in these mice.

4.3. Role of eNOS-Derived NO in Cardioprotection. Although
we found eNOS-derived NO-mediated cardioprotection in
Nrf2 KO mice, neither acute NOS inhibition nor global loss
of eNOS revealed any cardioprotective effect of NO in the
WT mouse hearts. Specifically, eNOS KO mice [20] exhibit
no differences in infarct size as compared to the WT mice,
which is consistent with the results obtained by acute treat-
ment of WT mice with the NOS inhibitor ETU. Previous
reports on the role of eNOS in I/R showed controversial effects,
depending on the eNOS KO mouse strain with decreased
infarct size in the strain created by Shesely et al. [45] attributed

to iNOS upregulation and increased infarct size and myocar-
dial necrosis [46] in the eNOS KO mouse strain created by
Huang et al. [47].

Similar to these two strains, the eNOS KO mouse strain
used in the present study (created by Gödecke et al. [20])
shows sustained hypertension, decreased heart rate, increased
SV, and cardiac hypertrophy, manifested by increased
ventricular wall thickness and mass. However, LV systolic
function is fully preserved under basal conditions, as param-
eters including EF, CO, and FS did not differ betweenWT and
eNOS KO mice. Similar results were reported for the eNOS
KO mouse strain generated by Shesely [48]. Likewise, myo-
cardial infarct size and cardiac performance after AMI were
not more severe in eNOS KO mice created by Gödecke et al.
[20] as compared to WT mice. Accordingly, acute NOS inhi-
bition by ETU inWTmice did neither affect LV function after
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Figure 4: Left ventricular systolic function following AMI in Nrf2 KO mice is preserved by NOS. (a) In WT (white box plots) and eNOS KO
(red box plots) mice, ejection fraction (EF) was significantly decreased 24 h after AMI, whereas it was essentially unchanged in Nrf2 KO mice
(blue box plots). ETU application resulted in an impairment of systolic function in Nrf2 KO mice, but not in WT mice, indicating NOS-
dependent preservation of cardiac function in Nrf2 KO mice as compared to WT mice. (b) Cardiac output (CO) was significantly
decreased after ETU application in Nrf2 KO mice indicating eNOS-dependent preservation of systolic function after I/R. (c) IVCT was
increased after ETU application in Nrf2 KO mice, but not in WT mice. WT mice: n = 9, Nrf2 KO mice: n = 8; Browne-Forsythe test
p > 0 05, means± quartiles, one-way ANOVA, except for eNOS KO mice (red boxes): 4-5, unpaired t-test. ∗p < 0 05 and ∗∗∗∗p < 0 0001.
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AMI nor infarct size. Therefore, these data clearly demon-
strate that lack of eNOS activity is fully compensated by
hemodynamic changes and/or cardiac remodeling (on the
long term), and the cardioprotective role of eNOS becomes
evident only under conditions of a compromised redox
reserve like in Nrf2 KO mice. However, the mechanisms of
compensation in Nrf2 KO mice treated with NOS inhibitor
might differ from the compensation mechanisms of mice
chronically deficient for eNOS.

Our experimental setup did not allow us to distinguish
between endothelial and other sources of eNOS upregulation
in Nrf2 KOmice. However, it has been suggested that activity
of endothelial NOS during I/R is of minor importance as
compared to the cardiomyocyte-derived NO. Mice with
cardiomyocyte-specific overexpression of eNOS displayed sig-
nificantly decreased infarct size and better preserved cardiac
function than mice with systemic eNOS overexpression [49].

In contrast, a study from our laboratory proposed a poten-
tial key role of the red blood cell eNOS in cardioprotection
against I/R [50]. Specifically, we demonstrated that deple-
tion of circulating blood eNOS increases the severity of
myocardial infarction and LV dysfunction suggesting a
modulating role of circulating eNOS in an acute model of
myocardial I/R. Future studies using tissue-specific trans-
genic mice with knockin and knockout of key proteins of
the eNOS-dependent pathway will help delineating a spe-
cific role for eNOS expressed in RBCs and eNOS expressed
in other cell types, for example, in endothelium and in car-
diomyocytes in conferring cardioprotection against I/R.

Taken together, cardioprotective effects in Nrf2 KO mice
were abolished by inhibition of NOS activity in ischemia and
early reperfusion, suggesting a role for eNOS in cardioprotec-
tion against I/R in Nrf2 deficiency. These data demonstrate
that impaired antioxidant defense and decreased redox
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Figure 5: Nrf2 KO mice are protected against impairment of myocardial diastolic function following AMI. (a) I/R injury resulted in an
impairment of diastolic function (evaluated with prolonged deceleration time (DT)), (b) E/A relation, and (c) relaxation time (IVRT) in
WT mice (white box plots), whereas preexisting diastolic dysfunction was not aggravated in Nrf2 KO mice (blue box plots). In eNOS KO
mice (A, red box plots), diastolic dysfunction evidenced by increased DT as compared to WT mice (Supplementary Table 1) was not
further exacerbated after AMI. WT mice: n = 9, Nrf2 KO mice: n = 8; Browne-Forsythe test p > 0 05, means± quartiles, one-way ANOVA
∗p < 0 05, ∗∗p < 0 01 except for eNOS KO mice n = 4‐5, unpaired t-test.
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reserve in Nrf2 KOmice or decreased NO bioavailability (like
in eNOS KO or after NOS inhibition) on their own do not
affect myocardial damage after AMI; however, their combi-
nation significantly increases myocardial damage and is in
line with several recent publications on protective effects of
eNOS under conditions of oxidative stress [51, 52].

5. Conclusion

Here, we present experimental evidence that eNOS upregula-
tion under conditions of a compromised antioxidant capacity
plays a role in cardioprotection against I/R injury, while
eNOS-mediated cardioprotection is not evident after acute
NOS inhibition or in eNOS KO mice per se. Although there
is overwhelming evidence for associations between oxidative
stress and I/R injury, clinical trials consistently failed to dem-
onstrate any cardioprotective effect of antioxidants [53–55];
moreover, high doses of antioxidants may be even harmful
[56, 57]. On the contrary, interventions associated with
increased eNOS protein expression and improvement of
endothelial NO production such as regular exercise training
[58], pharmacotherapy with statins [59], and treatment with
inhibitors of the renin-angiotensin system [60] have pro-
vided superior cardiovascular prevention compared to
approaches targeting oxidative stress by applying antioxi-
dants [53–55, 61]. Our results on the beneficial role of eNOS
upregulation in cardioprotection under conditions of Nrf2
deficiency and compromised antioxidant status support
these data. These results might be also of special importance
for the aged organisms, since Nrf2 signaling pathway may
substantially contributes to the determination of health span
and extension of longevity [62]; and diminished activity of
Nrf2 resulting in reduced antioxidative potential, apoptosis,
and/or necrosis of the aging myocardium has been reported
[63, 64]. Whether the relationship between redox reserve
capacity and eNOS-mediated protection may represent
one of the key mechanisms underpinning the cardiopro-
tective effects of NO warrants further detailed investigation
with larger cohorts of mice and/or mice lacking both
eNOS and Nrf2.
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Muscle atrophy may arise from many factors such as inactivity, malnutrition, and inflammation. In the present study, we
investigated the stimulatory effect of nitric oxide (NO) on muscle protein synthesis. Primarily, C2C12 cells were supplied with
extra L-arginine (L-Arg) in the culture media. L-Arg supplementation increased the activity of inducible nitric oxide synthase
(iNOS), the rate of protein synthesis, and the phosphorylation of mTOR (Thr 2446) and p70S6K (Thr 389). L-NAME, an NOS
inhibitor, decreased NO concentrations within cells and abolished the stimulatory effect of L-Arg on protein synthesis and the
phosphorylation of mTOR and p70S6K. In contrast, SNP (sodium nitroprusside), an NO donor, increased NO concentrations,
enhanced protein synthesis, and upregulated mTOR and p70S6K phosphorylation, regardless of L-NAME treatment. Blocking
mTOR with rapamycin abolished the stimulatory effect of both L-Arg and SNP on protein synthesis and p70S6K
phosphorylation. These results indicate that L-Arg stimulates protein synthesis via the activation of the mTOR (Thr 2446)/
p70S6K signaling pathway in an NO-dependent manner.

1. Introduction

Nitric oxide (NO) is a free radical that is produced by nitric
oxide synthase (NOS) enzymes, which catalyze the conver-
sion of L-arginine (L-Arg) to L-citrulline [1]. NO participates
in specific signal transduction pathways, representing an
important new paradigm in cell communication and signal-
ing processes [2–4].

L-Arg, the precursor to NO, is involved in protein phos-
phorylation cascades and gene expression [5–7]. L-Arg sup-
plementation enables burn patients to maintain muscle
mass [8] and ameliorates muscle dysfunction in mdx mice
(X-linked muscular dystrophy, a model of Duchenne muscu-
lar dystrophy) [9]. Additionally, the concentrations of spe-
cific free amino acids, notably arginine and glutamine, are
associated with muscle growth and protein synthesis capacity
during late pregnancy in well-nourished sheep [10, 11].
However, supplementation with citrulline, the metabolic pre-
cursor of arginine, did not result in therapeutically relevant
outcomes such as increased skeletal muscle mass and peak
muscle force in male mice suffering from 14d of hindlimb

immobilization [12]. Therefore, further study is required to
determine whether L-Arg can stimulate protein synthesis in
skeletal muscle tissue. Moreover, skeletal muscle participates
in the overall NOmetabolism by serving as a nitrate reservoir
[13]. L-arginine could protect myocytes from wasting during
catabolic conditions in an NO-independent manner [14]. L-
citrulline, produced by arginine metabolism, protects skeletal
muscle cells from cachectic stimuli in an iNOS-dependent
manner [15]. NO is involved in the repair of skeletal muscle
injury [16]. The activation of NO during muscle injury is crit-
ical in the early phases of the skeletal muscle repair process
[17]. The maintenance of NO could ameliorate the symp-
toms of dystrophy [18, 19]. The age-related muscle refracto-
riness to exercise can be overcome with NO donor treatment
[20]. There is growing evidence that NO is associated with
skeletal muscle-wasting diseases, sarcopenia, and cachexia
[21, 22]. However, the role of NO in myocyte protein synthe-
sis under normal conditions also needs to be elucidated.

The mammalian target of rapamycin (mTOR), a serine/
threonine protein kinase, plays a central role as a nutrient
and energy sensor in skeletal muscle. The mTOR signaling
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pathway controls cell growth and metabolic progression by
phosphorylating two downstream proteins: the eukaryotic
initiation factor 4E-binding protein 1 (4E-BP1) and the
ribosomal p70S6 kinase1 (p70S6K) [23, 24]. As a crucial
component of the anabolic protein synthesis machinery,
the mTOR pathway participates in the regulation of pro-
tein anabolism in skeletal muscle [25–27]. L-Arg protects
muscle cells from wasting in vitro in an mTORC1-dependent
manner [6, 14]. Therefore, we hypothesized that L-Arg is
associated with the regulation of protein anabolism in myo-
cytes through the involvement of the NO and mTOR/
p70S6K signaling pathways.

In this study, the effect of L-Arg on myocyte protein syn-
thesis and the involvement of NO were investigated in vitro
in differentiated mouse C2C12 myoblasts. The protein syn-
thesis rate was estimated with a nonradioactive method by
labeling the newly synthesized polypeptides with low con-
centrations of puromycin and subsequently detecting these
proteins with an anti-puromycin antibody [28, 29]. The
involvement of the mTOR (Thr 2446)/p70S6K signaling
pathway was also evaluated in this study.

2. Materials and Methods

2.1. Cell Culture.Mouse C2C12 myoblasts (China Center for
Type Culture Collection, Wuhan, Hubei, CN) were plated
and cultured in high-glucose Dulbecco’s modified Eagle’s
medium (DMEM; Thermo Fisher, Shanghai, CN) with 10%
fetal bovine serum (Gibco, Grand Island, NY, US) and 1%
penicillin/streptomycin (Solarbio, Beijing, CN). At 80% con-
fluence, the cells were induced to differentiate and formmyo-
tubes by culturing in DMEM supplemented with 2% horse
serum (Gibco, Grand Island, NY, US) for 84 h. Before treat-
ment, the medium was replaced with serum-free DMEM
for 12 h. Finally, the C2C12 cells were exposed to the treat-
ments detailed below. Each treatment was performed on 6
or 7 samples (n = 6 or 7).

2.2. L-Arginine, L-NAME, and SNP Treatments. The C2C12
cells were subjected to the following treatments: control
(basal medium containing 398.7μM of L-Arg), extra L-
arginine supplementation (1mM; Sigma, Saint Louis, MO,
US), N-nitro-L-arginine methyl ester (L-NAME; 10mM;
Sigma, Saint Louis, MO, US), and L-Arg supplementation
(1mM) plus L-NAME (10mM). The treatment doses were
selected based on previous studies [6, 14, 30]. To further
evaluate the role of NO, C2C12 cultures were subjected to
the following treatments: 1μM of sodium nitroprusside
(SNP; an NO donor; Sigma, Saint Louis, MO, US) or SNP
(1μM) plus L-NAME (10mM). At 36 h after treatment,
puromycin (10μM; Solarbio, Beijing, CN) was added to the
culture media for an additional 30min, and proteins were
extracted from C2C12 cells and used for subsequent analyses.

2.3. Rapamycin Treatment. The C2C12 cells were treated
with 100 nM of rapamycin (an inhibitor of p70S6K; Solarbio,
Beijing, CN) for 30min, followed by L-Arg (1mM) or SNP
(1μM) supplementation for 36 h. Thereafter, puromycin
was added to the culture medium for an additional 30min,

and proteins were extracted from the C2C12 cells and used
for subsequent analyses.

2.4. NO Concentration and NOS Activity Assays.NO concen-
trations in the media and cells were assessed using a commer-
cial kit (Jiancheng Bioengineering Institute, Nanjing, Jiangsu,
CN). NO is very chemically active and is thus easily con-
verted into NO2

− and then NO3
−. In this reaction system,

the concentration of NO2
− was measured after conversion

of NO3
− into NO2

− by nitrate reductase. The absorbance of
the supernatant was determined at 550nm using a spectro-
photometer (Beijing PGeneral, Beijing, CN). Intracellular
NOS activity, including total NOS enzymes (TNOS) and
inducible NOS (iNOS), were determined using a commercial
kit (Jiancheng Bioengineering Institute, Nanjing, Jiangsu,
CN) according to the manufacturer’s instructions. In the
reaction system, NOS catalyzes L-arginine to produce NO,
which reacts with nucleophilic substances to form nonfer-
rous compounds. The absorbance was determined at
530 nm using a UV-2450 spectrophotometer (Beijing PGen-
eral, Beijing, CN). The experiment was also performed in the
absence of calcium and the presence of a calcium chelator to
determine the calcium-independent NOS activity, which was
taken to represent iNOS activity.

2.5. Protein Preparation and Western Blotting. The cells were
washed briefly with PBS (phosphate-buffered saline) and col-
lected in 0.2mL of RIPA (radio immunoprecipitation assay)
lysis buffer (Beyotime, Haimen, Jiangsu, CN). Cell debris were
removed by centrifugation at 12,000×g for 5min at 4°C, and
the supernatants were used for immunoblotting analysis.
The BCA Protein Assay Kit (Beyotime, Nanjing, Jiangsu,
CN) was used to determine protein concentrations. Aliquots
containing 18μg of protein were separated by 7.5% SDS poly-
acrylamide gel electrophoresis, and the separated proteins
were transferred onto polyvinylidene fluoride membranes
(0.45μm; Millipore, Boston, MA, USA) at 200mA for 2 h in
western transfer buffer (Beyotime,Nanjing, Jiangsu, CN) con-
taining 20% methanol. Membranes were then blocked for 1 h
at room temperature and incubated at 4°C overnight with pri-
mary antibodies at an appropriate dilution ratio. The follow-
ing primary antibodies were used: anti-phospho-4E-BP1
(Thr 37/46), anti-4E-BP1, anti-phospho-p70S6K (Thr 389),
anti-p70S6K, anti-phospho-mTOR (Ser 2448), anti-mTOR
(Cell Signaling Technologies, Danvers, MA, US), anti-
phospho-mTOR (Ser 2481) and anti-phospho-mTOR (Thr
2446) (Abcam, Cambridge, MA, US), anti-mouse puromycin
(Kerafast, Boston, MA, US), and anti-β-actin (Beyotime,
Nanjing, Jiangsu, CN). After washing, the proteins were
probed with horseradish peroxidase-linked anti-rabbit or
anti-mouse secondary antibodies with gentle agitation for
4 h. The membranes were subsequently exposed to enhanced
chemiluminescence plus western blot detection reagents
(Beyotime, Nanjing, Jiangsu, CN). When two different pro-
teins had the same or similar molecular weight, we used dif-
ferent membranes to separately detect them. In contrast,
when two proteins were of different molecular weights or
when the phosphorylated and total levels of one protein
needed to be analyzed, the same membrane was used again.
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During this process, the membrane was blocked again and
incubated with another antibody after one protein was
detected. Finally, the membrane was scanned, and specific
bands were quantified using Vilber Fusion FX7 Spectra
(Vilber Lourmat, Paris, FR). The band intensity was normal-
ized to the β-actin band in the same sample. For phosphory-
lated proteins, when the total protein bands showed
significant differences in different treatments, the phosphor-
ylated protein bands were normalized to the total protein
bands. In contrast, if the total protein bands remained con-
stant among different groups, both the phosphorylated and
total protein bands were normalized to β-actin.

2.6. Protein Synthesis Rate Analysis. The protein synthesis
rate was detected using a nonradioactive method [28]. The
newly synthesized proteins labeled with puromycin were
subsequently detected with an anti-puromycin antibody.
The accumulation of puromycin-conjugated peptides into
nascent peptide chains reflects the rate of protein synthesis
[28, 29]. The protein-antibody complexes were detected with
ECL Plus A and B (Beyotime, Nanjing, Jiangsu, CN), and the
results were quantified using the Fusion FX software (Vilber
Lourmat, Paris, FR).

2.7. Statistical Analysis. The data are expressed as the mean
s ± SEM. The results were analyzed using one-way ANOVA
and the Statistical Analysis Systems statistical software pack-
age (Version 8e; SAS Institute Inc., Cary, NC, US). For the
observations of NO, TNOS, and iNOS at 3, 18, and 36 h time
points, two-way ANOVA was used to estimate the main
effects of L-Arg or L-NAME supplementation and time. Dif-
ferences between the means were evaluated using Duncan’s
honestly significant difference tests. Differences were consid-
ered as significant at P < 0 05 and as approaching signifi-
cance at P < 0 10.

3. Results

3.1. Effect of L-Arg on Protein Synthesis and mTOR and
p70S6K Phosphorylation. Compared with the control, L-Arg
significantly increased protein synthesis (+70%, P < 0 05,
Figure 1(a)). The levels of phospho-mTOR (Thr 2446) and
phospho-p70S6K (Thr 389) were also significantly increased
(+70% and +40%, P < 0 05, Figures 1(b) and 1(c), resp.).
However, no differences (P > 0 05) were observed in the levels
of phospho-mTOR (Ser 2448 and Ser 2481) (Figure 1(b)).
Additionally, the NO abundance increased significantly
in the L-Arg-supplemented culture medium at 3 h (+30%,
P < 0 05, Figure 2(b)). The concentration of NO in the
C2C12 cells and culture media tended to decrease with longer
treatment times (−95% and −40%, P < 0 05, Figures 2(a) and
2(b), resp.). In contrast, the activities of iNOS and TNOS
increased from 3h to 36h (+60% and +90%, P < 0 05,
Figures 2(c) and 2(d), resp.). L-Arg significantly increased
the activity of iNOS and TNOS at 3 h (+70% and +30%,
P < 0 05, Figures 2(c) and 2(d), resp.). The activity of
iNOS, however, was somewhat increased at 18 h (+35%,
P = 0 0774, Figure 2(c)) and clearly increased at 36 h in
the C2C12 cells (+65%, P < 0 05, Figure 2(c)).

3.2. Effect of L-NAME on Protein Synthesis and mTOR and
p70S6K Phosphorylation. L-NAME decreased the NO abun-
dance in the cell-free supernatants (−80%, Figure 2(b)) and
NO levels in the C2C12 cells (−80% and −90%, P < 0 05) at
18 and 36 h (Figure 2(a)) and tended to decrease NO levels
after 36 h treatment in the cell-free supernatants compared
with those of the controls (−85%, P = 0 068, Figure 2(b)).
iNOS activity was not significantly altered (P > 0 05) at 3 h,
18 h, and 36h, whereas TNOS activity was significantly
inhibited (−55%, P < 0 05) at 18 h (Figure 2(d)) and tended
to be suppressed by L-NAME treatment in C2C12 cells at
36 h (−30%, P = 0 093) (Figure 2(d)). Compared with con-
trols, however, L-Arg supplementation had no significant
influence (P > 0 05) on NO concentrations in either the cells
or the cell-free supernatant. Conversely, iNOS activity was
significantly increased by L-Arg treatment (+60%, P < 0 05),
regardless of the presence of L-NAME (Figure 2(c)) at 36 h.
Additionally, TNOS activity was not altered by treatment
with both L-Arg and L-NAME (P > 0 05) (Figure 2(d)).

L-NAME treatment significantly decreased (P < 0 05)
protein synthesis (−25%, Figure 3(a)), as well as the phos-
phorylated mTOR (Thr 2446) (−40%, Figure 3(b)) and
phospho-p70S6K (Thr 389) (−25%, Figure 3(c)) levels in
the C2C12 cells. However, this inhibitory effect was signifi-
cantly reduced by supplementation with 1mM of L-Arg
(+25%, +50%, and +35%, P < 0 05, Figures 3(a)–3(c)). In
contrast, no difference was detected (P > 0 05) in the levels
of the total or phosphorylated mTOR (Ser 2448 and Ser
2481) (Figure 3(b)).

3.3. Effect of SNP on Protein Synthesis and mTOR, p70S6K,
and 4E-BP1 Phosphorylation. To further evaluate whether
NO is involved in the regulation of protein synthesis, we
tested the effect of SNP, an NO donor. The results showed
that SNP treatment increased NO concentrations in the
C2C12 cells (+55%, P < 0 05) and in the cell-free superna-
tants (+80%, P < 0 05, Figure 4(a)). Furthermore, iNOS
(−60%, P < 0 05), but not TNOS (P > 0 05), activity was sup-
pressed by SNP treatment (Figure 4(b)).

The results also indicated that SNP significantly increased
protein synthesis (+30%, P < 0 05, Figure 5(a)), increased the
phosphorylation of mTOR (Thr 2446) (35%, P < 0 05,
Figure 5(b)), and upregulated both total p70S6K and
phospho-p70S6K (Thr 389) (+15% and +15%, P < 0 05,
Figure 5(c)) and phosphor-4E-BP1 (Thr 37/46) levels
(+10%, P < 0 05, Figure 5(d)). In contrast, phospho-
mTOR (Ser 2448 and Ser 2481) levels remained unaltered
(P > 0 05, Figure 5(d)).

The effect of SNP on L-NAME-induced suppression of
protein synthesis was further investigated. L-NAME signifi-
cantly inhibited the protein synthesis rate (−20%, P < 0 05,
Figure 6(a)), downregulated the levels of phosphorylated
mTOR (Thr 2446) (−60%, P < 0 05, Figure 6(b)), and
decreased the phosphorylation of p70S6K (Thr 389)
(−35%, P < 0 05, Figure 6(c)). In contrast, SNP supplemen-
tation significantly alleviated the L-NAME-induced inhibi-
tion of protein synthesis (+40%, P < 0 05, Figure 6(a)).
SNP supplementation also upregulated the phosphorylated
mTOR (Thr 2446), as well as the total and phosphorylated
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p70S6K (Thr 389), levels compared with those of the L-
NAME treatment (+40% and +35%, P < 0 05, Figures 6(b)
and 6(c)). However, no difference was detected between the
SNP and control treatments (P > 0 05). Neither SNP nor L-
NAME treatment altered the levels of the phosphorylated
mTOR (Ser 2448 and Ser 2481) (P > 0 05, Figure 6(b)).

3.4. Effect of Rapamycin Treatment on Protein Synthesis and
mTOR and p70S6K Phosphorylation. We further verified
whether p70S6K is involved in the stimulatory effect of
NO on protein synthesis by blocking mTOR/p70S6K signal-
ing. The results showed that the protein synthesis rate
significantly decreased with rapamycin treatment (−20%

and−25%,P < 0 05, Figures7(a)and7(d)).Meanwhile, rapamy-
cin treatment decreased the levels of total mTOR (−60% and
−50%, P < 0 05, Figures 7(b) and 7(e)) and p70S6K (Thr 389)
phosphorylation (−100% and −100%, P < 0 05, Figures 7(c)
and 7(f)). Moreover, supplementation with L-Arg or SNP did
not reverse theeffectsof rapamycin treatmentontheC2C12cells
(P > 0 05) (Figures 7(a) and 7(e)).

4. Discussion

In the present study, we investigated the role of L-Arg on
in vitro muscle protein synthesis under normal conditions.
The results indicated that L-Arg supplementation stimulated
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Figure 1: L-Arginine enhances protein synthesis by phosphorylating mTOR (Thr 2446) and p70S6K (Thr 389) in C2C12 cells. The protein
synthesis rate was evaluated after treatment by supplementation with puromycin (10 μM) for 30min in the cell-free supernatant (a). The
levels of phosphorylated mTOR (b) and p70S6K (c) in the C2C12 cells cultured for 36 h in the presence of 1mM of L-arginine. When the
total protein bands showed significant differences with different treatments, the phosphorylated protein bands were normalized to the
total protein bands. In contrast, if the total protein bands were similar across different groups, both the phosphorylated and total protein
bands were normalized to β-actin. Data are presented as the means ± SEM (n = 6); ∗∗P < 0 01 and ∗P < 0 05 compared with untreated
cells. NS, P > 0 05.
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protein synthesis, increased p70S6K phosphorylation (Thr
389), and upregulated phosphorylated mTOR (Thr 2446)
levels. The stimulatory effect of L-Arg on protein synthesis
and p70S6K (Thr 389) and mTOR (Thr 2446) phosphory-
lation was abolished by the presence of L-NAME, an NOS
inhibitor. In contrast, SNP, an NO donor, increased pro-
tein synthesis and upregulated both p70S6K and mTOR
phosphorylation (Thr 389 and Thr 2446, resp.); this effect
was not altered by L-NAME. Blocking the phosphorylation
of p70S6K with rapamycin, however, abolished the stimu-
latory effect of both L-Arg and SNP on protein synthesis.
These results demonstrate that NO is associated with the
regulation of muscle protein synthesis via the mTOR/
p70S6K pathway. Moreover, except for one mTOR phos-
phorylation site (Thr 2446), the phosphorylated levels of

mTOR (Ser 2448 and Ser 2481) were not altered by the
L-Arg, L-NAME, or SNP treatment, suggesting that this
specific mTOR site (Thr 2446) is the target site involved
in the regulation of protein synthesis by NO.

4.1. L-Arg Enhanced Protein Synthesis and the
Phosphorylation of p70S6K (Thr 389) and mTOR (Thr
2446). In animal experiments, L-Arg has been demonstrated
to enhance protein synthesis in skeletal muscle [31, 32].
Moreover, L-Arg supplementation is beneficial for the main-
tenance of muscle mass in burn patients and ameliorates
the muscle dysfunction associated with mdx mice [8, 9].
The advantageous effect of L-Arg could be partially
accounted for by the increased blood circulation in skeletal
muscles [33–35].
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Figure 2: L-Arginine supplementation increases and L-NAME supplementation decreases NO concentrations in C2C12 cells and the culture
medium, as well as the activities of inducible nitric oxide synthase (iNOS) and total nitric oxide synthase (TNOS) in C2C12 cells (U/mg
protein). NO abundance in C2C12 cells (a) and culture medium (b) was detected after 3 h, 18 h, and 36 h treatments with L-arginine or L-
NAME. The activity of NOS-iNOS (c) and TNOS (d) was analyzed following L-arginine or L-NAME supplementation for 3 h, 18 h, and
36 h in C2C12 cells. Data are expressed as the means ± SEM (n = 7). ∗∗P < 0 01 compared with untreated cells. NS, P > 0 05.
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In the present study, we further investigated the direct
role of L-Arg in muscle cell protein synthesis. We confirmed
the enhancement of protein synthesis in C2C12 cells follow-
ing L-Arg supplementation, which was in line with the results
of [35], in which arginine was found to protect myocytes
from wasting by stimulating protein synthesis during cata-
bolic conditions in C2C12 cells. These results suggest that
L-Arg stimulates protein synthesis in muscle cells regardless
of nutritional status; this finding is supported by the observa-
tion of Sales et al. [10, 11], who reported that free amino
acids, especially arginine, within muscle cells may be

associated with protein synthesis capacity in fetal lambs of
well-nourished sheep.

mTOR complex 1 (mTORC1), consisting of Raptor,
GβL, PRAS40, and DEPTOR, phosphorylates 4E-BP1 and
p70S6K and thus stimulates protein synthesis [36]. In vivo,
L-Arg treatment was shown to stimulate p70S6K phosphor-
ylation [32]. Under wasting conditions, arginine treatment
increased the levels of phosphorylated mTOR, p70S6K, and
4E-BP1 in C2C12 cells [14]. In line with previous studies,
the present results indicated that L-Arg supplementation
upregulated p70S6K (Thr 389) and mTOR (Thr 2446)
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Figure 3: L-NAME and L-arginine treatment inhibits and evokes protein synthesis, respectively, in C2C12 cells. The protein synthesis rate
was evaluated following treatment by supplementation with puromycin (10 μM) for 30min in the cell-free supernatant (a); the levels of
phosphorylated mTOR (b) and p70S6K (c) following L-arginine (1mM) supplementation in the presence of L-NAME (10mM). When
the total protein bands showed significant differences with different treatments, the phosphorylated protein bands were normalized to the
total protein bands. In contrast, if the total protein bands were similar across different groups, both the phosphorylated and total protein
bands were normalized to β-actin. Data are presented as the means ± SEM (n = 6). ∗∗P < 0 01 and ∗P < 0 05 compared with untreated
cells. NS, P > 0 05.
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phosphorylation levels, which suggested that the mTOR/
p70S6K signaling pathway is an intracellular target of L-Arg.
In contrast to the work by Ham et al. [14], who reported that
arginine evokedmTOR phosphorylation (Ser 2448) in C2C12
cells under wasting conditions, we observed that L-Arg stim-
ulated the phosphorylation of mTOR at Thr2446, but not at
Ser2448 or Ser2481, in C2C12 cells under normal nutritional
conditions, suggesting that L-Arg may modulate mTOR
activity at different sites according to cellular nutritional state.

4.2. L-Arg-Stimulated Protein Synthesis via NO. In humans,
skeletal muscle participates in the overall NO metabolism
by serving as a nitrate reservoir [13]. As the precursor of
NO, L-Arg has been shown to be involved in protein phos-
phorylation cascades and gene expression by serving as a cell
signaling molecule [5, 37]. Arginine, a conditionally essential
amino acid, is known to participate in the production of NO
[38]. Under catabolic conditions, L-Arg was also found to

exhibit NO-independent protective effects on muscle wasting
[14]. To further investigate the role of NO in the regulation of
arginine, we first used L-NAME to suppress NOS activity.
The significant decrease in cellular NO concentrations and
the suppression of TNOS activity indicated that L-NAME
decreased NO production. The decreased protein synthesis
and levels of phosphorylated p70S6K (Thr 389) and mTOR
(Thr 2446) caused by L-NAME treatment suggested that
NO may be involved in muscle cell protein synthesis via the
mTOR/p70S6K pathway. The increased NO concentrations
in the cell-free supernatant and the restoration of iNOS activ-
ity upon treatment with both L-NAME and L-Arg indicated
that the suppressive effect of L-NAME on NOS activity could
be relieved by L-Arg supplementation. Consistent with this
result, L-Arg supplementation reversed the effects of L-
NAME on protein synthesis and p70S6K phosphorylation,
suggesting that either NO or arginine is involved in the mod-
ulation of protein synthesis.
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To further verify this hypothesis, we evaluated the effect of
SNP, an NO donor, on protein synthesis and p70S6K and
mTOR phosphorylation. The elevated NO production in cells
and in the media, as well as the decreased iNOS activity, indi-
cated that SNP treatment provides sufficient NO independent
of NOS. The increased protein synthesis caused by SNP also
suggests that NO, rather than L-Arg, is associated with the
regulation of protein synthesis in muscle cells. This hypothe-
sis was confirmed by the observation that the negative effect of
L-NAME on protein synthesis could be rescued by SNP sup-
plementation. Therefore, the present results demonstrate that
NO, rather than L-Arg, was associated with the regulation of
protein synthesis in C2C12 cells, which is consistent with
the mechanism in intestinal epithelial cells [39]. This result

was in line with previous work showing that the maintenance
of NO could ameliorate dystrophy symptoms [18, 19]. The
age-related muscle refractoriness to exercise can be overcome
with NO donor treatment [20]. This result, however, contra-
dicted the work of Ham et al., who reported that L-arginine
reduces muscle wasting in a dose-dependent manner through
NO-independent activation of mTOR [14]. The nutritional
status of the cells may account for these different observa-
tions. In the present study, we investigated the effect of argi-
nine and NO on protein synthesis and the activation of the
mTOR/p70S6K signaling pathway in cells under normal,
but not nutrient-deprived, conditions. These results may
imply that L-Arg andNOhave a positive effect onmuscle pro-
tein synthesis in a nutritional status-dependent manner.
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Figure 5: SNP treatment increases the protein synthesis rate and the phosphorylated levels of mTOR (Thr 2446), p70S6K (Thr 389), and 4E-
BP1 (Thr 37/46) in C2C12 cells. The protein synthesis rate was evaluated following treatment by supplementation with puromycin (10 μM)
for 30min in the cell-free supernatant (a). Levels of phosphorylated mTOR (b), p70S6K (c), and 4E-BP1 (d) in C2C12 cells in the presence of
1μM of SNP. When the total protein bands showed significant differences with different treatments, the phosphorylated protein bands were
normalized to the total protein bands. In contrast, if the total protein bands were similar across different groups, both the phosphorylated and
total protein bands were normalized to β-actin. Data are presented as the means ± SEM (n = 6). ∗∗P < 0 01 and ∗P < 0 05 compared with
untreated cells. NS, P > 0 05.
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The SNP-induced upregulation of p70S6K and 4E-BP1
phosphorylation suggests that p70S6K and 4E-BP1 are the
target proteins of NO, which is consistent with previous stud-
ies [40, 41]. However, SNP supplementation only partially
restored the downregulation of p70S6K (Thr 389) and
mTOR (Thr 2446) phosphorylation by L-NAME. To further
clarify the effect of NO on mTOR and p70S6K, the C2C12
cells were treated with rapamycin. The suppression of pro-
tein synthesis and inhibition of p70S6K and mTOR phos-
phorylation by rapamycin indicated that the mTOR/
p70S6K pathway is an important pathway in muscle cell

protein synthesis, which is in line with previous studies [42,
43]. The suppressive effect of rapamycin was not reversed
by either L-Arg or SNP, which suggests that the regulatory
effect of L-Arg or NO on muscle cell protein synthesis is
dependent on the phosphorylation of mTOR specifically at
Thr 2446 (rather than at Ser 2448 or Ser 2481) to initiate
the phosphorylation of p70S6K (Thr 389) and 4E-BP1 (Thr
37/46). Further, the L-Arg- or SNP-induced activation of
mTOR (Thr 2446), p70S6K (Thr 389), and 4E-BP1 (Thr
37/46) is consistent with recent research in cocaine treatment
[44]. Even though the C-terminus of mTOR contains the
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Figure 6: L-NAME and SNP, respectively, inhibit and activate protein synthesis and the phosphorylation of mTOR (Thr 2446) and
p70S6K (Thr 389) in C2C12 cells. The protein synthesis rate was evaluated following treatment by supplementation with puromycin
(10 μM) for 30min in the cell-free supernatant (a). The phosphorylation levels of mTOR (b) and p70S6K (c) in C2C12 cells cultured for
36 h in the presence of 1 μM of SNP and 10mM of L-NAME. When the total protein bands showed significant differences with different
treatments, the phosphorylated protein bands were normalized to the total protein bands. In contrast, if the total protein bands were
similar across different groups, both the phosphorylated and total protein bands were normalized to β-actin. Data are presented as the me
ans ± SEM (n = 6). ∗∗P < 0 01 and ∗P < 0 05 compared with untreated cells. NS, P > 0 05.

9Oxidative Medicine and Cellular Longevity



phosphorylation sites Thr 2446, Ser 2448, and Ser 2481,
which lie within or near a repressor domain and conse-
quently correlate with an increase in activity [45], these
sites are regulated by several different kinases including
downstream effectors of the mTOR pathway itself or by
autophosphorylation. For example, Thr 2446 is a target
of AMP-activated protein kinase (AMPK) and S6K [46, 47],
which is a novel mammalian target of the rapamycin (mTOR)
phosphorylation site regulated by nutrient status [46] and is
involved in various metabolic processes. Ser 2481 is an auto-
phosphorylation site that directly monitors the catalytic

activity of both mTORC1 and mTORC2 [48, 49]. The Ser
2448 site is also a key mTOR phosphorylation site and is
regulated by Akt and S6K [50, 51]. We made the interest-
ing observation that the phosphorylation status of the Ser
2481 and Ser 2448 sites did not change following L-
arginine treatment or SNP supplementation. The specific
L-arginine- and SNP-induced mTOR phosphorylation pat-
tern is indicative of upstream signaling, as each phosphor-
ylation site is regulated by different mechanisms.

NO participates in cellular signal transduction mainly
through S-nitrosylation of allosteric and active-site cysteine
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Figure 7: Rapamycin inhibits protein synthesis aswell asmTORand p70S6K inC2C12 cells. The protein synthesis ratewas evaluated following
treatment by supplementation with puromycin (10 μM) for 30min in the cell-free supernatant (a, d); the level of total mTOR (b, e) and p70S6K
(c, f) following treatment with 1mM of L-arginine or 1 μM of SNP in the presence of rapamycin (100 nM). When the total protein bands
showed significant differences with different treatments, the phosphorylated protein bands were normalized to the total protein bands. In
contrast, if the total protein bands were similar across different groups, both the phosphorylated and total protein bands were normalized to
β-actin. Data are presented as themeans ± SEM (n = 6). ∗∗P < 0 01 and ∗P < 0 05 compared with untreated cells. NS, P > 0 05.
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thiols within proteins [37, 52, 53]. In aged rats (33
months), the increased phosphorylation of Akt (Ser 473
and Thr 308) in soleus muscles is associated with diminished
mTOR phosphorylation, whereas the age-related impair-
ment in Akt kinase activity is associated with increases in
Akt S-nitrosylation [54]. Hence, the actions of NO in skeletal
muscle under different physiological conditions need to be
further investigated.

4.3. The Role of NOS on Muscle Protein Synthesis. NOS has
three isoforms: iNOS, nNOS (neuronal NOS, type I), and
eNOS (endothelial NOS, type II). In skeletal muscle, nNOS
is the major NOS isoform. There is growing evidence that
NOS is associated with the development of muscle atrophy.
The nNOS/NO system modulates muscle functions such as
insulin sensitivity and glucose uptake, muscle contraction,
vasodilation, and activation of satellite cells [37, 55, 56].
The translocation of nNOS from the sarcolemma to the cyto-
plasm, however, is involved in muscle atrophy in an upload-
ing model mimicked by tail suspension [57, 58] and in
prolonged alcoholic myopathy [59]. NO signaling is dysreg-
ulated during muscular dystrophy due to the disruption of
the dystrophin glycoprotein complex (DGC), which anchors
nNOS [60]. The inhibition of tendon NOS contributes to the
attenuation of atrophy and acceleration of muscle regenera-
tion [61]. On the other hand, iNOS is expressed exclusively
in the presence of proinflammatory cytokines. iNOS has been
proven to be an important mediator in TNFα-induced
cachectic muscle loss and in age-related muscle wasting (sar-
copenia) [21]. Under pathological conditions, the activation
of iNOS promotes muscle atrophy [62]. NO may exert both
protective and pathological effects during muscle wasting,
depending on quantitative effects as well as on the spatial
arrangement of NOS [22]. L-Citrulline preserves protein syn-
thesis rates and protects myotubes from wasting through
induction of the iNOS isoform [15]. In the present study, pro-
tein synthesis was suppressed by L-NAME treatment and
stimulated by L-Arg. L-NAME suppressed TNOS activity at
18 h (P < 0 01) and 36 h (P = 0 093) but had little influence
on iNOS, suggesting that TNOSmay be responsible for block-
ing protein synthesis. In contrast, L-Arg supplementation

increased iNOS and TNOS at different time points. Hence,
the role of iNOS and nNOS on protein synthesis and the
mTOR/p70S6K pathway requires further study.

5. Conclusion

In conclusion, our results demonstrate that L-Arg is associ-
ated with the regulation of muscle development via the
mTOR (Thr 2446)/p70S6K signaling pathway in an NO-
dependent manner (Figure 8). These results highlight the
potential clinical application of L-Arg or NO for the modula-
tion of muscle metabolism.

Conflicts of Interest

The authors have declared no conflicts of interest.

Authors’ Contributions

Ruxia Wang and Hai Lin conceived and designed the
experiments; Ruxia Wang performed the experiments; Ruxia
Wang and Hai Lin wrote and modified the paper; Hongchao
Jiao, Zhao Jingpeng, and Xiaojuan Wang contributed
reagents/materials/analysis tools. All the authors read and
approved the final manuscript.

Acknowledgments

This work was supported by the National Key Research
Program of China under Grant no. 2016YFD0500510, the
China Agriculture Research System (CARS-41-K14), and
the Taishan Scholars Program (no. 201511023).

References

[1] T. Michel and O. Feron, “Nitric oxide synthases: which, where,
how, and why?,” The Journal of Clinical Investigation, vol. 100,
no. 9, pp. 2146–2152, 1997.

[2] C. Nathan, “Nitric oxide as a secretory product of mammalian
cells,” The FASEB Journal, vol. 6, no. 12, pp. 3051–3064, 1992.

[3] S. Moncada, R. M. Palmer, and E. A. Higgs, “Nitric oxide:
physiology, pathophysiology, and pharmacology,” Pharmaco-
logical Reviews, vol. 43, no. 2, pp. 109–142, 1991.

[4] J. Hemish, N. Nakaya, V. Mittal, and G. Enikolopov, “Nitric
oxide activates diverse signaling pathways to regulate gene
expression,” Journal of Biological Chemistry, vol. 278, no. 43,
pp. 42321–42329, 2003.

[5] S. M. Morris Jr., “Arginine metabolism: boundaries of our
knowledge,” The Journal of Nutrition, vol. 137, no. 6,
pp. 1602S–1609S, 2007.

[6] E. H. Herningtyas, Y. Okimura, A. E. Handayaningsih et al.,
“Branched-chain amino acids and arginine suppress MaFbx/
atrogin-1 mRNA expression via mTOR pathway in C2C12 cell
line,” Biochimica et Biophysica Acta (BBA) - General Subjects,
vol. 1780, no. 10, pp. 1115–1120, 2008.

[7] G. Wu, “Amino acids: metabolism, functions, and nutrition,”
Amino Acids, vol. 37, no. 1, pp. 1–17, 2009.

[8] H. Saito, O. Trocki, S. L. Wang, S. J. Gonce, S. N. Joffe, and
J. W. Alexander, “Metabolic and immune effects of dietary
arginine supplementation after burn,” Archives of Surgery,
vol. 122, no. 7, pp. 784–789, 1987.

L-Arginine NO mTOR

S6K1Protein synthesis

NOS P

P

L-NAME

SNP

Rapamycin

Figure 8: The working model of L-arginine/NO in muscle protein
synthesis. L-NAME: N-nitro-L-arginine methyl ester; NO: nitric
oxide; NOS: nitric oxide synthase; SNP: sodium nitroprusside.

11Oxidative Medicine and Cellular Longevity



[9] E. R. Barton, L. Morris, M. Kawana, L. T. Bish, and T. Toursel,
“Systemic administration of L-arginine benefits mdx skeletal
muscle function,” Muscle & Nerve, vol. 32, no. 6, pp. 751–
760, 2005.

[10] F. Sales, D. Pacheco, H. Blair, P. Kenyon, and S. McCoard,
“Muscle free amino acid profiles are related to differences in
skeletal muscle growth between single and twin ovine fetuses
near term,” SpringerPlus, vol. 2, no. 1, p. 483, 2013.

[11] F. A. Sales, D. Pacheco, H. T. Blair et al., “Identification of
amino acids associated with skeletal muscle growth in late ges-
tation and at weaning in lambs of well-nourished sheep,” Jour-
nal of Animal Science, vol. 92, no. 11, pp. 5041–5052, 2014.

[12] D. J. Ham, T. L. Kennedy, M. K. Caldow, A. Chee, G. S. Lynch,
and R. Koopman, “Citrulline does not prevent skeletal muscle
wasting or weakness in limb-casted mice,” The Journal of
Nutrition, vol. 145, no. 5, pp. 900–906, 2015.

[13] B. Piknova, J. W. Park, K. M. Swanson, S. Dey, C. T. Noguchi,
and A. N. Schechter, “Skeletal muscle as an endogenous nitrate
reservoir,” Nitric Oxide, vol. 47, pp. 10–16, 2015.

[14] D. J. Ham,M. K. Caldow, G. S. Lynch, and R. Koopman, “Argi-
nine protects muscle cells from wasting in vitro in an
mTORC1-dependent and NO-independent manner,” Amino
Acids, vol. 46, no. 12, pp. 2643–2652, 2014.

[15] D. J. Ham, B. G. Gleeson, A. Chee et al., “L-Citrulline protects
skeletal muscle cells from cachectic stimuli through an iNOS-
dependent mechanism,” PLoS One, vol. 10, no. 10, article
e0141572, 2015.

[16] L. I. Filippin, M. J. Cuevas, E. Lima, N. P. Marroni, J. Gonzalez-
Gallego, and R. M. Xavier, “Nitric oxide regulates the repair of
injured skeletal muscle,” Nitric Oxide, vol. 24, no. 1, pp. 43–49,
2011.

[17] L. I. Filippin, A. J. Moreira, N. P. Marroni, and R. M. Xavier,
“Nitric oxide and repair of skeletal muscle injury,” Nitric
Oxide, vol. 21, no. 3-4, pp. 157–163, 2009.

[18] M.Wehling,M. J. Spencer, and J.G.Tidball, “Anitric oxide syn-
thase transgene ameliorates muscular dystrophy in mdxmice,”
Journal of Cell Biology, vol. 155, no. 1, pp. 123–132, 2001.

[19] J. D. Archer, C. C. Vargas, and J. E. Anderson, “Persistent and
improved functional gain in mdx dystrophic mice after treat-
ment with L-arginine and deflazacort,” The FASEB Journal,
vol. 20, no. 6, pp. 738–740, 2006.

[20] J. R. S. Leiter, R. Upadhaya, and J. E. Anderson, “Nitric oxide
and voluntary exercise together promote quadriceps hypertro-
phy and increase vascular density in female 18-mo-old mice,”
American Journal of Physiology-Cell Physiology, vol. 302, no. 9,
pp. C1306–C1315, 2012.

[21] D. T. Hall, J. F. Ma, S. di Marco, and I. E. Gallouzi, “Inducible
nitric oxide synthase (iNOS) in muscle wasting syndrome, sar-
copenia, and cachexia,” Aging, vol. 3, no. 8, pp. 702–715, 2011.

[22] L. M. Leitner, R. J. Wilson, Z. Yan, and A. Gödecke, “Reactive
oxygen species/nitric oxide mediated inter-organ communica-
tion in skeletal muscle wasting diseases,” Antioxidants &
Redox Signaling, vol. 26, no. 13, pp. 700–717, 2017.

[23] D. C. Fingar, C. J. Richardson, A. R. Tee, L. Cheatham,
C. Tsou, and J. Blenis, “mTOR controls cell cycle progression
through its cell growth effectors S6K1 and 4E-BP1/eukaryotic
translation initiation factor 4E,” Molecular and Cellular Biol-
ogy, vol. 24, no. 1, pp. 200–216, 2004.

[24] C. J. Richardson, S. S. Schalm, and J. Blenis, “PI3-kinase and
TOR: PIKTORing cell growth,” Seminars in Cell & Develop-
mental Biology, vol. 15, no. 2, pp. 147–159, 2004.

[25] N. Shimizu, N. Yoshikawa, N. Ito et al., “Crosstalk between
glucocorticoid receptor and nutritional sensor mTOR in skel-
etal muscle,” Cell Metabolism, vol. 13, no. 2, pp. 170–182, 2011.

[26] C. Rommel, S. C. Bodine, B. A. Clarke et al., “Mediation of
IGF-1-induced skeletal myotube hypertrophy by PI(3)K/Akt/
mTOR and PI(3)K/Akt/GSK3 pathways,” Nature Cell Biology,
vol. 3, no. 11, pp. 1009–1013, 2001.

[27] T. A. Hornberger and S. Chien, “Mechanical stimuli and nutri-
ents regulate rapamycin-sensitive signaling through distinct
mechanisms in skeletal muscle,” Journal Cell Biochemistry,
vol. 97, no. 6, pp. 1207–1216, 2006.

[28] E. K. Schmidt, G. Clavarino, M. Ceppi, and P. Pierre, “SUn-
SET, a nonradioactive method to monitor protein synthesis,”
Nature Methods, vol. 6, no. 4, pp. 275–277, 2009.

[29] C. A. Goodman, D. M. Mabrey, J. W. Frey et al., “Novel
insights into the regulation of skeletal muscle protein synthesis
as revealed by a new nonradioactive in vivo technique,” The
FASEB Journal, vol. 25, no. 3, pp. 1028–1039, 2011.

[30] J. H. D. Long, V. A. Lira, Q. A. Soltow, J. L. Betters, J. E. Sell-
man, and D. S. Criswell, “Arginine supplementation induces
myoblast fusion via augmentation of nitric oxide production,”
Journal of Muscle Research & Cell Motility, vol. 27, no. 8,
pp. 577–584, 2006.

[31] J. W. Frank, J. Escobar, H. V. Nguyen et al., “OralN-carbamyl-
glutamate supplementation increases protein synthesis in skel-
etal muscle of piglets,” The Journal of Nutrition, vol. 137, no. 2,
pp. 315–319, 2007.

[32] K. Yao, Y. L. Yin, W. Chu et al., “Dietary arginine supplemen-
tation increases mTOR signaling activity in skeletal muscle of
neonatal pigs,” The Journal of Nutrition, vol. 138, no. 5,
pp. 867–872, 2008.

[33] N. Gokce, “L-arginine and hypertension,” The Journal of
Nutrition, vol. 134, no. 10, pp. 2807S–2811S, 2004.

[34] Y. Nakai, P. Voisine, C. Bianchi et al., “Effects of L-arginine on
the endogenous angiogenic response in a model of hypercho-
lesterolemia,” Surgery, vol. 138, no. 2, pp. 291–298, 2005.

[35] P. Voisine, J. Li, C. Bianchi et al., “Effects of L-arginine on
fibroblast growth factor 2–induced angiogenesis in a model
of endothelial dysfunction,” Circulation, vol. 112, no. 9, Sup-
plement, pp. I202–I207, 2005.

[36] J. D. Weber and D. H. Gutmann, “Deconvoluting mTOR biol-
ogy,” Cell Cycle, vol. 11, no. 2, pp. 236–248, 2014.

[37] J. S. Stamler and G. Meissner, “Physiology of nitric oxide in
skeletal muscle,” Physiological Reviews, vol. 81, no. 1,
pp. 209–237, 2001.

[38] G.Wu and S. M.Morris Jr., “Arginine metabolism: nitric oxide
and beyond,” Biochemical Journal, vol. 336, no. 1, pp. 1–17,
1998.

[39] J. M. Rhoads, Y. Liu, X. Niu, S. Surendran, and G. Wu, “Argi-
nine stimulates cdx2-transformed intestinal epithelial cell
migration via a mechanism requiring both nitric oxide and
phosphorylation of p70 S6 kinase,” The Journal of Nutrition,
vol. 138, no. 9, pp. 1652–1657, 2008.

[40] L. A. Berven, I. J. Frew, and M. F. Crouch, “Nitric oxide donors
selectively potentiate thrombin-stimulated p70S6K activity and
morphological changes in Swiss 3T3 cells,” Biochemical and
Biophysical Research Communications, vol. 266, no. 2,
pp. 352–360, 1999.

[41] T. Minamino, M. Kitakaze, P. J. Papst et al., “Inhibition of
nitric oxide synthesis induces coronary vascular remodeling
and cardiac hypertrophy associated with the activation of

12 Oxidative Medicine and Cellular Longevity



p70 S6 kinase in rats,” Cardiovascular Drugs and Therapy,
vol. 14, no. 5, pp. 533–542, 2000.

[42] K. Baar and K. Esser, “Phosphorylation of p70S6Kcorrelates
with increased skeletal muscle mass following resistance exer-
cise,” American Journal of Physiology-Cell Physiology, vol. 276,
no. 1, pp. C120–C127, 1999.

[43] S. Fujita, H. C. Dreyer, M. J. Drummond et al., “Nutrient sig-
nalling in the regulation of human muscle protein synthesis,”
The Journal of Physiology, vol. 582, no. 2, pp. 813–823, 2007.

[44] L. P. Sutton andM. G. Caron, “Essential role of D1R in the reg-
ulation of mTOR complex1 signaling induced by cocaine,”
Neuropharmacology, vol. 99, pp. 610–619, 2015.

[45] C. A. Hoeffer and E. Klann, “mTOR signaling: at the cross-
roads of plasticity, memory and disease,” Trends in Neurosci-
ences, vol. 33, no. 2, pp. 67–75, 2010.

[46] S. W. Y. Cheng, L. G. D. Fryer, D. Carling, and P. R. Shepherd,
“Thr2446 is a novel mammalian target of rapamycin (mTOR)
phosphorylation site regulated by nutrient status,” Journal of
Biological Chemistry, vol. 279, no. 16, pp. 15719–15722, 2004.

[47] M. K. Holz and J. Blenis, “Identification of S6 kinase 1 as a
novel mammalian target of rapamycin (mTOR)-phosphory-
lating kinase,” Journal of Biological Chemistry, vol. 280,
no. 28, pp. 26089–26093, 2005.

[48] G. A. Soliman, H. A. Acosta-Jaquez, E. A. Dunlop et al.,
“mTOR Ser-2481 autophosphorylation monitors mTORC-
specific catalytic activity and clarifies rapamycin mechanism
of action,” Journal of Biological Chemistry, vol. 285, no. 11,
pp. 7866–7879, 2010.

[49] B. D. Manning, “Comment on “A dynamic network model of
mTOR signaling reveals TSC-independent mTORC2 regula-
tion”: building a model of the mTOR signaling network with
a potentially faulty tool,” Science Signaling, vol. 5, no. 232, arti-
cle lc3, 2012.

[50] T. H. Reynolds IV, S. C. Bodine, and J. C. Lawrence Jr., “Con-
trol of Ser2448 phosphorylation in the mammalian target of
rapamycin by insulin and skeletal muscle load,” Journal of Bio-
logical Chemistry, vol. 277, no. 20, pp. 17657–17662, 2002.

[51] G. G. Chiang and R. T. Abraham, “Phosphorylation of mam-
malian target of rapamycin (mTOR) at Ser-2448 is mediated
by p70S6 kinase,” Journal of Biological Chemistry, vol. 280,
no. 27, pp. 25485–25490, 2005.

[52] D. T. Hess, A. Matsumoto, S. O. Kim, H. E. Marshall, and J. S.
Stamler, “Protein S-nitrosylation: purview and parameters,”
Nature Reviews Molecular Cell Biology, vol. 6, no. 2, pp. 150–
166, 2005.

[53] P. Anand and J. S. Stamler, “Enzymatic mechanisms regulating
protein S-nitrosylation: implications in health and disease,”
Journal ofMolecularMedicine, vol. 90, no. 3, pp. 233–244, 2012.

[54] M. Wu, A. Katta, M. K. Gadde et al., “Aging-associated dys-
function of Akt/protein kinase B: S-nitrosylation and acet-
aminophen intervention,” PLoS One, vol. 4, no. 7, article
e6430, 2009.

[55] S. Kapur, S. Bédard, B. Marcotte, C. H. Côté, and A. Marette,
“Expression of nitric oxide synthase in skeletal muscle: a novel
role for nitric oxide as a modulator of insulin action,”Diabetes,
vol. 46, no. 11, pp. 1691–1700, 1997.

[56] J. E. Anderson, “A role for nitric oxide in muscle repair: nitric
oxide–mediated activation of muscle satellite cells,” Molecular
Biology of the Cell, vol. 11, no. 5, pp. 1859–1874, 2000.

[57] N. Suzuki, N. Motohashi, A. Uezumi et al., “NO production
results in suspension-induced muscle atrophy through

dislocation of neuronal NOS,” The Journal of Clinical Investi-
gation, vol. 117, no. 9, pp. 2468–2476, 2007.

[58] N. Suzuki, H. Mizuno, H. Warita, S.'. Takeda, Y. Itoyama, and
M. Aoki, “Neuronal NOS is dislocated during muscle atrophy
in amyotrophic lateral sclerosis,” Journal of the Neurological
Sciences, vol. 294, no. 1-2, pp. 95–101, 2010.

[59] J. Wang, H. Chu, H. Zhao et al., “Nitricoxide synthase-induced
oxidative stress in prolonged alcoholic myopathies of rats,”
Molecular and Cellular Biochemistry, vol. 304, no. 1-2,
pp. 135–142, 2007.

[60] D. J. Glass, “Two tales concerning skeletal muscle,”The Journal
of Clinical Investigation, vol. 117, no. 9, pp. 2388–2391, 2007.

[61] A. D. Seabra, S. A. S. Moraes, E. J. O. Batista et al., “Local inhi-
bition of nitrergic activity in tenotomized rats accelerates mus-
cle regeneration by increasing fiber area and decreasing central
core lesions,” Brazilian Journal of Medical and Biological
Research, vol. 50, no. 3, article e5556, 2017.

[62] M. Assi and A. Rébillard, “The Janus-faced role of antioxidants
in cancer cachexia: new insights on the established concepts,”
Oxidative Medicine and Cellular Longevity, vol. 2016, Article
ID 9579868, 19 pages, 2016.

13Oxidative Medicine and Cellular Longevity



Review Article
Genetic Code Expansion: A Powerful Tool for
Understanding the Physiological Consequences of Oxidative
Stress Protein Modifications

Joseph J. Porter and Ryan A. Mehl

Department of Biochemistry and Biophysics, Oregon State University, 2011 Agriculture and Life Sciences Building, Corvallis,
OR 97331, USA

Correspondence should be addressed to Ryan A. Mehl; ryan.mehl@oregonstate.edu

Received 30 December 2017; Accepted 19 March 2018; Published 23 April 2018

Academic Editor: María Cecilia Carreras

Copyright © 2018 Joseph J. Porter and Ryan A. Mehl. This is an open access article distributed under the Creative Commons
Attribution License, which permits unrestricted use, distribution, and reproduction in any medium, provided the original work
is properly cited.

Posttranslational modifications resulting from oxidation of proteins (Ox-PTMs) are present intracellularly under conditions of
oxidative stress as well as basal conditions. In the past, these modifications were thought to be generic protein damage, but it
has become increasingly clear that Ox-PTMs can have specific physiological effects. It is an arduous task to distinguish between
the two cases, as multiple Ox-PTMs occur simultaneously on the same protein, convoluting analysis. Genetic code expansion
(GCE) has emerged as a powerful tool to overcome this challenge as it allows for the site-specific incorporation of an Ox-PTM
into translated protein. The resulting homogeneously modified protein products can then be rigorously characterized for the
effects of individual Ox-PTMs. We outline the strengths and weaknesses of GCE as they relate to the field of oxidative stress and
Ox-PTMs. An overview of the Ox-PTMs that have been genetically encoded and applications of GCE to the study of Ox-PTMs,
including antibody validation and therapeutic development, is described.

1. Introduction

It is accepted that posttranslational modifications resulting
from oxidation (Ox-PTMs) damage proteins and harm cells.
Whether Ox-PTMs can modulate the function of proteins
in a specific manner like other PTMs has been a long-
standing question [1]. Recent studies have demonstrated
that site-specific protein Ox-PTMs can lead to notable gain-
of-function alterations that are connected to disease pheno-
types. Enzymatic pathways that remove Ox-PTMs have also
been identified, providing evidence for dynamic homeostasis
with implications for the cellular function of these modifi-
cations. Major challenges exist in evaluating effects of Ox-
PTMs because of the diversity of mechanisms by which
they are formed. The Ox-PTMs result from reactive oxy-
gen species (ROS) (superoxide (O2

•−), hydrogen peroxide
(H2O2), and hydroxyl radical (OH•)), reactive nitrogen
and oxygen species (RNS) (nitric oxide (•NO), nitrogen
dioxide (•NO2), and peroxynitrite (ONOO−/ONOOH)), and

other downstream products interacting with a variety of
amino acid residues [2–8].

Elucidating the function of PTMs is notoriously challeng-
ing to evaluate because generating the modified proteins
in vivo or in vitro results in a heterogeneous mixture of mod-
ified and unmodified proteins. The situation for oxidative
stress PTMs is notably more dire because the installation
method, diverse and nonspecific chemical reactions from
ROS and RNS, produces a heterogeneous mixture of Ox-
PTMs on proteins containing multiple different modifica-
tions (Figure 1). Each different Ox-PTM needs to be assessed
for site-specificity and abundance to identify its effects on
protein function. Genetic code expansion (GCE) is particu-
larly well suited to meet these challenges since its core GCE
cotranslationally installs the Ox-PTM as a noncanonical
amino acid (ncAA). This allows for facile production of
homogenously modified protein at genetically programed
sites, enabling new approaches for studying Ox-PTMs.
GCE can validate Ox-PTM residues identified in oxidative
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stress conditions and explore the functional consequences of
a single site of modification. GCE can also be used to develop
assays for a particular site of modification on a particular
protein and to generate controls for evaluating the selectivity
and effectiveness of antibodies for Ox-PTMs. Since GCE
functions by generating ncAA-protein in living prokaryotes
and eukaryotes, it also allows for the in vivo study of homo-
geneous site-specifically modified protein.

A survey of the literature produces at a minimum 65
reported Ox-PTMs (Figure 2 and Supplementary Table 1).
A number of excellent reviews on the ROS and RNS exist
and as such we will not discuss them here [9, 10].
Identification of sites and identities of Ox-PTMs has also
blossomed as a field of study, and these have been reviewed
elsewhere [11, 12]. It is critical to note from studies on
the identification of Ox-PTMs that these modifications
are often not stable to purification from their native
environments and require specialized stabilization or
trapping methods [13]. This is important for GCE as
these particularly sensitive Ox-PTMs will likewise require
chemical caging strategies or stable mimetics for successful
genetic incorporation. In this review, we summarize the
relevant literature at the intersection of GCE and Ox-
PTMs, focusing on the most abundant Ox-PTMs and those
amenable to GCE technology (Figure 1). Ox-PTMs of low
stability or amino acid cross-links which are not applicable
to GCE will not be discussed (3, 7, 9-10, 16, 18–20, 22,
24–26, 31–35, 37–39, 41–44, 46–65 in Figure 2). This
review will also highlight the strengths and shortcomings
of GCE as applied to the study of Ox-PTMs, outline
some of the important considerations when employing
GCE, and describe exciting future applications of GCE
technology for the oxidative stress field.

2. Genetic Code Expansion Orthogonal Systems

The ability to site-specifically incorporate noncanonical
amino acids (ncAAs) into proteins in living cells has emerged

as a powerful method to probe protein structure and function
[14, 15]. This capability has been extended to the incorpora-
tion of many different PTMs including Ox-PTMs.While cell-
free protein synthesis is also developing as a powerful
approach for generating modified proteins [16], GCE is a
technology that must work inside a living cell. A first consid-
eration for GCE is that the Ox-PTMmust be chemically syn-
thesized as an amino acid, which can be challenging for some
modifications. The modified amino acid must also be stable
to cell culture conditions and be internalized in a cell to con-
centrations adequate for translation. The stability of an Ox-
PTM to cell culture conditions should be evaluated because
many Ox-PTMs are redox sensitive and can be toxic to cells
at medium concentrations needed for GCE (0.1–1.0mM).
Provided that the Ox-PTM amino acid can pass these initial
steps, then selection of GCE components specific for the new
amino acid is possible.

Central to GCE technology is an engineered aminoacyl-
tRNA synthetase-tRNA pair (aaRS-tRNA) that encodes an
ncAA in response to a nonsense (often the amber stop
codon) or a frameshift codon (Figure 3). To maintain trans-
lational fidelity the aaRS-tRNA pair must also not cross-react
with any endogenous aaRS-tRNA pairs in the host organism,
that is, this aaRS-tRNA pair must be orthogonal. In general,
evolution of an orthogonal aaRS-tRNA pair in a cell requires
importing this pair from another domain of life, as the aaRS-
tRNA identity elements for recognition are divergent enough
to maintain orthogonality. All of the aaRS-tRNA pairs
employed so far for GCE were derived from an aaRS-tRNA
pair for a canonical amino acid and were altered to instead
recognize and charge an ncAA onto the orthogonal tRNA.
Generally, this strategy has been more successful when the
ncAA of interest resembles the original canonical amino acid
(e.g., a modified TyrRS may only accept aromatic amino
acids). As this trend exists, it is important to know what
orthogonal systems have been used in the past when consid-
ering a heretofore unincorporated ncAA. Five main orthogo-
nal pairs have been used, an archaeal TyrRS-tRNACUA pair
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from Methanocaldococcus jannaschii (Mj) has been used
extensively in E. coli and other bacteria [17]; an E. coli
LeuRS-tRNACUA and an E. coli TyrRS-tRNACUA pair have
been used in eukaryotes [18, 19]; a pyrrolysyl-aaRS-tRNA
pair (PylRS-tRNACUA) derived from several methanogenic
archaea (notably Methanosarcina barkeri and Methanosar-
cina mazei) is orthogonal in both E. coli and eukaryotes
[20, 21]; and a liberated E. coli TrpRS-tRNACUA pair orthog-
onal in both E. coli and eukaryotes [22].

3. Developing Orthogonal Pairs

Initially, all orthogonal aaRS-tRNA pairs must be evolved to
efficiently incorporate an ncAA of interest. A library of
mutations at certain positions is constructed, and a double
sieve selection scheme is employed to enrich aaRS variants
that incorporate the ncAA of interest but not any of the
canonical amino acids [17]. Following a successful selection,
several parameters may be used to characterize the effective-
ness of the developed aaRS-tRNA pair. The efficiency of the
orthogonal pair is a measure of the amount of full length
protein produced in the presence of ncAA and is often
described by the fluorescence of a reporter protein like
GFP or the yield of a purified protein of interest. Fidelity is
a parameter that measures the orthogonality of the system.
The absolute fidelity of an aaRS-tRNA pair is the amount
of full length protein product produced in the absence of
ncAA [23]. Relative fidelity is the amount of noncognate
amino acid incorporated in the protein of interest in the
presence of the ncAA of interest. Relative fidelity is a more
useful parameter for characterization of an aaRS-tRNA pair
as it is more closely resembles the fidelity of the aaRS under
conditions in which it will be used. This parameter is mea-
sured by whole protein or tryptic digest mass spectrometry
of the purified protein of interest to determine the amount
of ncAA incorporation as compared to canonical amino
acid. Oftentimes, an evolved orthogonal pair can incorporate
a related family of ncAAs, for example, para-substituted
phenylalanines [24]. This characteristic is called permissivity
(sometimes referred to as polyspecificity) of an orthogonal
pair [25].

4. Other Considerations and Alternatives to
Genetic Code Expansion

There are factors beyond the aaRS/tRNA pair that are also
critical for GCE. For a given ncAA to be incorporated by an
evolved aaRS-tRNA pair, the ncAA has to meet a set of trans-
lational compatibility criteria. The bioavailability of the
ncAA has to be taken into account as it must diffuse into,
be transported into, or be synthesized within the cell. This
is particularly an issue for highly charged amino acids which
generally do not diffuse across membranes and a suitable
endogenous transporter does not exist. Further, the ncAA
of interest needs sufficient stability to persist intracellularly
for a timescale on the order of hours to days in order to be
incorporated into a protein via translation. Following ami-
noacylation of the tRNA by the aaRS, the EF-Tu must trans-
port the aminoacyl-tRNA to the ribosome. The EF-Tu has
been finely tuned for natural translation and, while it toler-
ates many ncAAs, those that are highly charged or particu-
larly large are not effectively transported by the EF-Tu. The
amino acyl-tRNA then must be decoded on the ribosome.
Finally, the installed ncAA also needs to be stable on the pro-
tein enabling protein purification and characterization.

A variety of strategies have been employed to overcome
these issues with GCE in regard to particular ncAAs. One
solution to poor cellular uptake is conversion of the desired
ncAA into a dipeptide. Dipeptides have been shown to
increase uptake of highly charged or otherwise poorly inter-
nalized amino acids via transporters [26, 27]. Alternatively,
methylation of the carboxylic acid of certain ncAAs also
increases uptake in mammalian cell culture. A third solution
is to generate a biosynthetic pathway for the desired ncAA
so that it is generated inside the cell of interest [28, 29].
Generally, structural mimics or chemically caged derivatives
of ncAAs are used in order to increase stability. For phos-
phorylated amino acids, both chemical caging [30] and
structural mimetics [27, 31] have been used to stabilize
the ncAA to allow for ncAA incorporation and characteri-
zation of PTM-proteins. Another strategy employed to
increase the lifetime of genetically encoded PTM is to knock
down the cell’s PTM removal pathways. The lifetime of

UAG
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(2) Orthogonal aminoacyl-
tRNA synthetase

Ribosome
Nascent protein

(3) Orthogonal tRNA

(4) mRNA

Modified 
protein

EF-Tu

Figure 3: Components necessary for genetic code expansion including the noncanonical amino acid of interest (1), an orthogonal aminoacyl
tRNA synthetase-tRNA pairs (2) and (3), and an mRNA with an amber stop codon at the site of interest (4).

4 Oxidative Medicine and Cellular Longevity



phosphoserine on proteins is increased by removal of endog-
enous serine phosphatases, allowing for genuine phosphoser-
ine incorporation [31]. Generally, the EF-Tu transports
ncAA aminoacylated-tRNAs efficiently enough to allow for
incorporation but some charged ncAAs have required EF-
Tu engineering. For initial studies on incorporation of
phosphoserine, it was thought that it was necessary to evolve
the EF-Tu to allow for the transport of phosphoserylated-
tRNA; however, later studies indicated that while this evolved
EF-Tu does transport phosphoserylated-tRNA more effi-
ciently, evolution of the EF-Tu was not strictly necessary
[31, 32]. The ribosome needs to accommodate the ncAA-
tRNA and catalyze peptide chain formation. Chemically
acylated tRNA and cell-free synthesis have confirmed that
the ribosome is very permissive and ncAAs> 700Da in size
have been incorporated without issue [16]. While an ncAA
size limit has been identified for the ribosome exit tunnel
using cell-free protein synthesis methods, the vast majority
of alpha L-noncanonical amino acids are accepted. Finally,
the newly synthesized protein is released from the ribosome
and folded, processed, and trafficked to its appropriate loca-
tion. Since GCE incorporates Ox-PTMs into the primary
sequence, altered protein folding pathways and cofactor
loading are possible from the modified protein.

Alternative methods to GCE have been developed that
may be applicable for particularly metabolically unstable or
toxic ncAAs or toxic proteins. Expressed protein ligation
(EPL) has emerged as another powerful method to study
Ox-PTMs [33]. This method allows the vast chemical space
open to solid phase peptide synthesis (SPPS) to be coupled
with the robustness of recombinant protein expression. As
the ncAA is incorporated via SPPS and then native chemical
ligation, novel aaRS/tRNA pairs do not need to be generated.
In addition, provided that the sites of modification are within
<30 amino acids from one another, it is trivial to incorporate
multiple ncAAs. Successful generation of modified histones
with EPL also highlights some of the drawbacks of EPL, the
site of interest should be within ~50 residues of the N- or
C-terminus or a synthesis with three peptides is required,
the protein of interest should be able to be refolded from
denaturants, and there is some level of sequence requirement
both for the intein to generate the α-thioester and for the
presence of a cysteine at the site of ligation [34, 35]. The
EPL strategy has been used to yield milligram quantities
of α-synuclein nitrated selectively at Y39 or Y125 allowing
biophysical and biochemical studies of site-specific nitration
on α-synuclein structure and function [36]. It is also impor-
tant to note that the standard desulfurization reaction
conditions originally used reduced the incorporated nitro-
tyrosine to aminotyrosine. This reduction during the desul-
furization reaction was prevented with the addition of
2-nitrobenzylamine hydrochloride.

5. Oxidative Modifications of Sulfur
Containing Residues

Cysteine Ox-PTMs are abundant modifications with the
cysteine sulfur existing in several different oxidation states.
Cysteine sulfenic acid (Cys-SOH, 1) is directly generated by

the oxidation of cysteine by two-electron oxidants, particu-
larly H2O2. The propensity of Cys residues to undergo oxida-
tion is influenced generally by the thiol nucleophilicity, the
surrounding protein microenvironment, and the proximity
of the target thiol to the ROS source [37]. Accordingly, the
susceptibility to oxidation is usually correlated with the Cys
pKa. Further, increasing evidence shows that ROS signaling
responses are compartmentalized and that spatial regulation
of Cys oxidation is key for signaling [38, 39]. Cys-SOH can be
overoxidized to cysteine sulfinic acid (Cys-SO2H, 2). As the
H2O2-mediated pathway of Cys-SOH oxidation proceeds
through the sulfenate anion (Cys-SO−), the pKa of Cys-
SOH should influence this reaction [39]. With a pKa of ~2,
Cys-SO2H exists exclusively in a deprotonated state at phys-
iological pH. The sulfinate group is usually not reducible by
typical cellular reductants and as such its further oxidation
to sulfonic acid appears to be the only relevant reaction in
cells [40]. All of which points to the importance of temporal
and spatial control of these protein modifications and the
need for tools that enable further investigation.

Cys-SOH has been identified in a relatively small number
of proteins, and the identification of this modification
remains difficult. The first general analysis of known Cys-
SOH modification sites included 47 proteins characterized
by crystallography to contain the modification [41]. On the
other hand, Cys-SO2H was long considered merely an arti-
fact of protein purification. Increasing evidence however
indicates that hyperoxidation to Cys-SO2H in cells is not a
rare event. In fact, quantitative analysis of rat liver proteins
has shown that ~5% of Cys residues exist as Cys-SO2H
[42]. The discovery of sulfiredoxin (Srx), an enzyme that in
an ATP-dependent protein reduces Cys-SO2H to Cys-SOH
on some peroxiredoxins, has indicated that Cys-SO2H plays
a biological role in the redox regulation of peroxiredoxin
function [43].

The same electrostatic interactions on the protein that
affect the pKa of the Cys thiol also influence the stability of
the Cys-SOH. The major factor that increases Cys-SOH sta-
bility (or lifetime on a protein) is the absence of proximal
thiols capable of generating an intramolecular disulfide (8).
It has been also reported that limited solvent access and
nearby H-bond acceptors also contribute to Cys-SOH
stabilization. In addition to the reaction of Cys-SOH with
neighboring cysteine thiols, backbone amide nitrogens can
readily react with Cys-SOH to yield a cyclic sulfonamide spe-
cies (5) [44, 45]. If Cys-SOH modifications are not removed
by neighboring Cys residues or amide nitrogens, they can
be enzymatically removed. Thioredoxin can directly reduce
Cys-SOH to Cys-SH, and Cys-SOH reacts with glutathione
to form a mixed disulfide (6), which is later reduced by glu-
taredoxin. Based on the rate of formation and repair by these
mechanisms, the cellular lifetime of sulfenic acid is on the
order of minutes, consistent with the lifetime of many PTMs,
including phosphorylation [37]. In A431 cells, a peak of pro-
tein sulfenylation was observed five minutes after endothelial
growth factor stimulation, with a subsequent decay over 30
minutes [39]. Due to the low stability and high turnover
rates, monitoring their formation is problematic by direct
mass analysis of Cys-SOH. Currently, the use of chemical
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probes is the only suitable technique to monitor Cys-SOH
formation [46]. The low biological stability of Cys-SOH
presents a significant challenge to GCE; however, chemical
caging strategies and structural mimetics have been used to
overcome this challenge [27, 30, 31]. Since Cys-SO2H is nota-
bly more stable, there is a good chance that this oxidation
state can be directly incorporated via GCE, although modula-
tion of Srx proteins may be necessary.

The biological impact of protein Cys-SOH formation has
been particularly well outlined in protein tyrosine phosphor-
egulation. Cysteine oxidation controls the activity of both
protein tyrosine kinases (PTKs) as well as protein tyrosine
phosphatases (PTPs). Sulfenylation of the PTP catalytic Cys
residue (pKa 4–6) has emerged as a dynamic mechanism
for the inactivation of this protein family [47]. In comparison
to PTPs which are always inactivated by ROS, oxidation of
PTKs can result in either enhancement or inhibition of
kinase activity [48, 49]. It is well established that ROS play
a regulatory role for some ion channels, although little is
described in terms of the molecular basis for this regulation
[50]. Peroxiredoxins (Prxs) are important mediators of
H2O2 signaling as they both maintain low levels of H2O2
and are themselves modified to Cys-SOH and Cys-SO2H to
modulate H2O2 levels [51].

Cysteine is also S-nitrosylated following the production
of NO (4), with implications regarding the influence of NO
in cellular transduction [52]. Proteins with a wide variety of
functions are found to be endogenously S-nitrosylated in
intact cellular systems [53]. Much like other Ox-PTMs, it
has become clear that S-nitrosylation and de-nitrosylation
are regulated spatially and temporally in the cell [54]. Using
the biotin switch methodology (or variations thereof), mul-
tiple proteins with the Cys-SNO modification have been
isolated [55]. Among the identified proteins is GAPDH,
which transnitrosylates and alters the enzymatic activity of
SIRT1 [56]. Effector mechanisms for S-nitrosylation include
protein-protein interactions, subcellular localization of pro-
teins, and ubiquitylation-dependent protein degradation,
which underlie a variety of cellular processes including apo-
ptosis, metabolism, and membrane trafficking. This modifi-
cation has been implicated in pathophysiological conditions
including multiple sclerosis, Parkinson’s disease, and asthma
[57, 58]. As this Ox-PTM is unstable, genetic incorporation
will likely require generation of a structural analogue similar
to the methods employed for incorporation of phosphotyro-
sine and phosphoserine [30, 31]. Clearly, both cysteine
oxidation and S-nitrosylation-based Ox-PTMs are of signifi-
cant biological interest and this is a field ripe for the develop-
ment of GCE tools.

Methionine sidechains also contain a sulfur atom suscep-
tible to oxidation. ROS and reactive chlorine species are a
major source of methionine oxidation yielding methionine
sulfoxide (Met-SO, 11) [59, 60]. Methionine is a strongly
hydrophobic residue and is generally buried, which protects
it from oxidation, although those few surface exposed Met
residues are susceptible to oxidation. Methionine oxidation
yields two stereoisomers of the sulfoxide, S and R forms.
Met-SO formation results in a muchmore hydrophilic amino
acid than Met, which may affect protein structure. Although

Met-SO is a fairly stable product, the sulfur can be further
oxidized by strong oxidants to the sulfone (Met-SO2, 12);
however, this occurs to a low extent [9]. Met-SO2 is consid-
ered an irreversible reaction product and cannot be con-
verted back to Met by cellular reductants. In much the
same way as Cys Ox-PTMS, tools to study Met Ox-PTMs
are necessary in order to further explore the implications of
these modifications.

Under conditions of H2O2 treatment in which Jurkat T-
cells were 90% viable, more than 2000 oxidation-sensitive
Met residues were identified in the proteome. The majority
(84%) of Met-containing peptides contained a low degree of
Met-SO (less than 30% oxidized), while only the remaining
16% of peptides were oxidized to a high degree (up to 100%
Met-SO) [61]. This significant level of Met oxidation in bio-
logical systems requires robust enzymatic repair mecha-
nisms. Methionine sulfoxide reductases (Msrs) efficiently
repair Met-SO to Met and are present in all aerobically
respiring organisms [62]. Met-SO reductases A and B (MsrA
and MsrB) are the prototypical Msrs for the two Met-SO epi-
mers, and while they are similar in neither sequence nor
structure, they do share common mechanisms to reduce
Met-SO to Met [63].

Methionine oxidation is associated with the aging process
and several pathophysiological conditions such as neurode-
generative diseases and cancer [64, 65]. Previously, Met-SO
formation under these conditions was regarded only as pro-
tein damage. However, Met oxidation is now being acknowl-
edged as a mode of triggering protein activity. The kinase
CaMKII and the transcription factor HypT were both found
to be activated following oxidation of particular methionines
[66, 67]. The polymerization of actin has also been shown to
be regulated by the redox state of Met residues, mediated by
the concerted and stereo-selective action of Mical proteins
and MsrB1 [68].

Oxidized cysteine or methionine residues have yet to be
incorporated by GCE. While this should not be an insur-
mountable challenge, sulfur containing Ox-PTMs do present
stability issues. Cys-SOH is not stable on proteins in living
cells, so genetic incorporation will require a chemical caging
strategy or the use of a mimetic, analogous to what has been
done for stable mimetics of phosphorylated serine, threonine,
and tyrosine [27, 29–31]. A photocaged Cys-SOH on the
protein Gpx3 has been prepared by alkylation of catalytic
Cys32 with dimethoxy-o-nitrobenzyl bromide (DMNB-Br),
followed by oxidation with H2O2. While the photocaged cys-
teine sulfenic acid free amino acid was also synthesized with
the goal to genetically encode this amino acid, to date, it has
not been incorporated via GCE [69]. In order to successfully
incorporate Met-SO, modulation of cellular Msr levels will be
imperative in order to purify intact modified protein similar
to the hurdles of removing cellular phosphatases when incor-
porating phosphorylated amino acids [31].

6. Ox-PTMs of Aromatic Residues

While the role of sulfur oxidation has been extensively
studied, the biological role of Ox-PTMs on aromatic residues
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is less clear. Residues susceptible to oxidative or nitrosative
modifications include tyrosine, tryptophan, and histidine.

Protein tyrosine nitration (nitroTyr, 13) occurs under
basal physiological conditions and is several-fold enhanced
under conditions of increased oxidant and •NO formation.
Much like other Ox-PTMs, the distribution of tyrosine-
nitrated proteins is largely dependent on the proximity to
sites of RNS generation [70]. With the advent of proteomic
analyses, it has been observed that protein tyrosine nitration
occurs on a subset of proteins, and within those proteins,
only a subset of tyrosines is nitrated [13, 71–74]. Based on
current evidence, the mechanism of protein tyrosine
nitration in biological systems is mediated by free radical
reactions, implying an intermediate tyrosyl radical and sub-
sequent reactions with either •NO or •NO2 [75]. Other Ox-
PTMs may result from this general reaction mechanism as
tyrosyl radical may also react with ROS to form L-3,4-dihy-
droxyphenylalanine (DOPA, 14) or another nearby tyrosine
to form the protein-cross-linked dityrosine (17) [76, 77].
Tyrosine is also susceptible to modification by myeloperoxi-
dase- and eosinophil peroxidase-derived hypochlorous and
hypobromous acid to form 3-chlorotyrosine (21) and 3-
bromotyrosine (23) [13]. As with all Ox-PTMs, it is difficult
to establish direct and quantitative relationships between
extent of nitration on specific proteins and biological
responses in cells and the influence of protein tyrosine nitra-
tion is often obscured by the multiplicity of oxidative modifi-
cations. GCE has already begun to untangle some of this
complexity [78–81].

Mass spectrometry indicates that protein-bound nitro-
Tyr is present in plasma and tissue at levels on the order
of 1μmol of nitroTyr/mol of tyrosine under normal condi-
tions and increases up to 100-fold under conditions of oxi-
dative stress [82, 83]. Over 60 individual proteins have
been determined to contain nitroTyr [10] of which several
have been investigated further with GCE. Less is known
about the abundance of other tyrosine Ox-PTMs although
in general they appear to be less abundant and appear on
fewer proteins [13].

In contrast to the previously discussed Ox-PTMs, nitro-
Tyr and the other tyrosine Ox-PTMs are generally stable
modifications requiring protein turnover to remove the Ox-
PTM-modified proteins from the cellular protein pool [84].
A “denitrase” activity, capable of returning nitroTyr to the
native tyrosine, has been reported multiple times although
the enzyme responsible has not been isolated [85–88]. Tyro-
sine nitration is abundant in aging tissue and has been linked
to pathological conditions including neurodegeneration, ath-
erosclerosis, and cancer [10, 89]. While tyrosine nitration
was traditionally thought of as global oxidative damage that
accumulates under conditions of oxidative stress, it has
become clear that some proteins with nitroTyr modifications
at specific sites are capable of mediating biology [79–81].
Currently, it is unclear the structural consequences of adding
a meta nitro group to a tyrosine on the proteins that have this
clear gain of function. The most obvious two options for
altering protein structure are from the pKa change to tyro-
sine and new interactions afforded by the nitro group. Nitra-
tion of tyrosine lowers the pKa of the amino acid from ~10 to

near neutral pH, imparting a negative charge, while the nitro
group also adds significant steric bulk and new hydrogen
bonding groups. GCE is uniquely positioned to determine
the structural consequences of PTMs because structural
mimics of a PTM can be installed to probe if one chemical
feature of a PTM is more critical than another. Possible bio-
logical effects due to these alterations to tyrosine properties
include changes in protein activity (gain- or loss-of-func-
tion), increased protein immunogenicity, interference in
tyrosine kinase-dependent regulation, modulation of protein
assembly or polymerization, facilitation of protein degrada-
tion (turnover), or formation of proteasome resistant protein
aggregates [90]. GCE has provided tools to further the molec-
ular understanding of protein tyrosine nitration, and devel-
opment of new tools promises further control over the
study of biological processes associated with this Ox-PTM.

High levels of protein tyrosine halogenation have been
detected in several inflammatory conditions including
arthritis, some types of cancer, heart disease, cystic fibrosis,
and asthma [91–93]. Protein tyrosine halogenation in vivo
is a result of the reaction of myeloperoxidase-derived
HOCl or eosinophil peroxidase-derived HOBr, yielding 3-
chlorotyrosine (21) and 3-bromotyrosine, respectively (23).
HOCl and HOBr are strong oxidants and possess potent
antibacterial properties, as such they are generated as com-
ponents of mammalian host defense [94, 95]. However,
overproduction or misplaced induction can lead to accumu-
lation of protein modification seen in the above inflamma-
tory conditions. The 3-chlorotyrosine modification along
with 3-nitroTyr has been noted in ApoA1 [91, 96]. The inter-
est in these Ox-PTMs has led to the generation of a PylRS-
pylT pair that efficiently incorporates both 3-chlorotyrosine
and 3-bromotyrosine.

The same conditions that result in protein tyrosine
nitration also result in oxidation and nitration of tryptophan
residues. A variety of products result from the in vitro reac-
tion of tryptophan with biologically relevant RNS (27–44),
but those hydroxytryptophan and nitrotryptophan have
been detected in samples from tissue or cell culture, specifi-
cally 2-hydroxytryptophan (27), 4-hydroxytryptophan (28),
5-hydroxytryptophan (29), or 6-hydroxytryptophan (30),
6-nitrotryptophan (36), and 5-hydroxy-6-nitrotryptophan
(40) [7, 13, 97].

While tyrosine and tryptophan Ox-PTMs occur under
the same conditions, several MS studies have indicated that
tryptophan modifications are on the order of 10- to 1000-
fold less abundant than tyrosine modification [98, 99]. No
direct repair mechanisms for tryptophan Ox-PTMs have
been noted, indicating that the only path to remove these
Ox-PTMs is protein turnover. Although Ox-PTMs occur at
a lower rate on tryptophan than on tyrosine, these modifica-
tions likely modulate cellular regulation as tryptophan resi-
dues are particularly important for specific protein-protein
interactions and protein-small molecule recognition [100,
101]. At least one instance of 5-hydroxy-6-nitrotryptophan
formation has been reported in the mitochondrial metabolic
enzyme succinyl-CoA:3-ketoacid coenzyme A transferase
(SCOT). This age-dependent Ox-PTM leads to a 30%
increase in SCOT enzymatic activity and is thought to play
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a protective role, allowing the heart to better utilize ketone
metabolism for energy production [102].

While a novel GCE system for incorporation of trypto-
phan derivatives has been published and shown to utilize
5-hydroxytryptophan as a substrate, it has not yet been uti-
lized to investigate the effects of this Ox-PTM [22]. As tryp-
tophan Ox-PTMs are generally stable to cellular conditions
and the tryptophan-based system can be evolved for other
tryptophan-based ncAAs, this system will likely be applica-
ble to the study of tryptophan Ox-PTMs.

Oxidation of histidine to 2-oxohistidine (45) occurs
through a radical mechanism in protein, particularly near
metal binding sites or in tissue exposed to UV radiation
[103]. This Ox-PTM has been noted to occur significantly
in Cu, Zn-SOD [104]. Little is known about how wide-
spread this modification is or how it impacts biological
function [105]. While a variety of histidine mimics have
been genetically encoded via GCE, 2-oxohistidine has
not yet been encoded genetically [106]. As 2-oxohistidine
is stable enough on proteins to be characterized by X-
ray crystallography [107] and given the aforementioned
orthogonal system for modified histidine incorporation, it
is likely that 2-oxohistidine will be amenable to incorpora-
tion by GCE.

7. Ox-PTMs that Have Been Incorporated by
GCE

The first PTM genetically encoded was nitroTyr by Neu-
mann and coworkers in 2008 and to date has been the most
utilized GCE system for probing Ox-PTMs. An Mj orthog-
onal pair was evolved and subsequently used to confirm a
loss of function in site-specifically nitrated MnSOD [78].
Through a novel selection scheme, a second generation Mj
nitroTyr-RS was then generated with roughly an order of
magnitude greater efficiency for producing nitroTyr-
proteins [23]. This second generation Mj nitroTyr-RS was
used to generate all 5 forms of nitrated Hsp90 found in
endogenously nitrated Hsp90. This allowed each different
site-specifically nitrated form of Hsp90 to be characterized
for functional changes in vitro and cellular toxicity in vivo
in different mammalian cell lines. Three of the five nitrated
forms had no apparent effect when delivered into PC12 cells
at physiologically relevant levels. For nitrated Hsp90, a toxic
gain of function and motor neuron cell death occur if
Hsp90 is nitrated at either tyrosine 33 or tyrosine 56 in less
than 5% of the cellular pool of Hsp90 [79]. This is a key
advance in the study of Ox-PTMs because it is the first
example of a toxic gain of function confirmed from a single
site of modification on a protein. Antibodies to nitrated
Hsp90 were then generated, and using GCE was validated
to recognize site-specific nitroTyr-33-Hsp90 and nitroTyr-
56-Hsp90. These antibodies, now confirmed to recognize
the nitration of a specific sites on Hsp90, have been used
to monitor formation of toxic nitrated Hsp90 in tissue
and track these oxoforms in other pathological states. It
was further shown that nitration of Hsp90 at tyrosine 33
downregulates mitochondrial activity [81]. This nitroTyr
GCE system has also been used to investigate physiological

role of tyrosine nitration in apolipoprotein A1 (ApoA1), a
serum protein that facilitates systemic lipid trafficking.
Using mass spectroscopy, three tyrosine residues in ApoA1
were identified as nitration sites. Genetic code expansion
allowed the generation and characterization of each nitrated
form of ApoA1, and only one nitrated tyrosine had an effect
on ApoA1 activity. GCE was used to show that site-specific
nitration of ApoA1 at tyrosine 166 results in a 90% reduc-
tion in LCAT activity [80]. A site-specific antibody for
ApoA1 nitroTyr-166 was also generated in order to monitor
this Ox-PTM in the context of atherosclerotic tissue. These
antibodies specific for ApoA1 nitroTyr-166 confirmed that
only this nitrated variant was removed from human serum
and was enriched in atherosclerotic plaques by 1000-fold
over nonnitrated ApoA1.

The ability to incorporate the structurally similar 3-
chlorotyrosine and 3-bromotyrosine Ox-PTMs with GCE
would enable the characterization of these modifications in
disease. However, the first and second generationMj nitroTyr
synthetase is not permissive to these ncAAs, and synthetases
generated for halotyrosine using the Mj synthetase system
resulted in poor efficiency and fidelity. However, selections
for a 3-chlorotyrosine synthetase from the PylRS/pylT pair
have yielded aaRSs that have good efficiency and fidelity for
halogenated tyrosines. Proteins with site-specifically incorpo-
rated 3-chlorotyrosine and 3-bromotyrosine have indicated
that currently available commercial antibodies to these mod-
ifications are not specific or are not sensitive to these modi-
fications alone. GCE now presents the opportunity to
improve on the specificity and sensitivity of antibodies for
these modifications.

GCE has also been applied to the site-specific incorpora-
tion of the redox-active amino acid DOPA (14). The site-
specific incorporation of DOPA is challenging because when
this amino acid is added to media, it can react with cellular
components, yielding the oxidized ncAA (DOPA quinone,
15) that can serve as an electrophile [108]. To overcome
the side reactions in media, a photocaged DOPA has also
been encoded [109]. While the GCE of photocaged DOPA
was developed for the production of recombinant bioadhe-
sives not for studying oxidative stress, this tool could also
be used to evaluate the effects of DOPA containing proteins
in disease.

8. Application of GCE to the Study of Ox-PTMs

It has long been known that ROS and RNS modify protein
amino acids but it has been challenging to determine the
extent of their biological role and abundance. Identifying
Ox-PTM formation on a protein is the first step of any inves-
tigation into Ox-PTMs followed by verification of biological
relevance. The nitroTyr Ox-PTM can be used as an example
of how the synergy of new detection methods and GCE can
advance the understanding of Ox-PTMs. The earliest manu-
scripts outlining detection of nitroTyr in proteins were based
on methods using HPLC/UV-Vis and amino acid analysis
because this Ox-PTM possesses a significant absorbance at
430 nm [110, 111]. A September 2017 PubMed literature sur-
vey revealed 5522 manuscripts published with the term
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“nitrotyrosine” in the title or abstract. In the first 24 years of
research involving nitroTyr, less than 2% of present publica-
tions on nitroTyr were published, which was followed by a
virtual explosion in the number of papers published on nitro-
Tyr in the ensuing years. This rapid increase in nitroTyr
research coincides nicely with the development of the first
nitroTyr antibodies by Joe Beckman and coworkers in 1994
(Figure 4(a)) [112]. NitroTyr antibodies have been used to
detect this modification in tissue via immunohistochemistry,
for identification of proteins via Western blot and for enrich-
ment of proteins for proteomic methods. Due in part to
access to antibodies as a detection method, nitroTyr now
serves as a general biomarker for oxidative stress [113].

The increased interest in the nitroTyr Ox-PTM has
spurred numerous methods for identifying nitroTyr pro-
teins including HPLC-based techniques for quantifying total
nitroTyr in tissues and lysates and various mass spectrome-
try methods for identifying sites of nitroTyr modification in
proteins [11, 114]. The interest in nitroTyr and its detection
in a variety of pathological conditions created the need to
generate homogeneous nitrated proteins for characteriza-
tion which led directly to the first GCE system for nitroTyr
incorporation [78]. GCE clearly enables characterization of
how a specific Ox-PTM on a protein alters its function
but it also allows for analysis of the antibodies generated
to detect Ox-PTM proteins. With access to site-specific
and homogeneous Ox-PTM protein generated from GCE,
the specificity and sensitivity of Ox-PTM antibodies can
be determined. The original nitroTyr antibodies generated
were a foundational advancement in studying oxidative
stress, but as the field progresses, improved antibodies for
studying Ox-PTMs are needed. While the development of
nitroTyr antibodies lead to the incorporation of nitroTyr
via GCE, better detection methods for nitroTyr can now
be developed using site-specifically modified protein from
GCE (Figure 4(b)).

It has become very clear through GCE that nitroTyr
antibodies have wildly different sensitivity depending on
the site of protein nitration. All of the currently available
Ox-PTM antibodies were developed prior to GCE of Ox-
PTM and were validated using methods available at the
time of their development [115]. Now, GCE allows for
verification that Ox-PTM antibodies are selective for one
type of Ox-PTM over others of similar structure. Since
antibodies are often generated to proteins that have been
exposed to ROS and RNS reagents, not homogeneous
Ox-PTM proteins, the resulting antibody specificity might
be to a different Ox-PTM than intended. For example,
the nitroTyr monoclonal antibody (clone 1A6) indicated
a nitrated protein present in aged rat heart mitochondria,
but this protein was instead found to contain 5-hydroxy-
6-nitrotryptophan, which closely resembles the nitroTyr
sidechain [102].

A powerful application of GCE is the ability to confirm
that an Ox-PTM modification at a specific location in a pro-
tein is detected by an antibody. While nitroTyr-antibodies
are specific for the nitroTyr modification, they do not detect
all sites of nitration equally. In addition, if there is the ability
to detect the modification at one location on a protein and

not another, this can be verified with GCE. A specific peptide
sequence containing the desired Ox-PTM can be used to
generate antibodies, and then the Ox-PTM antibodies can
be screened for selectivity against homogeneous protein gen-
erated with GCE. Antibodies specific for nitroTyr-33-
Hsp90, nitroTyr-56-Hsp90, and ApoA1 have been generated
using this approach [79–81]. These site-specific antibodies
have been used to determine the extent of nitration of spe-
cific sites in Hsp90 in different cellular contexts and condi-
tions. Unsurprisingly, there exists clear peptide context-
dependent sensitivity to the function of nitroTyr antibodies,
that is to say, the amino acid sequence of the protein sur-
rounding the Ox-PTM site plays a role in antibody detection
sensitivity. In addition to the development of site-specific
antibodies, the ability of GCE to produce homogeneously
nitrated proteins allows for the characterization of this context
dependence that was not possible with existing techniques.
While much of the past work on detection of Ox-PTMs with
antibodies has focused on nitroTyr, further development of
GCE for other Ox-PTMs will lead to exciting advances in
Ox-PTM antibody development and validation, particularly
for cysteine and methionine oxoforms.

As Ox-PTMs are relevant to disease, the Ox-PTM pro-
teins and their function represent a new class of possible
therapeutic targets. Any Ox-PTM protein that shows an
undesirable gain-of-function or new interaction could be a
therapeutic target. Ox-PTMs present a unique situation
insofar as they are not directly enzymatically catalyzed
and therefore the PTM “writer” (e.g., kinase) cannot be
directly inhibited. This requires the oxidized protein itself
to be directly inhibited. For instance, nitrated Hsp90 found
in motor neurons under pathological conditions such as
ALS and spinal cord injury may present a target for inter-
vention [79]. It has become increasingly clear that the site
of protein Ox-PTMs is an important determinant of their
biological role. With this in mind, the use of GCE for
site-specific PTM incorporation as a means of screening
for potential therapeutics against specific Ox-PTMs has
been acknowledged [116]. This is clear in the case of
Hsp90, which is endogenously nitrated on five tyrosines
and of them only nitration of tyrosines 33 and 56 leads to
motor neuron cell death, while nitration of tyrosine 33
downregulates mitochondrial activity [79, 81]. Given this
clear functional specificity from site-dependence of nitrated
Hsp90, it will be desirable to develop sequence-specific
inhibitors that target site-specific Ox-PTM proteins. As
GCE can produce all possible Ox-PTM forms, the technol-
ogy will allow for screening of therapeutic compounds
against site-specific oxoforms.

9. Conclusions and Perspective

The study of protein Ox-PTMs is hampered by access to
defined Ox-PTM proteins. GCE is uniquely suited to over-
come this roadblock because it generates site-specific and
homogenous Ox-PTM proteins. GCE has been applied to
protein tyrosine nitration both to investigate biological
effects of particular sites of modification on key proteins
and to provide defined Ox-PTM proteins for validating
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nitroTyr antibodies. Every newly identified Ox-PTM protein
that shows a gain of function can be considered as a thera-
peutic target since it forms under oxidative stress conditions.
As seen with nitrated Hsp90 and ApoA1, the ability to gener-
ate Ox-PTM proteins opens the ability to develop screens for
therapeutics and identifies their molecular role in disease.

Thus far, the development of GCE methods for Ox-
PTMs has relied on researchers from both the oxidative stress
field and the GCE fields. NitroTyr was identified in biological
samples as a major marker for oxidative stress which
prompted those in GCE to develop methods for site-specific
incorporation of this Ox-PTM. As those in the oxidative
stress field embraced the use of the GCE methods for chal-
lenging problems, the GCE tools required refinement and
improvement. With this in mind, significant advances in
the Ox-PTM field will likely rely on synergy between devel-
opments in GCE technology and those applying the tools to
challenging Ox-PTM problems.
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Serine-threonine kinase receptor-associated protein (STRAP) is a transforming growth factor β (TGF-β) receptor-interacting
protein that has been implicated in both cell proliferation and cell death in response to various stresses. However, the precise
roles of STRAP in these cellular processes are still unclear. The mechanisms by which STRAP controls both cell proliferation
and cell death are now beginning to be unraveled. In addition to its biological roles, this review also focuses on the dual
functions of STRAP in cancers displaying redox dysregulation, where it can behave as a tumor suppressor or an oncogene
(i.e., it can either inhibit or promote tumor formation), depending on the cellular context. Further studies are needed to
define the functions of STRAP and the redox-sensitive intracellular signaling pathways that enhance either cell proliferation
or cell death in human cancer tissues, which may help in the development of effective treatments for cancer.

1. Introduction

Reactive oxygen species (ROS) mediate redox signaling criti-
cal for numerous cellular functions [1]. In general, moderate
levels of ROS function as signals to activate stress-responsive
survival pathways [2]. By contrast, high levels of ROS in cells
and tissues can induce cell damage and activate cell death
pathways. Therefore, maintenance of moderate levels of
ROS in cells is important to support essential signaling
pathways without causing cellular damage and death. Under
the normal physiological conditions, the redox balance
maintains the proper function of redox-sensitive signaling
proteins and ensures that cells respond properly to endoge-
nous and exogenous stimuli [3]. However, once redox state
is unbalanced, oxidative stress is induced and tumor forma-
tion is promoted by initiating an aberrant induction of tumor
progression signaling and disruption of cell death signaling
[4]. Notably, ROS-sensitive signaling pathways that partici-
pate in cell proliferation, differentiation, and cell survival
process are frequently elevated in many types of cancers [5].

Cell proliferation and cell death must be regulated to
maintain tissue homeostasis in multicellular organisms. This
regulation is achieved, in part, through many redox-sensitive
intracellular signaling pathways that coordinate the pro-
cesses of cell proliferation and cell death. These intracellular
signaling events are influenced by protein-protein interac-
tions, which involve various signaling molecules and pro-
tein modifications, such as protein phosphorylation that
either activates or inactivates a target protein to perform
a certain function.

Serine-threonine kinase receptor-associated protein
(STRAP) was initially identified as a transforming growth
factor β (TGF-β) receptor-interacting protein that inhibited
TGF-β signaling, probably by stabilizing the association
between TGF-β receptors and Smad7 and preventing the
binding of Smad2 and Smad3 to TGF-β receptors [6].
STRAP localizes in both the cytoplasm and nucleus [7].
STRAP-deficient mouse embryonic fibroblasts (STRAP−/−

MEFs) showed higher levels of TGF-β-mediated transcrip-
tional activation and growth inhibition than their wild-type

Hindawi
Oxidative Medicine and Cellular Longevity
Volume 2018, Article ID 5241524, 9 pages
https://doi.org/10.1155/2018/5241524

http://orcid.org/0000-0002-3494-2173
http://orcid.org/0000-0001-5651-5706
https://doi.org/10.1155/2018/5241524


counterparts [8]. TGF-β signaling is initiated by the binding
of ligands, such as TGF-β1, to type I and II TGF-β receptors
on the cell surface. Activated TGF-β receptors directly
induce the downstream phosphorylation of the transcription
factors Smad2 and Smad3, which undergo rapid homotri-
merization and conversion to Co-Smad heterooligomers
that contain Smad4. The heteromeric Smad complex then
translocates into the nucleus, where it cooperates with
other nuclear cofactors to regulate the transcription of target
genes [9, 10].

The STRAP gene was first cloned from mouse embryonic
[6] and human HepG2 [11] cDNA libraries. The human and
mouse STRAP gene encodes a protein of 350 amino acids
with a predicted molecular mass of 38 kDa. The full-length
STRAP protein includes seven WD40 repeats (WD1 to 7)
and a C-terminal (CT) domain (Figure 1). A WD40 repeat
is composed of approximately 40 amino acids, often termi-
nating in a tryptophan-aspartic acid (WD) dipeptide [12].
Equally important, WD40 repeats are frequently involved
in protein-protein interactions [13]. In fact, the WD40
repeats within STRAP bind to various target proteins,
thereby regulating cell proliferation and cell death [14–18].
Moreover, STRAP knockout mice showed embryonic lethal-
ity between embryonic days E 10.5 and E 12.5 due to defects
in angiogenesis, cardiogenesis, somatogenesis, and neural
tube closure, indicating that STRAP is required for normal
embryo development [19]. Furthermore, the deregulation of
STRAP has been implicated in tumorigenesis [8, 11, 18].

Posttranslational modifications (PTMs), such as protein
phosphorylation, are critical for STRAP to exert its biological
functions (Figure 2). STRAP stability and activity is mainly
regulated by phosphorylation at threonine and serine resi-
dues. For instance, phosphorylation of STRAP at Thr175

and Ser179 by ASK1 is required for the negative regulation
of ASK1 activity [16]. Murine protein serine/threonine
kinase 38 (MPK38)-mediated of STRAP at Ser188 enhanced
STRAP stability, thereby inducing the proapoptotic activity
of STRAP via redox-sensitive ASK1, TGF-β, p53, and phos-
phoinositide 3-kinase (PI3K)/3-phosphoinositide-dependent
protein kinase-1 (PDK1) signaling [14]. These data indicate
that the phosphorylation of STRAP at specific residues
plays an important role in determining STRAP-mediated
cell proliferation and cell death, although further studies
are needed to identify the other phosphorylation sites
on STRAP.

Intense research in recent years has revealed that STRAP
interacts with many redox-sensitive signaling proteins that
regulate various cellular processes such as the cell cycle,
proliferation, differentiation, survival, and apoptosis. Under
the normal physiological conditions, STRAP promotes cell
survival and proliferation and inhibits cell cycle arrest and

apoptosis in normal and cancer cells, indicating that STRAP
may function as an antiapoptotic protein [8, 16, 20]. By
contrast, changes in redox balance induce cell death by
STRAP in normal and cancer cells, implying that STRAP
may also function as a proapoptotic protein [14, 21]. In this
review, we summarize recent progress in understanding the
potential cellular and molecular mechanisms of STRAP
involved in cell proliferation, survival, and death. We also
review the dual roles of STRAP in cancer, which may
contribute to the development of a novel therapeutic option
for cancer treatment.

2. Regulation of STRAP Activity by
Protein-Protein Interactions

2.1. Antiapoptotic Activity of STRAP in Cells. The regulation
of cell proliferation in multicellular organisms is a complex
process, which is achieved, in part, by crosstalk between
cell cycle progression and programmed cell death. STRAP
promotes cell proliferation, which may be achieved through
the inhibition of apoptosis and the activation of cell growth
pathways. Furthermore, numerous STRAP-interacting pro-
teins can positively or negatively regulate STRAP function.
The following sections highlight our current understand-
ing of the diverse regulatory mechanisms of STRAP in
cell proliferation.

2.1.1. STRAP-Mediated Inhibition of TGF-β Signaling
Pathway. Nm23-H1, a tumor suppressor, enhances the
STRAP-induced inhibition of TGF-β signaling via a redox-
dependent interaction with STRAP [15]. The association of
Nm23-H1 with STRAP is mediated by cysteine residues
present in each of these two proteins, Cys145 in Nm23-H1
and Cys152 and Cys270 in STRAP. Consistently, this associ-
ation was dependent on the presence of dithiothreitol or
β-mercaptoethanol but not H2O2. The coexpression of
Nm23-H1 with STRAP promotes the inhibition of TGF-β-
induced apoptosis and promotes cell growth by STRAP.
Another study suggests that PDK1 also regulates the
STRAP-induced inhibition of TGF-β signaling [17]. Notably,
PDK1 potentiates the STRAP-induced inhibition of TGF-β
signaling by stabilizing the association between Smad7 and
TGF-β receptors and preventing the nuclear translocation
of Smad3. In addition to Nm23-H1 and PDK1, another
STRAP-interacting protein, B-myb, was found to promote
the STRAP-induced inhibition of TGF-β signaling. An
amino-terminal DNA-binding domain and a region (amino
acids 373–468) between the acidic and conserved regions of
B-myb mediate the B-myb-STRAP interaction. This binding
enhances the STRAP-mediated inhibition of TGF-β signal-
ing by modulating complex formation between TGF-β

STRAP WD1

12 56 57 96 98 137 141 179180 212 221 262 263 302

WD2 WD3 WD4 WD5 WD6 WD7 CT 350 AA

Figure 1: Domain structures of STRAP protein. STRAP protein contains seven WD40 repeats (WD1 to 7) and the C-terminal (CT) domain.
Numbers indicate the amino acid residues corresponding to the domain boundaries.
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receptors and Smad3 or Smad7. Furthermore, B-myb pre-
vents the translocation of Smad3 in response to TGF-β1
[22]. Collectively, these findings add to the growing evidence
that STRAP participates in the negative regulation of TGF-β
signaling and subsequently promotes cell growth by directly
interacting with many intracellular interacting partners such
as Nm23-H1, PDK1, and B-myb.

2.1.2. STRAP-Mediated Inhibition of ASK1 Signaling Pathway.
Apart from its role in the TGF-β pathway, as discussed above,
STRAP is involved in the suppression of cell death through a
redox-dependent interaction with apoptosis signal-regulating
kinase 1 (ASK1) [16]. ASK1, a member of the mitogen-
activated protein kinase kinase kinase family, is activated by
diverse stimuli, including ROS, tumor necrosis factor α
(TNF-α), Fas, H2O2, and DNA damage. The activation of
ASK1 leads to the stimulation of the c-Jun NH2-terminal
kinase (JNK)/p38 signaling pathway, which is essential for
cell death [23–25]. ASK1 has emerged as a key regulator
of apoptosis, and its inactivation may directly contribute

to the promotion of cell growth. We recently reported that
STRAP interacts with ASK1 and subsequently inhibits
ASK1 activity. The redox-dependent interaction of ASK1
and STRAP was mediated by cysteine residues present in
each of these two proteins, Cys1351 and Cys1360 in ASK1
and Cys152 and Cys270 in STRAP. However, this interaction
was disrupted by exogenous stimuli, including H2O2, TNF-α,
endoplasmic reticulum-induced stress (thapsigargin), and
calcium overload (ionomycin). Furthermore, ASK1 phos-
phorylates STRAP at Thr175 and Ser179. Phosphorylation at
these residues is important for stabilizing complex formation
between ASK1 and its negative regulators, thioredoxin and
14-3-3 and/or preventing complex formation between
ASK1 and its substrate mitogen-activated protein kinase
kinase 3 (MKK3), thereby resulting in the inhibition of
ASK1 signaling that regulates JNK and p38 kinases [16].
Consistently, STRAP suppressed H2O2-mediated apoptosis
in an ASK1 phosphorylation-dependent manner by inhibit-
ing ASK1 activity via direct protein-protein interactions
(Figure 2(a)).
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Figure 2: Differential regulation of STRAP functions by phosphorylation. (a) STRAP phosphorylation at Thr175 and Ser179 by ASK1 for
STRAP-mediated inhibition of ASK1-induced cell death [16]. (b) STRAP Ser188 phosphorylation by MPK38 leads to cell death by
modulating both STRAP- and MPK38-mediated ASK1, TGF-β, p53, and PI3K/PDK1 signaling pathways [14]. P: phosphorylated; ASK1:
apoptosis signal-regulating kinase 1; PDK1: 3-phosphoinositide-dependent protein kinase-1; MPK38: murine protein serine/threonine
kinase 38.
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2.1.3. STRAP-Mediated Stimulation of PDK1 Signaling
Pathway. PDK1 is a serine-threonine kinase that phos-
phorylates and activates various downstream targets,
including protein kinase C, S6 ribosomal kinase (S6K),
glucocorticoid-induced kinase, and AKT1, to induce various
cellular responses such as cell survival, proliferation, and
differentiation [26–30]. STRAP was also identified as a bind-
ing partner of PDK1, an interaction requiring the catalytic
domain of PDK1. The interaction between PDK1 and
STRAP was increased by insulin treatment but decreased by
TGF-β1 treatment. Moreover, STRAP positively regulates
the PI3K/PDK1-mediated protection against TNF-α-induced
apoptosis, thereby enhancing cell survival [17].

2.1.4. STRAP-Mediated Stimulation of Nm23-H1-Induced
Cell Growth. STRAP also regulates cell proliferation by
modulating Nm23-H1-mediated signaling. Nm23-H1 was
initially identified as a suppressor of metastasis due to its
low expression in highly metastatic cell lines and tumors
[31]. In addition to its role as a metastatic suppressor,
Nm23-H1 also contributes to the proliferation and differen-
tiation of cervical cancer and breast carcinoma cell lines
and to the progression of the disease [32, 33]. However, the
mechanism by which Nm23-H1 affects cell proliferation is
unknown. We recently reported that STRAP interacts with
Nm23-H1 in a redox-dependent manner and promotes cell
growth. In HaCaT cells, a spontaneously transformed aneu-
ploid immortal keratinocyte cell line, the overexpression of
STRAP, but not a STRAP (C152S/C270S) cysteine mutant
defective in binding to Nm23-H1, resulted in the promotion
of Nm23-H1-induced cell growth [15]. These results indi-
cate the possible involvement of STRAP in Nm23-H1-
induced cell growth.

In summary, these findings reveal that STRAPmodulates
multiple mechanisms that contribute to the reduced sensitiv-
ity of cells to apoptosis, thereby promoting cell survival.
STRAP is a key signaling molecule that regulates cell prolifer-
ation by controlling a broad range of biological processes
such as cell growth, cell survival, cell cycle arrest, and apopto-
sis (Figure 3). The functions of STRAP are achieved through
its large number of interacting partners and multiple modes
of regulation. Therefore, an important future direction is to
identify and characterize additional STRAP-interacting part-
ners to better understand how the specific functions of
STRAP are fulfilled through its interacting partners.

2.2. Proapoptotic Activity of STRAP in Cells. Although
STRAP promotes cell survival and proliferation by inhibiting
apoptosis, recent studies show that STRAP can also mediate
cell death depending on the stimulus (Figure 3). Recently,
this was supported by reports showing that STRAP associates
with the p53 tumor suppressor and subsequently stimulates
p53-mediated transcriptional activity [21, 22]. The p53
tumor suppressor is a transcriptional regulator; thus, it can
regulate the expression of numerous target genes that induce
cell cycle arrest, differentiation, and apoptosis in response to
different cellular stresses [34]. p53 activity is modulated by
various binding partners that induce the transactivation of
target genes and different cellular outcomes [35]. Nm23-H1
and its binding partner STRAP associate with p53 and subse-
quently potentiate p53-mediated transcription. p53 activa-
tion by Nm23-H1 and STRAP is mediated by the removal
of mouse double minute 2 homolog (Mdm2), a negative
regulator of p53, from the p53-Mdm2 complex. Notably,
both Nm23-H1 and STRAP directly interact with the central
DNA-binding domain of p53 in a redox-dependent manner,
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Figure 3: Main mechanisms through which STRAP exerts its double-faced role. Under the normal physiological condition, STRAP promotes
cell survival and proliferation and inhibits cell cycle arrest and apoptosis, partly by regulating a number of signaling molecules, such as ASK1,
Smad3, and PDK1. Upon treatment of cells with ASK1/TGF-β/p53 stimuli, STRAP promotes cell cycle arrest and apoptosis, partly by
regulating p53 and MPK38 signaling molecules [14–17, 21, 38–41].
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thereby promoting its functions such as apoptosis and cell
cycle arrest [21]. Additional studies suggest that the redox-
dependent interaction of STRAP with MPK38 contributes
to cell death through ASK1, TGF-β, p53, and PI3K/
PDK1 signaling, leading to apoptotic cell death [14]; thus,
these findings indicate that STRAP functions as a proa-
poptotic molecule.

3. Regulation of STRAP
Activity by Phosphorylation

Recent studies report that the STRAP-mediated balance
between apoptosis and cell proliferation is linked to phos-
phorylation events, and that STRAP phosphorylation at
specific residues plays an important role in determining
whether a cell proliferates or dies [14, 16]. MPK38, also
known as maternal embryonic leucine zipper kinase, is a
member of the AMP-activated protein kinase-related kinase
family. It controls a variety of biological processes, including
cell proliferation, survival, apoptosis, tumorigenesis, signal
transduction, and metabolism [36, 37]. Specifically, MPK38
interacts with and phosphorylates diverse target proteins,
thereby regulating their biological functions. For instance,
MPK38 phosphorylates ASK1 at Thr838 and promotes
ASK1-mediated apoptosis [38]. MPK38 also phosphorylates
p53 at Ser15 [39] and Smad proteins (Ser245 of Smad2,
Ser204 of Smad3, Ser343 of Smad4, and Thr96 of Smad7)
[40], resulting in the stimulation of p53- and TGF-β-induced
cell cycle arrest and apoptosis, respectively. In addition,
MPK38 inhibits the activity of PDK1 via the phosphorylation
of Thr354, which decreases cell survival [41].

3.1. MPK38 Regulates STRAP Activity through Ser188

Phosphorylation. Our recent study showed that MPK38 also
interacts with STRAP to enhance its apoptotic functions.
Phosphorylation of STRAP at Ser188 by MPK38 plays a cen-
tral role in promoting the activation of MPK38-dependent
ASK1, TGF-β, and p53 signaling and the inactivation of
MPK38-dependent PI3K/PDK1 signaling, eventually leading
to apoptotic cell death [14]. STRAP phosphorylation at
Ser188 by MPK38 also affects complex formation between
ASK1 and MKK3, TGF-β receptors and Smad3, p53 and
Mdm2, and PDK1 and AKT1, which is critical for the
activation of these signaling pathways [14]. Collectively,
these studies provide strong evidence that STRAP can affect
cell death via two mechanisms by directly regulating these
signalings and indirectly regulating these signaling via
MPK38 (Figure 2(b)). Although the above study was carried
out in cultured cells, a study performed in mice demon-
strated that the phosphorylation of STRAP at Ser188 also
associates with cell proliferation and cell death through these
signalings, resulting in apoptotic cell death [14].

3.2. ASK1 Regulates STRAP Activity through Thr175/Ser179

Phosphorylation. The phosphorylation of STRAP at specific
residues dictates whether the protein will play a role in cell
proliferation or cell death. Different upstream signals may
regulate STRAP and activate different intracellular signaling
pathways, thus leading to distinct cell functions. For example,

STRAP phosphorylation at Thr175 and Ser179 by ASK1 pro-
motes cell survival and cell proliferation by suppressing
apoptosis [16], whereas increased stress induces cell death,
which is mediated by MPK38 phosphorylation (Figure 2).
Further studies are needed to understand the roles of STRAP
in cell proliferation and cell death.

4. Roles of STRAP in Cancer

4.1. Tumor-Promoting Activity of STRAP in
Tumor Development

4.1.1. Inhibition of TGF-β Signaling Pathway by STRAP. In
general, a balance among cell proliferation, survival, and
apoptosis maintains cellular homeostasis [42]. Cancers can
occur when this balance is disrupted, either by an increase
in cell proliferation or a decrease in cell death [43]. Mounting
evidence indicates that STRAP can promote tumor progres-
sion by inhibiting apoptosis and activating cell proliferation.
Furthermore, STRAP protein expression is elevated in 60%
of colorectal, 78% of lung, and 46% of breast carcinomas
[8, 11, 44]. The overexpression of STRAP in different cell
lines promotes cell proliferation and tumorigenicity in
in vitro and in vivo experiments. For example, the knock-
down of endogenous STRAP by STRAP-specific siRNAs
decreases tumorigenicity, which clearly supports the role
of STRAP in carcinogenesis [8]. Given that TGF-β acts as a
tumor suppressor in normal cells, redox-sensitive TGF-β
signaling exerts the tumor suppressive effects of TGF-β,
thereby inhibiting tumor development [45]. Furthermore,
the overexpression of STRAP inhibits TGF-β-mediated
growth suppression by increasing Smad7 binding to TGF-β
receptors, which induces cell proliferation and tumor
development [7]. Studies in various cancer cell lines also
demonstrate that STRAP augments cell proliferation and
oncogenesis by blocking the antiproliferative effects medi-
ated by TGF-β signaling. Equally important, STRAP−/−

MEFs show enhanced TGF-β-mediated transcriptional
activation and growth inhibition. For example, STRAP
overexpression alleviates the TGF-β-induced inhibition of
cell growth and induces the tumorigenicity of lung adenocar-
cinoma (A549) and colon adenocarcinoma (FET) cells [8],
indicating an important role of STRAP in tumor develop-
ment through negative regulation of TGF-β-mediated
growth suppression.

4.1.2. Stimulation of Notch and Wnt/β-Catenin Signaling
Pathways by STRAP. A recent study also implicates that
STRAP has a role in the progression of colorectal cancers
(CRCs). STRAP expression was elevated in all stages of
colorectal cancer, and the tumor growth was inhibited in
heterozygous STRAP knockout mice. Importantly, STRAP
activated Notch signaling by inhibiting polycomb repressive
complex 2 assembly, leading to colon carcinogenesis [46].
STRAP also promotes Wnt/β-catenin signaling, leading to
the development and progression of CRC. Notably, STRAP
binds to GSK-3β and stabilizes β-catenin by inhibiting its
ubiquitin-dependent degradation, resulting in the stimula-
tion of Wnt/β-catenin signaling in CRC cells. Consistent
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with this observation, the knockdown of STRAP in murine
colon carcinoma cell lines inhibited tumorigenesis, invasion,
and metastasis, demonstrating that STRAP increases the
invasion and metastasis of CRC partly via the inhibition of
the ubiquitin-dependent degradation of β-catenin and the
enhancement of Wnt/β-catenin signaling [47].

4.1.3. Downregulation of E-cadherin and p21Cip1 Promoter
Activities by STRAP. Analysis of clinical data from the cancer
genome atlas reveals that the level of STRAP mRNA expres-
sion is upregulated in lung adenocarcinoma with metastasis,
strongly implying that STRAP participates in the pathology
of lung adenocarcinoma metastasis [48]. In addition, STRAP
inhibits Sp1-dependent transcription, resulting in the down-
regulation of the tumor suppressor genes E-cadherin and
p21Cip1, thereby promoting tumor progression in non-
small-cell lung cancers. Therefore, the increased expression
of STRAP in lung cancer contributes to the downregulation
of E-cadherin and p21Cip1, which in turn leads to tumor
progression [49].

4.1.4. Enhancement of PDK1 Signaling Pathway by STRAP.
Apoptosis, the major form of cellular suicide, is central to
various physiological processes, including the maintenance
of homeostasis in multicellular organisms. The inhibition of
apoptosis can activate cell survival factors that facilitate the
continuous proliferation in cancer cells [42]. STRAP pro-
motes tumor progression through the inhibition of apoptosis
and the activation of cell survival [15, 16]. The activation of
PDK1 signaling has been implicated in cell proliferation,
survival, and tumorigenesis [50]. PDK1 also inhibits TGF-
β-mediated cell growth arrest and apoptosis by directly
interacting with Smad proteins [51], revealing that PDK1
inhibition may be beneficial for tumor suppression. Thus,
PDK1 inhibitors are currently being tested as anticancer
drugs [52, 53]. STRAP also interacts with PDK1 and pro-
motes the phosphorylation of PDK1 substrates, including
S6K, AKT1, and Bad, leading to enhanced cell survival [17].
STRAP also indirectly inhibits cell cycle arrest and apo-
ptosis by promoting the PDK1-mediated suppression of
TGF-β signaling, resulting in enhanced cell survival [17].
These results clearly indicate that STRAP promotes cell
survival and cell growth via PDK1, thereby contributing to
tumor progression.

4.1.5. Stimulation of Nm23-H1 Activity and Inhibition of
ASK1 Activity by STRAP. STRAP was found to potentiate
the Nm23-H1-induced growth of HaCaT cells through a
redox-dependent interaction with Nm23-H1 [15]. Nm23-
H1 was previously reported to affect proliferation and
differentiation of cervical cancer and breast carcinoma cell
lines [32, 33], suggesting that STRAP may also contribute
to the progression of cervical and breast tumors. However,
the exact nature of this mechanism is unknown, and further
studies are needed to evaluate STRAP and Nm23-H1 activi-
ties during tumor progression. On the other hand, ASK1
functions as a tumor suppressor due to its ability to induce
apoptosis of both breast cancer and lung adenocarcinoma
cell lines [54, 55]. STRAP interacts with ASK1, which inhibits

its kinase activity and the subsequent ASK1-induced apopto-
sis, thereby promoting cell survival and cell growth [16].
Overall, high level of STRAP expression in various cancers
implies that STRAP has a role in tumor growth and aggres-
siveness, and therefore, inhibition of STRAP may be an
attractive cancer therapeutic target.

4.2. Tumor Suppressive Activity of STRAP during
Tumorigenesis. STRAP overexpression associates with the
progression of many different types of tumors, although
several investigators report contradictory results. For exam-
ple, STRAP directly regulates the most important tumor
suppressor, p53, in cervical cancer (HeLa), colorectal carci-
noma (HCT116), and breast cancer (MCF7) cell lines. The
overexpression of STRAP leads to increased p53-induced
apoptosis and decreased cell proliferation, whereas the loss
of STRAP has the opposite effects, indicating that STRAP
plays a key role in tumor suppression [21, 22]. Given that
p53 plays a critical role in numerous cellular processes,
including cell cycle arrest, differentiation, apoptosis, and
tumor suppression, the loss of p53 function is a common
feature of human cancers [56]. Functionally, STRAP and its
interacting partner Nm23-H1 directly bind to and stabilize
p53 by dissociating Mdm2, resulting in the induction of
p53-induced apoptosis and cell cycle arrest [21]. These
results indicate that STRAP proteins are also responsible
for tumor suppression.

Equally important, the PTM of STRAP by protein
kinases, such as ASK1 and MPK38, plays an important role
in determining the pro- or antiapoptotic function of STRAP.
For example, STRAP phosphorylation at Thr175 and Ser179

by ASK1 is required for STRAP-mediated inhibition of
ASK1-induced cell death [16]. By contrast, MPK38-
mediated STRAP phosphorylation at Ser188contributes to
the proapoptotic function of STRAP by modulating
STRAP-dependent ASK1, TGF-β, p53, and PI3K/PDK1 sig-
naling [14]. However, further studies are needed to clarify
the mechanisms regulating STRAP function.

5. Conclusions

STRAP is an even more complex regulator of cellular
functions than was previously thought, and its roles in the
regulation of the redox-sensitive TGF-β cascade and the
promotion of cell growth continue to be investigated. Apart
from its role in the TGF-β cascade, additional details on the
function and regulation of STRAP are rapidly emerging.
For example, recent studies show that STRAP plays a crit-
ical role in the regulation of both cell proliferation and cell
death in response to various stresses, accompanied by
changes in the redox status, by interacting with multiple
target proteins. Studies on STRAP-mediated redox signal-
ing that promotes either cell proliferation or cell death,
as well as studies on the significance of phosphorylation
in these events, are at best preliminary. Therefore, further
studies are needed to identify additional STRAP phosphor-
ylation sites involved in the regulation of cell proliferation
and cell death.
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Although recent studies report conflicting results on the
roles of STRAP in cancer, the tumor-promoting effects of
STRAP, including the induction of cell proliferation and cell
survival and the inhibition of apoptosis, were observed in
numerous cancer cells. However, the tumor suppressive
effects of STRAP have not yet been confirmed in cancer
tissues, although the proapoptotic function of STRAP was
observed in normal and cancer cells. Hence, further studies
investigating the dual functions of STRAP, as well as its
regulation by redox-dependent signaling, which induces
either cell death or cell proliferation in human cancers, are
needed because they may contribute to the development of
more effective cancer treatments.
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Inborn errors of metabolism (IEMs) are a group of monogenic disorders characterized by dysregulation of the metabolic networks
that underlie development and homeostasis. Emerging evidence points to oxidative stress and mitochondrial dysfunction as major
contributors to the multiorgan alterations observed in several IEMs. The accumulation of toxic metabolites in organic acidurias,
respiratory chain, and fatty acid oxidation disorders inhibits mitochondrial enzymes and processes resulting in elevated levels of
reactive oxygen species (ROS). In other IEMs, as in homocystinuria, different sources of ROS have been proposed. In patients’
samples, as well as in cellular and animal models, several studies have identified significant increases in ROS levels along with
decreases in antioxidant defences, correlating with oxidative damage to proteins, lipids, and DNA. Elevated ROS disturb redox-
signaling pathways regulating biological processes such as cell growth, differentiation, or cell death; however, there are few
studies investigating these processes in IEMs. In this review, we describe the published data on mitochondrial dysfunction,
oxidative stress, and impaired redox signaling in branched-chain amino acid disorders, other organic acidurias, and
homocystinuria, along with recent studies exploring the efficiency of antioxidants and mitochondria-targeted therapies as
therapeutic compounds in these diseases.

1. Introduction

A growing body of evidence indicates that disruption of
redox homeostasis is involved in the pathophysiology of sev-
eral inborn errors of metabolism (IEMs), including organic
acidurias, respiratory chain disorders, fatty acid oxidation
disorders, and aminoacidopathies [1–7]. IEMs are defined
as genetic defects that affect a metabolic pathway or cellular
process and are commonly characterized by a specifically
altered biochemical profile that guides the diagnosis [8].
They belong to the category of rare diseases (defined by the
EU as those with an incidence lower than 1 in 2000), and
most of them are inherited in autosomal recessive fashion.
In the classic IEMs, pathology results from accumulation of
toxic metabolites and/or from the deficiency or absence of

substrates necessary to perform normal cellular functions.
Many of them are systemic, and in most cases, they affect
the central nervous system [8].

Several IEMs share common pathomechanisms as a
consequence of the accumulation of toxic metabolites;
these inhibit specific mitochondrial enzymes and processes,
resulting in mitochondrial dysfunction, impaired energy
metabolism, increased reactive oxygen species (ROS) levels,
altered antioxidant response capability, and increased oxida-
tive stress, resulting in damage to DNA, proteins, and lipids
[2, 3, 9, 10]. The brain and heart, frequently affected in IEMs,
are energy-demanding organs highly sensitive to oxidative
stress due to their high rate of oxygen consumption, substan-
tial iron and polyunsaturated lipid contents, and relatively
low activity of their antioxidant defences and repair enzymes
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[11]. Metabolic profiling of oxidative stress in IEM
patients’ samples has documented the correlation between
oxidative stress markers and biochemical and clinical
parameters [12, 13].

Mitochondria, which are the major energy producers in
the cell, and where many important metabolic pathways take
place, are the major ROS producers [14]. Mitochondrial ROS
is generated, in the form of superoxide anion (O2

−), at com-
plexes I and III of the electron transport chain and are rapidly
converted to hydrogen peroxide (H2O2) by the enzyme
superoxide dismutase (MnSOD). Mitochondrial matrix com-
plexes such as pyruvate dehydrogenase, alpha-ketoglutarate
dehydrogenase, or branched-chain alpha-ketoacid dehydro-
genase (BCKDH) can also generate O2

−. Other cellular
sources of ROS exist, and an active interplay between all of
them has been documented [15]. To avoid the noxious
consequences of ROS, mitochondria express a variety of anti-
oxidant enzymes, including MnSOD, peroxiredoxins, and
glutathione peroxidase (GPX) [16]. Among the nonprotein
antioxidants, glutathione (L-γ-glutamyl-L-cysteinylglycine)
represents the main antioxidant defence present in the cell.
An increase in ROS levels correlates with a decrease in
reduced glutathione (GSH). Thus, the ratio of oxidized
(GSSG) to reduced (GSH) is indicative of cellular redox
balance and has been used as a biomarker of oxidative stress
in different diseases including IEMs [17–20].

At physiological concentrations, ROS are recognized to
act as signaling molecules modifying specific proteins that
will transmit a message modulating specific cellular
pathways, in what is known as redox signaling [15]. Well-
known examples include redox-sensitive changes in confor-
mation and function of receptors, transcription factors,
kinases, and phosphatases, which lead to a specific cellular
response [15]. At high concentrations, ROS may cause exten-
sive damage to cells, by peroxidation of lipids, carbonylation
of proteins, or DNA base oxidation. These toxic effects can
disrupt mitochondrial function causing a further increase in
ROS production, thus forming a vicious cycle. In cases of
chronic, high levels of ROS production, apoptosis or autoph-
agy/mitophagy processes are triggered [16]. All this has led to
redefine the concept of oxidative stress, initially conceived as
an alteration in the balance between oxidant and antioxidant
molecules, to a disturbance in redox signaling with possible
molecular and/or cellular damage [15].

In the mitochondria, H2O2 is the most likely signal
involved in redox signaling and in transcription regulation,
through thiol/disulfide exchange reactions [21]. Signal
transduction by H2O2 may occur via peroxiredoxin-2 and
transcription factor STAT3 [22]. H2O2 acts on redox-
sensitive targets such as transcription factor NRF2 involved
in antioxidant response, NFκΒ protein complex involved in
inflammation, stress kinase JNK, and insulin-like growth fac-
tor IGF1, linking energy metabolism and inflammatory
responses [23]. Oxidative stress and bioenergetics deficits
trigger signaling through mitophagy receptors such as
ATG32, BCL2-L-13, and FUNDC1, leading to the elimina-
tion of damaged mitochondria [24].

In IEMs, as in cardiovascular and neurodegenerative dis-
eases, the production of pathological amounts of ROS

resulting in oxidative damage may indeed disturb redox
signaling and induce cell stress responses, which may in
some cases lead to cell death [1, 25]. However, the exact
molecular mechanisms and cellular pathways involved in
this progression are scarcely characterized. In some IEMs,
specific activation of stress kinases p38 and JNK and of
autophagy/mitophagy and apoptotic pathways has been
documented [6, 7, 26, 27].

A recent review provided insight into the adaptive stress
responses that operate in IEMs, linking mitochondrial
biogenesis to cellular antioxidant, anti-inflammatory, protein
quality control, and autophagy functions [1]. As a first line of
cellular responses to oxidative stress, the expression of anti-
oxidant enzymes and heat-shock proteins increases, along
with an upregulation of glycolysis and activation of mito-
chondrial biogenesis, as occurs in multiple acyl-CoA dehy-
drogenation deficiency [28]. ROS-mediated activation of
AMP-activated protein kinase (AMPK) could be the link
between metabolic reprogramming, mitochondrial biogene-
sis, and activation of cellular stress repair pathways, followed
by the progression to proinflammatory responses controlled
by signaling pathways mTOR/HIF-1α/NFκΒ [1].

The presence of interconnected redox-signaling path-
ways and their alterations in disease contributing to the path-
ogenesis suggests that specific compounds targeting excessive
ROS or mitochondrial dysfunction may show therapeutic
potential. This has been explored in some IEMs, in which
several antioxidants or mitochondrial biogenesis activators
have proven effective in cellular and/or animal models of
disease [29–32]. However, clinical efficacy of these
approaches remains unproven. In addition, the possible
interference of these therapies with cellular redox signaling
should be taken into account for careful design and appro-
priate clinical testing.

In this study, we describe sources of ROS in specific
IEMs; we summarize the available data on altered redox
homeostasis and oxidative damage in patients’ samples and
in animal models of disease; we discuss potential implica-
tions for redox signaling and describe the recent advances
in antioxidant- and mitochondria-targeted therapies for
these pathologies. To this aim, we have focused in selected
branched-chain amino acid disorders, organic acidurias,
and defects leading to the accumulation of homocysteine
(homocystinuria) (Figure 1). For other IEMs, namely inher-
ited mitochondrial diseases and fatty acid oxidation disor-
ders, the readers are referred to recent reviews [9, 33].

2. Branched-Chain Amino Acid Disorders and
Organic Acidurias

Branched-chain amino acids (BCAAs: Val, Ile, Leu) are
essential amino acids not only necessary for protein synthesis
but also key nitrogen donors involved in interorgan and
intercellular nitrogen shuttling [34] and key nutrient signals
involved in important functions including food intake regu-
lation. Leu has long been known as an anabolic nutrient-
signaling molecule that stimulates protein synthesis by acti-
vation of the mTORC1 pathway in selected tissues [35].
Recently, mitochondrial sirtuin 4 (SIRT4), acting as a lysine
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deacylase, has been reported to control Leu catabolism and
insulin secretion, reinforcing the hypothesis of a possible
link between BCAA metabolism and insulin secretion
[36]. All these data underscore the critical role of BCAAs
metabolism in humans’ health and disease, as was
evidenced with the characterization of maple syrup urine
disease (MSUD) [37] and, more recently, with the descrip-
tion of branched-chain ketoacid dehydrogenase kinase
(BCKDK) deficiency [38, 39].

Organic acidurias/acidemias are described as IEMs
affecting enzymes, receptors, or transport proteins in the
catabolic pathway of amino acids and odd-chain fatty
acids and characterized by the abnormal accumulation of
organic acids in body fluids [40]. More than 65 organic
acidurias have been described, with MSUD, propionic
acidemia (PA), and methylmalonic acidurias (MMA)
among the most prevalent. A secondary mitochondrial
dysfunction induced by accumulating toxic metabolites is
an important pathomechanism in these disorders [10].
Patients with organic acidurias show elevated plasma pro-
tein carbonyls and lower GSH levels in leukocytes [20].
Here we briefly summarize the published data on
branched-chain amino acid disorders and specific organic
acidurias with a profile of altered redox homeostasis.

2.1. Disorders Involving Branched-Chain α-Ketoacid
Dehydrogenase. MSUD (MIM #248600), caused by the defi-
ciency of branched-chain α-ketoacid dehydrogenase com-
plex (BCKDHc) activity, is characterized by elevated levels
of BCAAs and their corresponding α-keto-acids (BCKAs)

in body fluids and tissues, resulting in complex neurological
phenotypes [37]. As the important gatekeeping enzyme that
it is, BCKDHc is regulated by reversible phosphorylation cat-
alyzed by a specific BCKD kinase (BCKDK) that inhibits
BCKDHc function, halting the catabolic pathway of BCAAs
[41], and a dephosphorylation catalyzed by the mitochon-
drial protein phosphatase PP2Cm (encoded by the PPM1K
gene) that stimulates BCKDHc activity [42]. Optimal
BCKDHc activity necessary to maintain BCAA homeostasis
is achieved by the coordinated response of BCKDK and
PP2Cm activities. Blockage or unrestrained BCAA metabo-
lism through BCKDHc leads to a dysmetabolism of BCAAs
resulting in MSUD or BCKDK deficiency (MIM #614923)
(Figure 1), two different clinical conditions with a hallmark
of neurological perturbation.

MSUD results from mutations in the genes E1α-
BCKDHA (MIM #608348), E1β-BCKDHB (MIM #24861),
and E2-DBT (MIM #248610) [37]. The disease affects
1 : 185,000 newborns worldwide and is manifested by
diverse clinical phenotypes, ranging from the most severe
form—seen in 70% of patients with MSUD and associated
with a profound neurological impact and high mortality if
not treated early—to mild forms that present during early
development. The mechanisms underlying brain injury are
not completely understood. Different studies have been
carried out using chemical induction of the disease by
BCAAs or BCKAs in cultured cells [43, 44] and animal
models [45–48]. All converge in the identification of
oxidative stress, brain energy deficit, and/or alterations in
the brain’s neurotransmission balance, mostly affecting
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glutamate [46], as important neurodegenerative determi-
nants. Recent studies in human peripheral blood mononu-
clear cells have shown that 10mM of BCAAs can directly
trigger a mechanism that involves the two major ROS
sources, NADPH oxidase and mitochondria. BCAAs
stimulate the activation of the redox-sensitive transcription
factor NFκΒ resulting in the release of proinflammatory
molecules [49].

Increases in lipid and protein oxidation are detected in
plasma of MSUD patients [50, 51]. The two branched-
chain aminotransferases (BCATs) involved in the conversion
of BCAAs in BCKAs contain redox-active cysteine residues
and could be affected by an oxidative environment. Their
inhibition would provoke a further increase in the BCAA
levels that could exacerbate the effect of the blockage [34].
An increased inflammatory profile has also been observed
in plasma samples from MSUD patients maintained at low
BCAA levels indicating the presence of sustained inflamma-
tion and activation of the immune system probably as a result
of unbalanced ROS production [52].

On the other hand, mutations in the PPM1K gene in
human result in a mild increase of BCAA and BCKA levels
compatible with a mild variant form of MSUD (Figure 1),
which nevertheless results in ROS increases along with the
activation of the JNK and p38 MAP kinases [42]. This could
be related to its critical role for mitochondrial function and
cell survival previously described in animal models [53].

In the reverse of the MSUD metabolic problem, BCKDK
patients (MIM #614923) manifest an unrestrained BCAA
metabolism with decreased BCAA and BCKA levels, accom-
panied by neurocognitive phenotypes [38, 39]. However, also
in this case, the mitochondrial response to BCKDK defi-
ciency seems to be the increase in O2

−, alterations in the
expression of MnSOD and GPX, and alterations in the bioen-
ergetics’ profile with reductions in ATP-linked respiration
and intracellular levels. All these data support the hyperfu-
sion response of BCKDK-deficient mitochondria to stress
and the altered cell fate observed in patients’ fibroblasts
[54]. Apart from the canonical ROS-producing sites in mito-
chondrial electron transfer chain, several reports pointed
towards the important role of mitochondrial 2-oxoacid dehy-
drogenase complexes (2-oxoglutarate dehydrogenase, pyru-
vate dehydrogenase, and BCKDH) that share the E3
dihydrolipoamide dehydrogenase, as major O2

−/H2O2 pro-
ducers under conditions of maximum activities of substrate
oxidation [55, 56]. Therefore, the most likely result from
the uninhibited activity of BCKDHc could be a misbalance
in redox equilibrium and an increase in the production of
O2

−/H2O2 [54–56].

2.2. Propionic Acidemia. Propionic acidemia (PA, MIM
#606054) is one of the most frequent life-threatening organic
acidurias, affecting 1 in 100,000 live births worldwide. PA
results from mutations in the PCCA or PCCB gene that
encode the α and β subunits of propionyl-CoA carboxylase
(PCC), respectively. PCC is a biotin-dependent mitochon-
drial enzyme that catalyzes the reaction of propionyl-CoA
to D-methylmalonyl-CoA, the first step of the propionate
oxidation pathway (Figure 1). Propionyl-CoA derives from

the catabolism of certain amino acids including BCAAs
(Ile, Val, Thr, and Met), of cholesterol, and from the beta-
oxidation of odd chain fatty acids and bacteria gut produc-
tion [57]. PCC deficiency results in the accumulation and
excretion of propionate, 3-hydroxypropionate, methylci-
trate, and propionylglycine, which are the biochemical
hallmarks for diagnosis [57]. PA leads to a multisystemic
disorder that affects the cardiovascular, gastrointestinal,
renal, nervous, and immune systems [58, 59]. The clinical
outcome varies from a severe neonatal form characterized
by ketoacidosis, feeding refusal, lethargy, failure to thrive,
seizures, and encephalopathy to a milder-late onset form
with metabolic decompensations, failure to thrive, and
diverse neurological deficiencies [60–62]. Cardiomyopathy
and neurological features are associated with a high mor-
bidity and mortality and have been attributed to bioener-
getic failure and intracellular accumulation of toxic
metabolites [63, 64].

A number of in vitro and in vivo studies of propionyl-
CoA metabolites have shown inhibition of enzymes involved
in energy production pathways, such as respiratory chain
complex III [65] and pyruvate dehydrogenase complex
[66]. Furthermore, propionyl-CoA reacts with oxaloacetate
to produce methylcitrate that inhibits enzymes such as phos-
phofructokinase aconitase and citrate synthase [67]. In
addition, propionate, at concentrations similar to those
found in the plasma of PA patients, strongly inhibits oxygen
consumption as well as oxidation of pyruvate and alpha-
ketoglutarate in rat liver mitochondria [66, 68]. Moreover,
the lack of PCC that blocks the anaplerotic biosynthesis of
succinyl-CoA from propionyl-CoA may result in diminished
TCA cycle activity [69]. This could be especially relevant for
the heart and skeletal muscle, for which propionate is a major
anaplerotic substrate. Propionic acid was shown to stimulate
the production of O2

− in the presence of Ca2+ influx activa-
tors in human neutrophils [70], to increase protein carbonyl-
ation in rats [71] and to stimulate lipid peroxidation in rat
cerebral tissues [72].

The secondary mitochondrial dysfunction in PA is man-
ifested as a decrease in ATP and phospho-creatine produc-
tion, a decrease in the activity of respiratory chain
complexes, mtDNA depletion, and abnormal mitochondrial
structures present in PA patients’ biopsies. This is evident
particularly in high-energy-demanding organs such as the
brain and heart [73–75]. In addition, evidence of oxidative
stress and cellular damage has been shown in PA patients’
fibroblasts through detection of elevated intracellular H2O2
levels correlating with the activation of the JNK and p38
pathways [26]. Urinary samples from PA patients show high
levels of oxidative stress markers [12].

Alterations in redox homeostasis and mitochondrial
function were observed in a hypomorphic mouse model of
PA (Pcca−/− (A138T)) [5]. These include increased O2

− pro-
duction and in vivo mitochondrial H2O2 levels, mtDNA
depletion, lipid oxidative damage, and tissue-specific alter-
ations in the activities of OXPHOS complexes and in antiox-
idant defences. An increase in the DNA repair enzyme 8-
guanine DNA glycosylase 1 (OGG1) induced by oxidative
stress was also found in the liver of PA mice [32]. These
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alterations show a good correlation with the altered mito-
chondrial function and oxidative damage detected in PA
patients’ samples [12, 73–77].

2.3. Methylmalonic Acidurias. Methylmalonic acidurias
(MMA) include a heterogeneous group of autosomal reces-
sive genetic disorders caused by deficiency of the mitochon-
drial enzyme methylmalonyl-CoA mutase (MCM) or by
defects in cobalamin (cbl) absorption, intracellular cbl traf-
ficking, or synthesis of adenosylcobalamin (Adocbl) and
methylcobalamin (Mecbl), which serve as cofactors for
MCM and for the cytosolic enzyme methionine synthase,
respectively (Figure 1). Two clinical entities have been
described: (i) isolatedMMA, characterized by methylmalonic
acid accumulation and caused by MCM deficiency, defects in
Adocbl synthesis, and methylmalonyl-CoA epimerase
deficiency and (ii) combined MMA and homocystinuria,
characterized by methylmalonic acid and homocysteine
accumulation and caused by defects in intracellular cbl
metabolism (Figure 1).

2.3.1. Isolated MMA. MCM (MIM #251000; mut0 or mut−

enzymatic subtypes), encoded by the mut gene, is a
mitochondrial matrix enzyme that catalyzes the conversion
of L-methylmalonyl-CoA to succinyl-CoA [57]. Biochemi-
cally, the disease is characterized by accumulation of
methylmalonic acid and by accumulation of propionate,
3-hydroxypropionate, and 2-methylcitrate, due to activation
of alternative pathways of propionate oxidation. Clinical
presentation varies from a severe, early onset form of the dis-
ease, with neonatal ketoacidosis, lethargy, failure to thrive,
encephalopathy, and hepatomegaly, to a milder late-onset
presentation usually diagnosed during infancy that has a less
serious neurological outcome [57]. Neurological symptoms,
including psychomotor delay, irritability, lethargy, hypoto-
nia, convulsions, and coma, have been related to a failure in
mitochondrial oxidative metabolism. Mitochondrial dys-
function could be due to a combination of the inhibition of
specific enzymes and transporters, limitation in the availabil-
ity of substrates for mitochondrial metabolic pathways, and
oxidative damage [78].

Mitochondrial toxicity of methylmalonic acid has been
examined in vitro using a variety of normal tissues and
extracts, including rat brain, mouse muscle, and bovine heart,
suggesting an impairment of mitochondrial function, ROS
generation, and other secondary metabolic perturbations
[72, 79–81]. In addition, 2-methylcitric acid, malonic acid,
and propionyl-CoA inhibit respiratory chain and tricarbox-
ylic cycle [82]. In cultured neurons, methylmalonic acid
decreases ATP/ADP ratio, collapses ion gradients, causes
membrane depolarization, and increases intracellular cal-
cium levels, leading to necrotic and apoptotic cell death [78].

Experimental evidence using patients’ samples and a
mut-knockout mouse identified multiple oxidative phos-
phorylation (OXPHOS) defects in MMA perturbations
in antioxidant defences and resulting oxidative damage,
indicating deficient energy metabolism caused by
methylmalonyl-CoA accumulation and reduced succinyl-
CoA levels [73, 83–86]. Proteomic analysis of patient liver

samples by two-dimensional differential in-gel electrophore-
sis (2D–DIGE) andmass spectrometry (MALDI-MS and LC-
MSMS) showed alterations of enzymes involved in free
radical scavenging [87]. In patient’s fibroblasts, proteomic
analysis (2-D DIGE/MALDI-TOF) identified several differ-
entially expressed proteins related to oxidative stress and
apoptosis (cytochrome c, MnSOD, and mitochondrial
glycerophosphate dehydrogenase) [88]. In a study using
high-dimensional flow cytometry, patients with MMA
showed lower GSH levels in T lymphocytes, monocytes, and
neutrophils, compared to healthy controls [20]. Oxidative
damage markers (F-2 isoprostanes and dityrosine) were
found increased in urinary samples from MMA patients [12,
89]. Plasma from patients showed significantly higher levels
of protein carbonyls as compared to healthy controls [20].

In addition, various parameters of oxidative stress and
apoptosis were evaluated in cultured fibroblasts from a spec-
trum of patients with MMA showing a significant increase in
intracellular ROS content, MnSOD protein and apoptosis
rate compared to controls [6]. Furthermore, cytochrome c
oxidase deficiency was observed in renal tubular megamito-
chondria from a MMA patient [90], and mitochondrial
ultrastructural abnormalities were found in renal samples
from MMA mice [89] and in liver samples from MMA
mut0 patients undergoing transplantation [91].

2.3.2. MMA Combined with Homocystinuria. Cobalamin
deficiency type C with methylmalonic aciduria and homo-
cystinuria (cblC; MMACHC; MIM #277400 and #609831)
(Figure 1) is the most frequent genetic disorder of vitamin
B12 metabolism. MMACHC protein is a processing enzyme
involved in an early cytoplasmic step in the cofactor-
trafficking pathway. It exhibits unusual chemical versatility
with demonstrated gluthatione transferase, reductive decya-
nase, and aquocobalamin reductase activities and converts
incoming cobalamin derivatives to an intermediate that can
be partitioned into Mecbl and Adocbl synthesis to support
cellular needs [92–94]. MMACHC catalyzes the glutathione-
(GSH-) dependent dealkylation of alkylcobalamins and the
reductive deacyanation of cyanocobalamin [95].

Early-onset patients with cblC disease present multisys-
tem failure while there are late-onset patients exhibiting a
milder form, with progressive neurological symptoms and
behavioural disturbances [96]. Maculopathy and abnormal
vision are extremely common in early-onset patients [97].

Increasing evidence provides support that oxidative
stress is closely associated with the physiopathology of this
disorder. In this disease, there is a combined contribution
of mitochondrial ROS due to accumulation of methylmalo-
nic acid, as well as of homocysteine-derived ROS (see below,
the Homocystinuria section). Patient-derived fibroblasts
showed elevated ROS, apoptosis, and active phosphorylated
forms of p38 and JNK stress-kinase levels [98, 99]. High
levels of oxidative damage biomarkers have been found in
urinary samples [12]. Decreased levels of proteins involved
in cellular detoxification (members of the peroxiredoxin
family and isoforms of glutathione-S-transferases) were
detected in patient-derived fibroblasts by proteomics
techniques [100, 101]. Another proteomic study in patients’
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lymphocytes revealed the deregulation in the expression of
proteins involved in oxidative stress and cellular detoxifica-
tion, especially those related to glutathione metabolism
[102]. In relation to this, an imbalance of glutathione metab-
olism was observed in cblC blood samples with a significant
decrease in total and reduced glutathione, along with an
increase in different oxidized glutathione forms [19]. GSH
depletion could be the consequence of a reduced synthesis
since total glutathione and its rate-limiting precursor (cyste-
ine) is decreased in cblC patients [19]. In addition, increased
levels of protein-bound glutathione were detected, providing
evidence of the impact of changes in glutathione pools in the
pathogenesis of cblC disease through redox regulation of pro-
tein function [19]. Furthermore, two mutant MMACHC
proteins exhibited impaired glutathione binding, and stabili-
zation of the cob(II)alamin derivative has been observed in
presence of physiologically relevant glutathione concentra-
tions. The preferential stabilization of cob(II)alamin by the
mutants with a concomitant increase in GSSG production
offers insights into ROS production [103].

2.4. Glutaric Aciduria Type I. Glutaric aciduria type I (GAI,
OMIM #231670) is caused by the deficiency of the mito-
chondrial enzyme glutaryl-CoA dehydrogenase (GCDH),
responsible for the oxidative decarboxylation of glutaryl-
CoA to crotonyl-CoA, in the catabolic pathways of lysine
and tryptophan [104]. The deficiency causes accumulation
of glutarate and 3-hydroxyglutarate, and patients are at
risk of acute striatal injury during encephalopathic crises
before 4 years of age, frequently precipitated by nonspecific
illnesses [105]. These episodes lead to the appearance of neu-
rological symptoms including dystonia, dyskinesia, seizures,
and coma [106]. Current treatment for GAI includes die-
tary lysine restriction and carnitine supplementation,
although this does not prevent striatal degeneration in
about one-third of the patients. Excitotoxicity, oxidative
stress, and mitochondrial dysfunction induced by accumu-
lating metabolites have been associated with brain patho-
genesis, although the exact underlying mechanisms
remain unclear [4, 107, 108].

Glutaric acid administration induces lipid peroxidation
and alterations in antioxidant defences in rats [109].
GCDH-deficient knockout mice (Gcdh−/−) show a biochem-
ical phenotype comparable to GAI patients but do not
develop striatal degeneration [110]. These mice exhibit pro-
tein oxidative damage and reduction of antioxidant defences
in the brain when subjected to an acute lysine overload [111].
Indeed, GCDH knockout mice fed on a high-lysine chow
represent an animal model of GAI encephalopathy g [112].
In these mice, high concentrations of glutaric acid within
neurons were correlated with mitochodrial swelling and bio-
chemical changes (depletion of alpha-ketoglutarate and
accumulation of acetyl-CoA) consistent with Krebs cycle
disruption [113].

2.5. Other Organic Acidurias. There are several other
organic acidurias in which there is an inhibition of energy
metabolism attributed to accumulation of toxic metabolites
in mitochondria. These include 3-methylcrotonyl-CoA

carboxylase deficiency (MCC, MIM #210200 and #210210),
2-methyl-3-hydroxybutyric aciduria (MOHBA, MIM #20
3750), 3-methylglutaconic aciduria (MHGA, MIM #250
950), D-2-hydroxyglutaric aciduria (D-2-OHGA, MIM
#600721), L-2-hydroxyglutaric aciduria (L-2-OHGA, MIM
#236792), 3-hydroxy-3-methylglutaric aciduria (3-HMGA,
MIM #246450), and ethylmalonic encephalopathy (EE,
MIM #602473). Deficiencies in several respiratory chain
complexes have been reported in some of these pathologies,
such as MOHBA (I and IV) [114], MGA (I and V) [115],
D-2-OHGA (V and IV) [116], and EE (IV and II) [117].
Abnormal structure of mitochondria was also found in
patients’ samples with MHGA [118].

A growing body of experimental evidence indicates that
impairment of redox homeostasis induced by the major
organic acids accumulating in 3-HMGA contributes to the
brain and liver pathophysiology [3]. Lipid and protein dam-
age, along with a decrease of antioxidant defences, have been
observed in patients’ plasma and urine [3].

A recent transcriptome study in MCC-deficient patient-
derived fibroblasts revealed an altered gene expression profile
indicative of mitochondrial dysfunction, decreased antioxi-
dant response, and disruption of energy homeostasis [119].
This correlates with previous in vitro studies in the cerebral
cortex of young rats in which the accumulated metabolites
have been shown to disrupt energy homeostasis and cause
lipid peroxidation [120].

3. Homocystinuria

In several IEMs, increased ROS causes pathophysiological
oxidative damage that is not originated in the mitochondria.
This is the case of homocystinuria in which excess homocys-
teine (Hcy) directly promotes ROS formation. Hcy is a
sulphur-containing amino acid derived from the demethyl-
ation of the essential amino acid methionine. Autoxidation
of two Hcy molecules yields the oxidized disulphide
homocystine, two protons and two electrons, generating
ROS in the form of O2

−, hydrogen radical, or H2O2
[121]. Formation of mixed disulphides also contributes to
the additional formation of ROS [121]. In addition to its
inherent reactivity, specific mechanisms such as reduction
in bioavailable nitric oxide and decreased glutathione per-
oxidase activity may play a role in Hcy-induced oxidative
stress [122, 123]. Plasma Hcy has been known for decades
as a risk marker for cardiovascular disease, which is
explained by Hcy-induced oxidative damage in endothelial
cells [124]. Induction of NADPH oxidase or downregula-
tion of thioredoxin expression have been postulated as
underlying mechanisms [125]. Elevated homocysteine
concentration has also been proposed as a risk factor for
neurodegenerative diseases inducing neurological dysfunc-
tion via oxidative stress [126].

Hcy metabolism stands at the intersection of two
pathways: remethylation to methionine and transsulfuration
to cystathionine [127]. Inherited homocystinurias have in
common accumulation of homocysteine with subsequent
neurotoxicity. This group of diseases encompasses two dis-
tinctive clinical entities: classical homocystinuria due to
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cystathionine β-synthase (CBS) deficiency (transsulfuration
pathway) and the rare inborn errors of cobalamin and folate
metabolism (remethylation pathway) [128] (Figure 1).

3.1. Homocystinuria due to Cystathionine β-Synthase
Deficiency. Deficiency of cystathionine β-synthase (CBS,
MIM #236200) is a disorder of methionine metabolism
leading toelevatedmethionineandanabnormal accumulation
of Hcy and its metabolites (homocystine, homocysteine-
cysteine complex, and others) in the blood and urine. In the
case of excess cellular methionine levels, the transsulfura-
tion pathway plays an important role in Hcy metabolism
and converts Hcy into cystathionine with the help of the
enzyme CBS (Figure 1). The cystathionine formed is then
converted into cysteine by cystathionine γ-lyase. Although
the pathophysiology of CBS deficiency is not yet well
established, Hcy excess or cysteine deficiency rather than
the accumulation of methionine is more likely to cause
the pathogenesis of this disease [127]. CBS deficiency is
clinically characterized by heterogeneous clinical manifes-
tations in various organs and tissues, such as thinning
and lengthening of the long bones, osteoporosis, disloca-
tion of the ocular lens, thromboembolism, and mental
retardation [127].

Oxidative stress may play an important role in the
pathophysiology of homocystinuria, as deduced from studies
carried out in patients and animal models [129]. Protein,
lipid, and DNA oxidative damage and decreased antioxi-
dant defences have been found in patients [130–132].
Increases in lipid, protein, and DNA oxidative damage
biomarkers have been reported in CBS-deficient mice
[133] and in samples from animal models subjected to
Hcy administration [134, 135].

3.2. Homocystinuria due to Remethylation Defects. Remethy-
lation disorders are due to deficiencies of enzymes involved
in the remethylation of Hcy to methionine causing homo-
cystinuria. They include defects in methionine synthase
(MTR, MIM #156570), methionine synthase reductase
(MTRR, MIM #602568), MMADHC 5(MIM #611935),
and 5,10-methylene tetrahydrofolate reductase enzyme
(MTHFR, MIM #236250) (Figure 1) [136]. Biochemically,
these disorders are characterized by Hcy elevation and
low-to-normal methionine levels, without urinary methyl-
malonic acid excretion. Patients present severe clinical
symptoms, which are mainly neurological for MTHFR
deficiency and neurohematological for MTR and MTRR
defects [136]. Two major mechanisms have been proposed
to explain the pathogenesis of these diseases: (i) defective
methionine synthesis (with a consequent drop in S-
adenosylmethionine production and deficiencies of numer-
ous methylation reactions leading to hypomyelination in
the central nervous system) [137] and (ii) Hcy excess [127].

Patient-derived fibroblasts with defects in MTR, MTRR,
or MTHFR show a significant increase in ROS content, in
MnSOD levels, in the rate of apoptosis, and in the levels of
the active phosphorylated forms of p38 and JNK stress
kinases [7]. Increased mRNA and protein levels of Herp,
Grp78, IP3R1, pPERK, ATF4, CHOP, asparagine synthase,

GADD45, and MAM-associated proteins were also found
in these cells indicating an increase in endoplasmic reticulum
stress and subsequent mitochondrial calcium overload. In
addition, an activation of autophagy process and a substan-
tial degradation of altered mitochondria by mitophagy were
detected in patient-derived fibroblasts [138].

4. Challenges in ROS Detection

ROS production plays an important role in physiological and
pathological processes. In order to understand how they
contribute to these cellular processes, it is essential to identify
the specific reactive species produced, levels, and subcellular
localization. ROS lifetime ranges from nanoseconds to sec-
onds due to their high reactivity and depends on numerous
clearance mechanisms such as the intracellular antioxidant
levels [139]. Steady state concentration of mitochondrial
O2

− and H2O2 have been estimated to be in the picomolar
and low nanomolar ranges, respectively. ROS detection
thereby requires specific molecular probes that promptly
interact with ROS to compete with antioxidants and generate
stable products, which can be accurately quantified. How-
ever, their very short life span and extremely low concentra-
tion and instability, as well as the large diversity of possible
chemical reactions, make ROS assessment challenging.
Excellent reviews by different authors cover the limitations,
progress, and perspectives of the most widely used tools
and new approaches described for monitoring ROS detection
[139–142]. In this section, we focus on some of the most
common detection strategies used to asses oxidative stress
in vitro and in vivo in organic acidurias, pointing out some
of their methodological constrains and concerns.

Assessment of ROS levels has largely relied on the detec-
tion of end products [143]. The small cell-permeable probes
2′,7′-dichlorodihydrofluorescein (H2DCF) and dihydroethi-
dium (DHE) are the most commonly used molecules for
intracellular ROS detection of H2O2 and O2

−, respectively.
Despite the fact that H2DCF is one of the most commonly
used probes, many concerns have been raised regarding its
mechanism of action and specificity [144]. For instance, it
is known that a host of ROS species such as nitric oxide, per-
oxynitrite anions (ONOO−), and even organic hydroperox-
ides can oxidize H2DCF. In addition, redox reactions with
DCF and DCFH may lead to generation of the DCF-free
radical anion [145], which produces O2

− and reacts with anti-
oxidants such as thiols and ascorbate [146]. Intracellular ROS
generation throughout oxidation of H2DCF has been
detected in PA, cobalamin disorders (cblB, cblC, cblE, and
cblG), MTHFR deficiency, and MSUD patient-derived fibro-
blasts [26, 42, 98]. Recently, mitochondrial ROS generation
has been measured in the cortex of a mouse model of
MMA (induced by MMA and ammonia) [147]. DCF mea-
surements should be carefully considered, and extra controls
for the assessment of ROS production are required. Thus,
DCF has been suggested as a general oxidative stress indica-
tor instead of serving as a specific proof of H2O2 production.

DHE has been extensively used for intracellular O2
−mea-

surements together with its mitochondrial-targeted analog
(MitoSOX). The specificity of DHE and its oxidative
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products has been a matter of debate for decades [144]. DHE
can form two fluorescent products. One is ethidium, which is
formed by nonspecific redox reactions, while the other is 2-
hydroxyethidium (2-OH-E+), a specific adduct of O2

−

[148]. The fluorescent spectra of ethidium and 2-OH-E+
overlap, and it is therefore difficult to accurately measure only
2-OH-E+ by simple fluorescent detection methods. However,
careful use of specific wavelengths of excitation allows sepa-
ration of these to signals [149]. DHE staining has been used
to measure O2

− production in brain and heart cryosections
of Pcca−/− (A138T) mice [5]. MitoSOX has been used to mea-
sure the basal production of mitochondrial O2

− in cobalamin
disorders (cblB and cblE) and in BCKDK-deficient patient-
derived fibroblasts [6, 7, 54]. However, the combination of
DHE and analytical methods such as high-pressure liquid
chromatography and mass spectrometry is essential to vali-
date DHE as a technique to quantify O2

− [150].
In order to have a better understanding of ROS mito-

chondrial regulation and its role in oxidative damage and
redox signaling, new approaches to measure mitochondrial
ROS levels within living organisms are essential. Logan
et al. developed a radiometric mass spectrometry probe
approach. This method is based on the use of the MitoB
probe, which comprises a triphenylphosphonium (TPP)
cation driving its accumulation inside the mitochondria,
conjugated to an arylboronic acid that reacts with H2O2 to
form a phenol MitoP. Once MitoB is administrated to the
animal, the probe is modified in vivo by ROS to generate an
exomarker product (MitoP). The MitoB/MitoP ratio allows
assessment of the levels of ROS in vivo [151, 152]. This tech-
nique has been applied to the mouse model of PA, to measure
relative levels of H2O2 in the liver and heart [5]. The main
advantages of this approach are its high selectivity, in vivo
localization, and the use of analytical techniques such as
LC-MS/MS to identify and quantify exomarkers. However,
some significant weaknesses are also observed such as its
inherently invasive methodology and the time-consuming
nature of sample preparation.

Despite the progress achieved in the field of ROS detec-
tion, there is a clear need to develop noninvasive, in vivo,
and more selective methods to address many important
questions related to the role of altered redox homeostasis in
the pathology of IEMs.

5. Redox-Based Therapeutic Approaches

Most IEMs in which altered redox homeostasis and oxidative
damage have been documented as described in this work do
not have an effective treatment. Therapy mainly consists on
protein restriction and supplementation with special formu-
las that provide the necessary nutrients for adequate growth
and development, as well as the administration of specific
compounds aiming to detoxify the accumulated metabolites
or to enhance residual enzymatic activities [10, 153]. How-
ever, the clinical outcome overall remains unsatisfactory, as
multiorgan complications (neurological, cardiac, renal,
hematological, and gastrointestinal, among others) persist.
In this scenario, antioxidants and mitochondrial activators/

protectors may be beneficial to prevent or ameliorate oxida-
tive damage contributing to organ pathophysiology.

Chemically, antioxidants are reduced compounds that
directly react with ROS avoiding the oxidation of a third mol-
ecule. The in vitro mode of action of nutraceutical and syn-
thetic antioxidants is mainly based on their capacity to act
as free radical scavengers. However, in vivo antioxidant
response depends on distribution, absorption, metabolism,
and excretion of the compound, hampering a direct action
on ROS. In fact, it is now clear that in vivo antioxidants
provide indirect cellular and tissue protection against oxida-
tive damage by targeting NRF2 and NAD-dependent protein
deacetylase sirtuin-1 (SIRT1) [154, 155], modulating the
antioxidant response (Figure 2).

NRF2 transcription factor regulates cellular homeosta-
sis by binding to regulatory DNA regions known as elec-
trophile response elements or EpRE (previously named
antioxidant regulatory elements (AREs)). Under oxidative
stress, NRF2 translocates to the nucleus, binds to EpRE
sequences, and promotes the transcription of antioxidant
enzymes, genes of GSH metabolism, and NADPH regener-
ation (Figure 2) [156].

Antioxidant response can also be driven by SIRT1, a
class I histone deacetylase that mediates deacetylation in
a NAD+-dependent manner. SIRT1 is mainly localized in
the nucleus where, apart from histones, it can interact
with and deacetylate peroxisome proliferator-activated
receptor gamma coactivator 1-alpha (PGC1α) and Forkhead
box protein O3 (FOXOa3) [157, 158]. Deacetylated PGC1α
and FOXOa3 have an increased transcriptional activity and
promote mitochondrial biogenesis and expression of antiox-
idant genes (Figure 2). Therefore, NRF2 and SIRT1 activa-
tion by polyphenolic compounds represent the main targets
for antioxidant therapy to reduce oxidative damage.

Several studies have evaluated different antioxidant com-
pounds as adjuvant therapy in a number of IEMs. The brain
is highly sensitive to free radicals due to its high energetic
demands, its high lipid content, and its low regeneration
capacity. In this context, oxidative damage has been proposed
as one of the mechanisms involved in the development of the
characteristic neurological symptoms of PA, MMA, MSUD,
GAI, and homocystinuria patients. Even though the trans-
port rate of antioxidants through the blood brain barrier is
low, different studies have reported a reversion of brain dam-
age after antioxidant treatments in these diseases [159–162].

In organic acidurias, a beneficial effect of L-carnitine sup-
plementation with in vitro antioxidant properties has been
described [13, 163]. L-carnitine shows antioxidant capacities
as it can act as ROS scavenger and reduce lipid peroxidation
to an extent comparable to that seen with α-tocopherol [164].
It also protects endogenous antioxidant enzymes from per-
oxidative damage and induces elevated cellular GSH [31].
L-carnitine supplementation is routinely included in the
treatment of PA and MMA, to prevent a secondary carni-
tine deficiency and to promote detoxification of propionic
and methylmalonic acids, which are excreted in the form
of carnitine esters. Evaluation of oxidative stress parame-
ters in urine from PA and MMA patients during treat-
ment with L-carnitine- and protein-restricted diet showed
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a significant reduction of urinary and plasma biomarkers
of oxidative damage to lipids and proteins [13, 163]. L-
carnitine treatment was also shown to reduce plasma mal-
ondialdehyde concentrations and urine dityrosine and iso-
prostanes in patients with MSUD [51, 165].

In a MMA patient with optic neuropathy, CoQ10 treat-
ment in conjunction with vitamin E resulted in improved
visual acuity [166]. Interestingly, treatment of MMA mice
with CoQ10 and vitamin E showed a significant amelioration
in the loss of glomerular filtration rate and a normalization of
plasma lipocalin-2 levels [89], indicating that the therapeutic
effects are not restricted to the nervous system.

Recently, in vitro and in vivo studies in PA have also
shown the positive effect of antioxidant treatment. Using
patients’ fibroblasts, different antioxidants (tiron, trolox,
resveratrol, and MitoQ) significantly reduced H2O2 levels
and regulated the expression of antioxidant enzymes
[30]. In the hypomorphic mouse model of PA [167], oral
treatment with resveratrol and MitoQ protected against
lipid and DNA oxidative damage and induced the
expression of antioxidant enzymes [32]. In addition to its
antioxidant properties, resveratrol exerts different effects

on mitochondrial function and dynamics [168], which
clearly contributes to its beneficial effect in IEMs with
mitochondrial ROS production, such as organic acidemias
and respiratory chain defects [169].

A clinical trial (NCT01793090) is ongoing in patients
with MMA cblC-type defect to investigate the safety and effi-
cacy of the EPI-743 compound in relation to visual and neu-
rological impairment. This molecule targets NADPH
quinone oxidoreductase 1, thus providing beneficial effects
in diseases characterized by oxidative stress and alterations
in glutathione redox balance, as is the case of mitochondrial
diseases [170].

Taurine, a compound potentially reducing oxidative
damage, is being tested in a clinical trial with homocystinuria
(CBS-deficient) patients (NCT01192828). Taurine treatment
in a mouse model of CBS deficiency reversed GSH depletion
with potential beneficial effects [171].

Although the use of antioxidants as potential therapies
holds great interest for many diseases (including IEMs) in
which oxidative stress plays a pathophysiological role, there is
to date limited clinical evidence of their efficacy, which may
be related to pharmacokinetic and/or pharmacodynamics
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Figure 2: NRF2- and SIRT1-signaling pathways targeted by antioxidant compounds. Under normal homeostatic conditions, NRF2
transcriptional activity is inhibited by KEAP1 and PTEN. KEAP1 directly interacts with NRF2 and mediates its ubiquitination and
subsequent proteasomal degradation. Furthermore, PTEN eliminates 3-phosphoinositides (PIP3) required for AKT activation, thus leading
to GSK3β activation and NRF2 phosphorylation. In vivo antioxidants act as electrophiles that modify and inhibit KEAP1 and PTEN.
When KEAP1 is oxidized, its interaction with NRF2 is disrupted and NRF2 half-life increases. Electrophiles also inhibit the redox-
sensitive phosphatase PTEN, allowing PIP3 accumulation, AKT activation, and GSK3β inactivation. In these conditions, NRF2 is
translocated to the nucleus where it binds to the electrophile response element (EpRE) and drives the expression of antioxidant defence
genes. Additionally, antioxidant compounds modulate SIRT1 pathway favouring the antioxidant defence response and mitochondrial
biogenesis by activation of FOXOa3 and PGC1α transcription factors, respectively.
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reasons [172]. The intracellular levels of the specific
antioxidant, its distribution throughout the body, together
with the subcellular location are factors that influence the
in vivo effects. Moreover, antioxidants react with free radicals
with the same rate constant as other natural molecules,
and their intracellular concentrations cannot overcome this
kinetic limitation. Therefore, antioxidant effectiveness in vivo
could be limited [154].

Throughout the years, different studies have shown
both beneficial and adverse effects of antioxidant com-
pounds. In vitro β-carotene shows antioxidant and anti-
inflammatory effects when administered at low doses
whereas prooxidant and proinflammatory responses have
been reported at higher concentrations [173, 174]. Similar
contradictory results have been obtained in in vivo studies.
While in a randomized trial dietary consumption of β-caro-
tene and vitamins C and E did not affect cancer incidence
and mortality [175], higher doses of these compounds did
not show any health beneficial effect. In fact, they could
significantly increase the risk of mortality (reviewed in
[176, 177]). ROS are required at physiological concentra-
tions for optimal cellular homeostasis [178]. Therefore, free
radical scavenging by antioxidants could be undesirable as
disruption of redox balance would lead to cellular dysfunc-
tion and originate different side effects.

New indirect antioxidant approaches targeting redox
enzymes or NRF2 agonists that upregulate cellular antioxidant

defences are promising alternatives that warrant further
investigation [155].

6. Conclusions and Future Perspectives

The pathophysiological role of ROS in IEMs has been firmly
established in many studies revealing oxidative damage to
proteins, lipids, and DNA in patients’ samples and animal
models, correlating with clinical and biochemical parameters
(Figure 3). Consequently, different antioxidants have been
successfully used in cellular and animal models of IEMs
[30–32, 89, 98]. Despite these positive results, for other dis-
eases, there is no clear conclusion on the efficacy of antioxi-
dant treatments in human clinical trials, which limits the
expectations also for IEMs.

In the past years, we have gained deeper insights into the
complex and dynamic roles of ROS signals in normal and
pathological processes, yet the field of redox signaling in
IEMs is still in its infancy. Novel technologies such as redox
proteomics [179] or transgenic animals expressing redox
reporters [180] are revolutionising the field and represent
excellent tools to investigate redox regulatory networks in
disease. They may also provide insight to explain the poor
performance of antioxidant therapies in clinical trials. In
many IEMs, mitochondrial ROS-targeting agents that
accumulate in the mitochondria and compounds activating
or improving mitochondrial function may constitute a
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Figure 3: ROS and oxidative damage contribute to IEM physiopathology. The scheme shows the consequences of toxic metabolite
accumulation in IEMs on mitochondrial function and ROS increase, which in turn results in oxidative damage and alteration in ROS
signaling contributing to disease pathology.
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valid approach. Further preclinical research is warranted to
investigate basic mechanisms of redox signaling and their
implications for IEM disease progression, as well as
exploring the benefits of targeted antioxidant therapies.
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Programmed and damage aging theories have traditionally been conceived as stand-alone schools of thought. However, the p66Shc

adaptor protein has demonstrated that aging-regulating genes and reactive oxygen species (ROS) are closely interconnected, since
its absence modifies metabolic homeostasis by providing oxidative stress resistance and promoting longevity. p66Shc(−/−) mice are a
unique opportunity to further comprehend the bidirectional relationship between redox homeostasis and the imbalance of
mitochondrial biogenesis and dynamics during aging. This study shows that brain mitochondria of p66Shc(−/−) aged mice exhibit
a reduced alteration of redox balance with a decrease in both ROS generation and its detoxification activity. We also
demonstrate a strong link between reactive nitrogen species (RNS) and mitochondrial function, morphology, and biogenesis,
where low levels of ONOO− formation present in aged p66Shc(−/−) mouse brain prevent protein nitration, delaying the loss of
biological functions characteristic of the aging process. Sirt3 modulates age-associated mitochondrial biology and function via
lysine deacetylation of target proteins, and we show that its regulation depends on its nitration status and is benefited by the
improved NAD+/NADH ratio in aged p66Shc(−/−) brain mitochondria. Low levels of protein nitration and acetylation could
cause the metabolic homeostasis maintenance observed during aging in this group, thus increasing its lifespan.

1. Introduction

Aging is a multifactorial degenerative process that strongly
impacts the endocrinology and biochemistry of the brain
[1]. Mitochondrial function declines in the normal aging
process and increases the incidence of age-related disorders.
In accordance with the free radical theory of aging, this pro-
cess can be ascribed to the oxidative damage caused by the
generation of reactive oxygen species (ROS) derived from
mitochondrial respiration when O2 is partially reduced [2].
It has been demonstrated that electron transfer leakage
throughout themitochondrial respiratory chain is responsible

for the formation of most cellular ROS [3]. In this way, ROS
generation depends on mitochondrial activity [4], which by
itself can be perceived as a signal sensor and transducer in
various enzymatic and gene-mediatedphysiological and path-
ophysiological processes [5].

In addition, mitochondrial function and morphology are
also modulated by nitric oxide (NO) exposure. NO is a
relatively low reactive radical whose derivatives, such as
peroxynitrite (ONOO−), can cause nitrosative damage in bio-
molecules, proteosomic degradation failure, enzymatic activ-
ity inhibition, and overall interference of regulatory functions
[6]. These processes occur in aging, when the levels of ROS
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rise and superoxide anion (O2
−) conjugates with NO to cre-

ate reactive nitrogen species (RNS), and their products
nitrate (NO3

−), nitrite (NO2
−), and peroxynitrite (ONOO−),

which have demonstrated a direct role in cellular signaling,
vasodilation, immune response, and aging [7–9].

Alterations in ROS/RNS levels have been mechanistically
linked with changes in mitochondrial morphology in many
studies, suggesting a crosstalk between redox homeostasis
and mitochondrial dynamics [10]. Mitochondrial morphol-
ogy is regulated by continuous fusion and fission events that
are essential to maintaining normal mitochondrial function
[11]. These fusion/fission processes are finely regulated by
the mitochondrial fusion proteins optic atrophy 1 (Opa1),
mitofusins 1 and 2 (Mfn1 and Mfn2, resp.) and by the
mitochondrial fission proteins dynamin-related protein 1
(Drp1) and fission protein 1 (Fis1). High levels of ROS and
RNS, such as those measured in aging models, have been
associated with redox-induced posttranslational modifica-
tions (i.e., nitration or S-nitrosylation) in several of these pro-
teins and their binding targets, leading to mitochondrial
fragmentation [12–14].

Mitochondrial plasticity and density decrease with age,
and their capacity for mitochondrial biogenesis is reduced
owing to a redox-dependent decline of (peroxisome
proliferator-activated receptor γ-coactivator-1α) (PGC-1α)
activity [15–17]. PGC-1α is a transcriptional coactivator that
enhances the activity of specific transcription factors, in turn
coordinating the expression of key nuclear-encoded mito-
chondrial genes that are required for the proper functioning
of the organelle.

A link between mitochondrial biogenesis and mitochon-
drial morphology has been suggested by the fact that PGC-1α
regulates Mfn2 expression. Repression of Mfn2 in cells
decreases oxygen consumption, mitochondrial membrane
potential, and the expression of oxidative phosphorylation
proteins [17].

On the other hand, changes observed in the lysine acety-
lation profile of proteins or “acetylome” are related to normal
aging and age-related diseases [18]. Sirt3, a member of the
NAD+-dependent deacetylase family, is the most studied
mitochondrial sirtuin associated with metabolic homeostasis
maintenance. Sirt3 is considered a key element to delaying
the loss of biological functions during aging [19]. Recent
studies have shown that the acetylation levels of mouse mito-
chondrial proteins are modulated in fasting conditions or
during caloric restriction [20]. Additionally, an increase in
Sirt3 expression was observed in several tissues under these
conditions, suggesting an improvement in the protection
against ROS-induced aging [21–24]. SIRT3 stimulates
proteins participating in ATP generation, tricarboxylic acid
(TCA) cycle, and electron transport chain and stress
response [25, 26]. Further, it promotes mitochondrial bio-
genesis via PGC-1α-mediated inhibition of cellular ROS
and delays mitochondrial dynamic age imbalance, deacety-
lating Opa1 [27, 28].

In the last years, more cases of cooperation between ROS
and aging-regulating genes have been established in senes-
cence and aging development [29]. The adaptor protein
p66Shc is a genetic determinant of lifespan that regulates

ROS metabolism and cellular apoptosis. Faced with a stress
signal (growth factor, insulin receptor activation, excessive
radiation, or oxidative stress), PKCβ phosphorylates p66Shc

in Ser36, which translocates to mitochondria, oxidizes cyto-
chrome c in the intermembrane space, and prevents electron
transfer to cytochrome oxidase, resulting in a higher reduc-
tion level of complex III (ubiquinol and cytochromes b-c1)
[30]. The inhibition of electron free flow determines the
formation of semiubiquinone and the subsequent O2 mono-
electric reduction with O2

− formation, eventually dismutated
to hydrogen peroxide (H2O2) by MnSOD [31]. p66Shc abla-
tion in mice is translated into a significant decrease in
mitochondria-produced ROS and a 30% increase in lifespan
[32]. These knockout mice for p66Shc (p66Shc(−/−)) have been
shown to be thinner, to exhibit an increased metabolic rate,
and to have less body fat than their wild-type littermates
[33]. And more remarkably, they have been described as an
animal model of healthy aging with better cognitive abilities
at adulthood in a spatial memory task and improved physical
performance at senescence [34]. The aim of this study is to
deepen the bidirectional relationship between redox homeo-
stasis and the imbalance of mitochondrial dynamics and
biogenesis in this model of healthy aging.

2. Materials and Methods

2.1. Mice and Ethics. Dr. P. G. Pellicci at the European
Institute of Oncology, Milan, kindly provided 129 p66Shc

knockout (p66Shc(−/−)) breeding pairs for this project. The
breeding stocks were backcrossed onto 129/SV mice. A col-
ony was maintained in the animal facility at the School of
Pharmacy and Biochemistry of the University of Buenos
Aires. Heterozygous Shc KO mice (p66Shc(+/−)) were mated
to produce the homozygous Shc KO (p66Shc(−/−)), and WT
control littermates were used for the study. Mice aged 3, 18,
and 24 months from both groups were housed in a
constant-temperature room (20–24°C) with a 12-hour dark/
12-hour light cycle, fed ad libitum with a standard diet and
free access to water. Animal experiments were performed in
accordance with the principles of laboratory animal care.
The Institutional Animal Care and Research Committee of
the University of Buenos Aires approved all animal proce-
dures. We made every possible effort to minimize animal suf-
fering and to reduce the number of animals used.

2.2. Mitochondrial Isolation. Mice were deeply anesthetized
using ketamine (50mg/kg) and sacrificed by cervical disloca-
tion. The brains were immediately extracted and homoge-
nized in MSHE buffer (0.22M mannitol, 70mM sucrose,
0.5mM EGTA, 2mM KHEPES). The homogenate was cen-
trifuged at 800g for 10min at 4°C. The supernatant was
transferred and centrifuged again at 10,000g for 10min at
4°C in a Sorvall centrifuge. The pellet containing mitochon-
dria was resuspended and isolated at 100,000g by Percoll
gradient centrifugation in an ultracentrifuge [35]. Fresh
mitochondria were used to determine membrane potential,
oxygen consumption, NO production, nNOS activity, and
NAD/NADH ratio. For complex activities, MnSOD and
catalase activity, and Western blotting determination,
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mitochondria were stored at −80°C and then subjected to
three freeze/thaw cycles followed by a homogenization step
by passage through a 29G hypodermic needle.

2.3. NOS Activity. Homogenate fractions of brain tissue from
control and KO (p66Shc−/−) mice were determined by conver-
sion from [3H] L-Arg to [3H] L-citrulline [36] in 50mM
potassium phosphate buffer, pH7.4, in the presence of
100 μM L-Arg, 0.1 μM [3H] L-Arg (NEN), 0.1mM NADPH,
0.3mM CaCl2, 0.1 μM calmodulin, 10 μM tetrahydrobiop-
terin, 1 μM flavin adenine dinucleotide, 1 μM flavin mono-
nucleotide, 50mM L-valine, and 1mg/mL protein. Specific
activity was calculated by subtracting the remaining activity
in the presence of the NOS inhibitor 5mM L-NMMA or
2mM ethylene glycol tetraacetic acid [37].

2.4. Mitochondrial H2O2 Production. Mitochondrial H2O2
production was monitored using a Hitachi F-2000 spectro-
fluorometer with excitation and emission wavelengths at
315 and 425nm, respectively [31]. The reaction medium,
potassium phosphate buffer (50mM) and 50mM L-valine,
was supplemented with 10mM succinate, 12.5 units/mL
horseradish peroxidase, 250M p-hydroxyphenylacetic acid,
and 0.15mg of mitochondrial protein per mL. Mitochondrial
preparations were supplemented with 1 μM Mn(III)tetra-
kis(4-benzoic acid) porphyrin (Cayman Chemical, Ann
Arbor, MI) and 0.2 μM antimycin A for a uniform maximal
H2O2 production rate [38].

2.5. Antioxidant Enzyme Activities. Mitochondrial Mn-SOD
activity was determined by inhibition of cytochrome c reduc-
tion at 550nm in 50mM potassium phosphate buffer/
0.1mM EDTA (pH7.8) at 25°C, and results were expressed
as pmoles SOD per mg of protein [39]. Catalase activity in
supernatants was determined by the decrease in H2O2

absorption at 240nm (ε240 = 41 μM−1 cm−1). The pseudo-
first reaction constant (k′) expressed as k′/mg protein was
calculated and then extrapolated to a calibration curve to
obtain U CAT/mg protein [40].

2.6. Oxygen Consumption Rate. Oxygen uptake was deter-
mined polarographically with a Clark-type electrode placed
in a 3mL chamber at 30°C, in a reaction medium consisting
of 0.23mM mannitol, 70mM sucrose, 30mM Tris-HCl,
4mM MgCl2, 5mM Na2HPO4-KH2PO4, and 1mM EDTA,
pH7.4, saturated with room air (225 μM O2) with 0.5–1mg
mitochondria protein/mL. Oxygen uptake was determined
using 6mM malate-glutamate or succinate as substrates in
the presence (state 3) or the absence (state 4) of a phosphate
acceptor (0.2mM ADP). Oxygen uptake was expressed in
nanogram atoms of oxygen per minute per milligram of pro-
tein. The respiratory control rate was calculated as state 3/
state 4 respiration rate. The P/O ratio was calculated as the
ratio of nmoles of added ADP per nanogram atoms of O2
utilized during state 3 [41, 42].

2.7. Mitochondrial Respiratory Chain Complex Activity. Nic-
otinamide adenine dinucleotide- and succinate-cytochrome c
reductase activities (complexes I–III and II–III, resp.) were
assayed by cytochrome c reduction at 550nm with a

Hitachi U3000 spectrophotometer (Hitachi, Tokyo, Japan)
at 30°C. Cytochrome oxidase activity (complex IV) was
determined by monitoring cytochrome c oxidation at
550 nm (ε550 = 21mM−1 × cm−1); the reaction rate was
measured as the pseudo-first-order reaction constant (k′)
and expressed as k′/min/mg protein [43].

2.8. Mitochondrial Membrane Potential (Ψ) and
Mitochondrial NO, ROS, and O2

− Production.Mitochondrial
membrane potential (Ψ) and mitochondrial NO, ROS, and
O2

− production were estimated by flow cytometry (FACSCa-
libur) using fluorescent dyes 3,3′-dihexyloxacarbocyanine
iodide (DiOC6) (200nM; Molecular Probes), DAF-FM
(10 μM; Molecular Probes) with 0.3mM L-arginine in the
presence and absence of the NOS inhibitor (3mML-NAME),
H2DCFDA (25 μM; Sigma-Aldrich), or MitoSOX (2.5 μM;
Molecular Probes), respectively. Fresh brain mitochondria
(50 μg protein/mL) were suspended in 0.5mL of respiration
buffer (120mM KCl, 5mM KH2PO4, 1mM EGTA, 3mM
HEPES, and 1mg/mL fatty acid-free BSA [pH7.4]). These
assays were performed in the dark at 37°C for 15min. After
the incubation period, mitochondria were centrifuged for
5min at 10,000g for pelleting and washing and then sus-
pended to record the fluorescence intensity.

2.9. NAD/NADHMitochondrial Ratio and ATP Content. The
NAD Cycling Enzyme Mix in Abcam NADH/NAD Quanti-
fication Kit was specifically used to recognize NADH/NAD+

in an enzyme cycling colorimetric reaction read at OD
450 nm in a colorimetric microplate reader. Total ATP con-
tent was determined in 10mg of fresh slice brain tissue based
on luciferase’s requirement for ATP in producing light
(emission maximum ~560nm at pH7.8) using the ATP bio-
luminescent assay kit (Molecular Probes).

2.10. SIRT3 Deacetylase Activity. SIRT3 deacetylase activity
was determined as described in Cayman’s SIRT3 direct fluo-
rescent screening assay kit (item no. 10011566). In a plate,
assay buffer, modified p53 acetylated peptide, recombinant
Sirt3, and NAD+ were incubated with increased concentra-
tions of ONOO− (100, 250, and 500 μM) or with purified
mitochondrial lysates, final volume 50 μL. Deacetylation
reactions were stopped after 2 h of incubation at room tem-
perature by adding 50 μL of stop solution. The fluorophore
release by deacetylation of the p53 peptide was analyzed with
a fluorometer using an excitation wavelength of 350–360nm
and an emission wavelength of 450–465nm [44].

2.11. Mitochondrial Morphology. Transmission electron
microscopy was performed in 90 nm sections from mouse
brains and fixed in 4% paraformaldehyde, 2% glutaralde-
hyde, and 5% sucrose in PBS, followed by 2h postfixation
in 1% osmium tetroxide and then 1h in uranyl acetate in
50% ethanol. Samples were washed with 50% ethanol and
dehydrated with a graded series of ethanol, clarified with
acetone, and embedded in Vestopal. Grids were prepared
and stained with uranyl acetate and lead citrate. Samples
were observed at 100 kV with a Zeiss EM 109T transmission
electron microscope (Zeiss, Oberkochen, Germany). The
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mitochondrial area and length were measured in 400 mito-
chondria per mouse using the ImageJ software. For the quan-
tification of mitochondrial morphology, we used the criteria
described in [45].

2.12. RNA Extraction, Quantitative Real-Time PCR, and
mtDNA Content. Total RNA was extracted with TRIzol
Reagent (Invitrogen Corp.). After DNase treatment, 2 μg of
samples was reverse-transcribed in duplicate using Taq
polymerase and Oligo d(T)16. For RT-qPCR studies, cDNA
samples were diluted 5-fold, and for mtDNA/nDNA qPCRs,
40 ng of total genomic DNA was used. PCR amplification
and analyses were performed with StepOnePlus Real-Time
PCR Systems (Thermo Fisher). SYBR® Green PCR Master
Mix (Thermo Fisher) was used for all reactions, following
the manufacturer’s instructions. Total DNA was precipitated
with isopropanol (vol. 1 : 1) from brain tissue samples
(∼10mg), homogenized in 20mg/mL of proteinase K
solution, and finally dissolved in Tris-EDTA buffer. The
mtDNA/nDNA ratio was calculated using mtDNA primers
for the 16S rRNA and nDNA primers for the β-2 microglob-
ulin (β2M) gene [46].

2.13. Western Blots. 15 to 70 μg of protein was electropho-
resed on 10–15% vol/vol polyacrylamide SDS-PAGE gels.
Proteins were electrophoretically transferred onto PVDF
membranes. The membranes were subsequently blocked
and, after blocking, were incubated at room temperature with
the following antibodies: 1 : 500 anti-NOS1 (R-20) : sc-648,
1 : 500 anti-Mfn2 (H-68) : sc-50331, 1 : 2000 anti-actin (I-
19) : sc-1616, and 1 : 2000 anti-VDAC1 (N-18) : sc-8828 were
obtained from Santa Cruz, CA. 1 : 500 anti-OPA1 : 612607
and 1 : 1000 anti-DLP1 : 611113 were obtained from BD
Biosciences. 1 : 1000 anti-phospho-DRP1 (Ser616) : #3455
was obtained from Cell Signaling. 1 : 1000 anti-nitrotyrosine,
clone1A6 : #05-233 was obtained from EMD Millipore.

2.14. Coimmunoprecipitation. Mitochondrial proteins
(500 μg) were incubated with 4 μg of monoclonal anti-
Sirt3 antibody (C73E3) and 30 μL protein A/G PLUS Aga-
rose (Santa Cruz, CA) at 4°C. The beads were then washed
three times, suspended in sample buffer, boiled, and
centrifuged, and the supernatants were subjected to

immunoblotting against monoclonal anti-Sirt3 or anti-
nitrotyrosine, clone1A6, antibodies.

2.15. Statistical Analyses. Statistical analyses were performed
using GraphPad Prism 5.01. Data are presented as means ±
SEM, and significant differences between groups were
assessed using one-way analysis of variance (ANOVA)
followed by Bonferroni’s multiple comparison test or
Dunnett’s test [47].

3. Results

3.1. Oxidative Characteristics and ROS Production of Isolated
Brain Mitochondria Are Inversely Modified in WT and
p66Shc(−/−) Aged Mice. Aiming at understanding how p66Shc

participates in the redox homeostasis balance in aging, sev-
eral biochemical techniques were used to determine different
oxidative parameters in purified brain mitochondria from
young (3-month-old) and old (24-month-old) WT and
p66Shc−/−mice. As shown in Table 1A, there was a significant
increment inH2O2production byWTmice during aging. This
increase in the production rate varied based on the use of
malate-glutamate or succinate as the electron transport
chain (ETC) substrate, being 33% and 25%, respectively
(p < 0 05). In turn, p66Shc−/− mice exhibited a significant
reduction in total mitochondrial H2O2 production with
both substrates when compared to WT mice (41% and
26%, resp., p < 0 05) within the agedmouse groups. Concom-
itantly, superoxide generation (O2

−) and ROS production
rate, measured with MitoSOX and H2DCFDA, increased
steeply in the WT group during aging (92% and 46%, resp.,
p < 0 05) while in aged KO mice a slight rise was observed
in comparison to the young WT control group (38% and
8%, resp., p < 0 05) (Table 1B and C).

On the other hand, when the antioxidant detoxification
response was analyzed, our results showed that the loss of
MnSOD enzymatic activity registered in aging was more
pronounced in WT mice than in the aged KO group when
contrasted to the 3-month-old WT control (19% and 13%,
resp., p < 0 05). No changes were observed in catalase activity
(Table 1D and E). No differences were detected in any
parameters between WT and p66Shc−/− young mouse groups
(data not shown).

Table 1: Oxidative parameters in isolated brain mitochondria of wild-type and p66Shc(−/−) aged mice.

Control (WT 3mo) WT 24mo p66Shc(−/−) 24mo

A. H2O2 production rate (nmoles/min/mg prot)

1. Malate + glutamate 1.66± 0.05 2.22± 0.1a 0.97± 0.03b

2. Succinate 1.08± 0.05 1.35± 0.09a 0.8± 0.1b

B. Superoxide anion level (AFU) 101± 8 194± 4.5a 140± 14b

C. ROS level (AFU) 76± 3 111± 8a 82± 4a

D. SOD activity (pmoles/min/mg prot) 2824± 309 2305± 153a 2468± 94a

E. Catalase activity (units/mg prot) 32± 5 29± 4 27± 3
Note: data are expressed as themean ± SEM of the different groups (n = 6). Results were contrasted in pairs between the 3-month-oldWT control group and the
two aged groups (a) as well as between the 24-month-oldWT and p66Shc(−/−) groups (b). a and b represent p < 0 05, one-way analysis of variance (ANOVA) and
Bonferroni post hoc test.
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3.2. nNOS Activity and RNS Production Are Altered in Old
Transgenic p66Shc(−/−) Mice. Considering the low levels of
ROS production in p66Shc(−/−) aged mice and its key role in
RNS formation during aging, it was interesting to assess
how the levels of the nNOS enzyme, and its products and
byproducts, were modified in old p66Shc(−/−) mouse brains.
The absence of p66Shc did not affect nNOS gene transcription
or protein levels in the lifespan of mice. Figure 1(a) shows a
significant increase in nNOS activity of p66Shc(−/−) mice dur-
ing the latest stage of life compared to WT mice (p < 0 05).
However, a not significant increase in nNOS content was
observed in both groups during aging by Western blot and
real-time PCR (Figure 1(b)). In turn, the increase in nNOS
activity registered at 24mo observed in KO mice correlates
with the higher NO content measured at the same period
(p < 0 05) (Figure 1(c)). Interestingly, aged p66Shc−/− mice
did not exhibit the same mitochondrial protein nitration
profile as aged WT mice did. The latest showed an
increment of nitrated proteins compared to the KO
group (p < 0 05) (Figure 1(d)), consistent with the reduc-
tion in H2O2 and O2

− production, which is necessary
for the reaction with NO to form ONOO−.

3.3. Altered ROS and RNS in p66Shc KO Mice Modify Brain
Mitochondrial Metabolic Parameters in Aging. To under-
stand the effect of RNS and ROS imbalance on the mitochon-
drial function of aged p66Shc(−/−) mice, isolated and purified
brain mitochondria from both groups were used to assess
oxygen consumption in ADP stimulation (stage 3) and rest-
ing (stage 4) stages. This allowed the determination of the
respiratory control ratio (RCR = E3/E4). Table 2 shows the
bioenergetics status measured in brain mitochondria, with
malate/glutamate or succinate as oxidizable substrate.
Aging decreased the oxygen consumption rate by 25% in
stage 3 regardless of the substrate used for the WT group
(p < 0 05). However, using Mal/Glut as substrate, stage 3
of the respiratory rate was increased by 22% and 68% in
aged p66Shc(−/−) mice when compared to the 3-month-old
and 24-month-old WT groups, respectively (p < 0 05).
Meanwhile, this effect decreased by using succinate as sub-
strate with no differences observed between the aged KO
and young WT groups and only a 30% increment between
the aged KO and the aged WT groups (p < 0 05). The
respiratory control rates using both Mal/Glut and
succinate exhibited an approximate 30% inhibition in
aging (p < 0 05). In turn, 24-month-old KO mice main-
tained RCR values similar to those in 3-month-old WT
mice (Table 2A). These data suggested an inhibitory effect
on the respiratory chain by p66Shc in aged WT mouse brain.

To explain this increase in oxygen consumption rate, the
enzymatic activity of the mitochondrial respiratory chain
complexes was studied. Results showed that 24-month-old
WTmice displayed a higher decrease (48%) in complex I (CI)
activity than did aged p66Shc(−/−) mice (34%) when compared
to the 3-month-old WT control group (p < 0 05) (Table 2).
Such decrease in CI activity between the aged groups was
noticeable only in the latest stage of life while no differences
were observed between the genotypes in previous stages of life
(data not shown). Opposite to CI, higher NO concentrations,

such as the one observed in p66Shc(−/−) old mice, could be
partially responsible for the greater CIV reversible inhibition
shown in 24-month-old p66Shc(−/−)mice (31%) in comparison
with thedecrease observed inWTagingmice (17%) (p < 0 05).
Nodifferenceswereobserved inCII–III activityprofiles during
aging between both genotypes (Table 2B).

Table 2C also shows a decrease in brain tissue ATP
content for the aged WT group (65%), although such
effect was only partially reverted in aged p66Shc(−/−) mice
(35%) (p < 0 05). This was extensive to other bioenergetics
parameters. When we analyzed the NAD+/NADH ratio,
p66Shc(−/−) mice exhibited a milder decrease (32%) in com-
parison to the 78% reduction observed in the WT group
during aging while the mitochondrial membrane potential
(ΔΨ) showed a 14% decrease compared to the 49% decline
observed in the same group (p < 0 05) (Table 2D and E).
Taken together, these results indicate that aged p66Shc(−/−)

mice displayed a better mitochondrial function condition
compared than aged WT did.

3.4. Mitochondrial Content, Ultrastructure, and Morphology
Are Modified in Aged p66Shc(−/−) Mouse Brain. Based on the
improved bioenergetics parameters observed in p66Shc(−/−)

mice and the already accepted downregulated mitochondrial
biogenesis in aging, it is interesting to study how p66Shc

impacts on mitochondrial quantity and structure. The
mitochondrial content of a sample can be determined using
different methods that provide information about mitochon-
drial biogenesis and tissue’s oxidative capacity.Mitochondrial
DNA (mtDNA) content relative to nuclear DNA was deter-
mined by real-time qPCR in brain samples of the study groups
and shown as a percentage of the 3-month-old WT relative
mtDNA content. During aging, mitochondrial content was
reduced by 30% in the WT group, while in the p66Shc(−/−)

group, a 45% increase was observed (p < 0 05) (Figure 2(a)).
In accordance with these results, the PGC-1α mRNA

expression level declined by 50% inWTmouse brains during
aging, whereas in the p66Shc(−/−) group, PGC-1α remained
stable through their lives (p < 0 05) (Figure 2(b)). Electron
microscope images with fresh brain slices showed differences
in mitochondrial morphology (Figure 2(c)). For both WT
and p66Shc(−/−) 3-month-old mice, normal size and volume
mitochondria were observed, with predominantly tubular-
shaped mitochondria (70% of total measured mitochondria),
while the remaining displayed round (fragmented) morphol-
ogy. However, at the end of their life, the time point of max-
imal ROS production, 24-month-old WT mouse brain slices
were characterized by decreased tubular mitochondria
(−44%) and increased round-shaped mitochondria (+120%)
(p < 0 05). This age effect in mitochondrial morphology was
partially mitigated in 24-month-old p66Shc(−/−) mice, to the
extent that both types of mitochondrial populations coex-
isted in this group (55% tubular mitochondria) showing an
intermediate phenotype between 3- and 24-month-old WT
mice (p < 0 05) (Figure 2(d)).

3.5. The Absence of p66Shc Is Associated with Changes in
Mitochondrial Dynamics in Aging. Mitochondrial morphol-
ogy depends on the interaction among highly dynamic
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Figure 1: nNOS expression and RNS production in p66Shc(−/−) brain mice during aging. Mice were sacrificed at 3, 18, and 24 months of age.
(a) Time course of nNOS activity in mitochondria brain mice measured by 3H-L-citrulline formation (n = 6). (b) RT-qPCR and immunoblot
of proteins separated using SDS-PAGE from whole brain lysate reveals nNOS mRNA levels and protein expression of mouse brain in WT
(grey) and p66Shc(−/−) (black) groups at 3 and 24 months of age. GADPH mRNA levels and actin protein expression were used as
housekeeping control and loading control, respectively (n > 5, for each experimental group). (c) NO levels were obtained from 50 μg/mL
of isolated mitochondria incubated with 0.3mM L-arginine, 10 μM DAF-FM, and 0.5 μM MitoTracker (per duplicate) at 495 nm
(excitation) and 515 nm (emission) in the presence or absence of the NOS inhibitor (3mM L-NAME) from (n ≥ 6). (d) Western blot of
nitrated proteins from the different groups; membranes were revealed with anti-3-nitrotyrosine antibodies for each group (n ≥ 3). Values
represent means ± standard error of the mean (SEM); A represents p < 0 05 compared to the 3-month-old group, and B represents
p < 0 05 between 24-month-old WT and p66Shc(−/−) groups, one-way analysis of variance (ANOVA) and Bonferroni post hoc test.
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processes, such as the fusion/fission balance. To understand
how p66Shc intervenes in mitochondrial dynamics, we ana-
lyzed changes in some of the main proteins responsible for
the mitochondrial network remodeling. Figure 3(a) shows
that in WT mice, the Mfn2 fusion protein content in the
mitochondrial fraction decreased with aging (30%), while
p66Shc(−/−) mice exhibited a rise in the levels of this protein
(25%) (p < 0 05). Additionally, Mfn2 mRNA levels during
aging remained steady in the WT genotype while the KO
group presented a rising tendency which became signifi-
cant for the 24-month-old group (3-fold increase of con-
trol) (p < 0 05) (Figure 3(a)). Unlike Mfn2, no differences
were registered either in the Opa1 levels in the mitochon-
drial fraction of the same tissue or in its messenger
expression (Figure 3(b)). To further comprehend the effect
of p66 in the mitochondrial network, we also studied a
mitochondrial fission dynamin-related protein (Drp1).
This protein was downregulated (30%) in KO mice during
the latest stages of life, while in the WT group an upregula-
tion of Drp1 was observed during aging (50%) (p < 0 05).
An increase in p-Drp1 (S616) levels is shown in WT mice
throughout their lives (2.5-fold) (p < 0 05). However, no
changes were detected on p-Drp1 (S616) content in
p66Shc(−/−) mouse brain during aging (Figure 3(c)). The pat-
tern observed in Drp1 protein levels throughout the lives of
both WT and p66Shc(−/−) mouse groups was similar to that
of their gene expression, exhibiting a rise in aged WT mouse
brain (3-fold) and remaining stable in the p66Shc(−/−) group,
as shown in the same figure (p < 0 05).

3.6. Sirt3 Activity Is Sensitive to Being Downregulated by
Nitration. To further comprehend how the high levels of
RNS, more precisely ONOO−, can modulate the deacetylat-
ing capacity of mitochondria, we studied the biochemistry
of Sirt3, which is the main protein responsible for this

process in this organelle. Its biological activity depends on
NAD as a cofactor which increased in old p66Shc(−/−) mice
(Table 2D). Using the bioinformatics software GPS (Group-
Based Prediction System), which allowed us to predict differ-
ent posttranslational modifications, we analyzed the murine
aminoacidic sequence of Sirt3 deacetylase and detected a
tyrosine susceptible to be nitrated at position 100. Such posi-
tion has been reported to be a part of the NAD-binding
domain. With the use of a commercial kit, we tested if Sirt3
activity was sensitive to nitration. Incubating a recombinant
Sirt3 (rSirt3) with increasing concentrations of ONOO−

(100, 250, and 500 μM), we observed a decrease in the enzy-
matic activity by 47%, 55%, and 70%, respectively (p < 0 05)
(Figure 4(a)). Furthermore, the 3-nitrotyrosine content of
the Sirt3 protein immunoprecipitated from purified mito-
chondria showed a higher increase on Sirt3 nitration in the
WT group compared to the p66Shc(−/−) group during aging.
No age- or genotype-related differences were observed in
the Sirt3 expression levels measured by immunoprecipitation
assay with anti-Sirt3 antibodies (Figure 4(b)). In agreement
with these results, rSirt3 activity in the presence of the mito-
chondrial fraction from aged p66Shc(−/−) mouse brain was
higher than that observed when challenged with the aged
WT mitochondrial fraction (p < 0 05). This inhibitory effect
was equivalent to the one obtained with 100 μM ONOO−

incubation, while aged p66Shc(−/−) mitochondria with
increasedNAD/NADH ratio and reducedmitochondrial pro-
tein nitration content showed a favorable and less inhibitory
environment for rSirt3 activity (33%) (p < 0 05) (Figure 4(c)).

4. Discussion

Mitochondria play a key role maintaining cellular metabolic
homeostasis during aging [48]. In this study, we show that
brain mitochondria of p66Shc(−/−) aged mice exhibit a

Table 2: Bioenergetic parameters of isolated brain mitochondria of wild-type and p66Shc(−/−) aged mice.

Control (WT 3mo) WT 24mo p66Shc(−/−) 24mo

A. Oxygen consumption rate

1. Malate + glutamate

State 3 (ng at O/min/mg protein) 102± 3.6 74± 2.4a 125± 4.6b

Respiratory control (RC) 4.3± 0.2 3.3± 0.1a 4.4± 0.2
2. Succinate

State 3 (ng at O/min/mg protein) 116± 4.4 84± 3.5a 109± 5a

Respiratory control (RC) 4.1± 0.1 3.1± 0.1a 5± 0.1a

B. Respiratory chain complex activity

1. Complex I (nmol/min/mg protein) 78.4± 4.7 37.5± 3.1a 51.8± 5.2b

2. Complex II–III (nmol/min/mg protein) 98.2± 9.1 51.1± 6.7a 48.4± 4.1a

3. Complex IV (k′/min/mg protein) 23± 0.75 19.1± 0.45a 15.8± 1b

C. ATP synthesis rate (nmol/min/mg protein) 125± 1 42± 3a 81± 2b

D. NAD+/NADH+H ratio 5.3± 0.7 1.2± 0.4a 2.7± 0.5b

E. Mitochondrial potential, ΔΨ (AFU) 601± 15 414± 25a 520± 16b

Note: data are expressed as themean ± SEM of the different groups (n = 6). Results were contrasted in pairs between the 3-month-oldWT control group and the
two aged groups (a) as well as between both the 24-month old WT and p66Shc(−/−) groups (b). a and b represent p < 0 05, one-way analysis of variance
(ANOVA) and Bonferroni post hoc test. AFU: arbitrary fluorescence units.
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reduced alteration of redox balance and a strong link
between reactive nitrogen species and mitochondrial
function, morphology, and biogenesis [49]. We also dem-
onstrate that sirtuin 3 lysine deacetylase activity is modu-
lated by its nitration status and is enhanced by the
improved NAD+/NADH ratio observed in aged p66Shc(−/−)

brain mitochondria.
Brain mitochondria of p66Shc(−/−) aged mice exhibit a

reduced alteration of redox balance with a decrease both in

ROS generation and in its detoxification activity (Table 1),
with this balance being the major determinant of lifespan
according to Harman’s theory of aging. Although this reduc-
tion in the antioxidant response is unexpected, the upregula-
tion of this compensatory mechanismmight not be necessary
considering this low ROS production condition. Young
p66Shc−/− mouse brains show normal baseline levels of intra-
cellular oxidative stress compared to wild types, and other
groups reported the upregulation of brain p66-Shc gene
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Figure 2: Effects of aging on mitochondrial content, biogenesis, and structure in p66Shc(−/−) mouse brain. (a) Quantification of mtDNA and
nuclear DNA by qPCR. (b) The mtDNA/nDNA ratio was calculated from 3- and 24-month WT (grey) and p66Shc(−/−) (black) groups. The
mRNA levels of PGC-1α were measured in TRIzol-treated brain extracts from all the studied groups; GADPH mRNA was used as
standard (n = 6). (c) Mitochondrial morphology was evaluated using electron microscopy of fixed brain slices (n = 5 for each experimental
group) (magnification:×20,000). (d) At least 300 tubular and fragmented mitochondria were counted per arbitrary area. The percentage
distribution of tubular and fragmented brain mitochondria was determined in a minimum of 8–10 random fields at ×4400 magnification
to ensure a representative area of analysis (n = 5). Mitochondria whose length was more than three times their width were considered
tubular, while the remaining round mitochondria were considered fragmented. The analysis was performed by two different investigators
in a blinded fashion. Values represent the mean ± SEM; A represents p < 0 05 compared to the 3-month-old group, B represents p < 0 05
between 24-month-old WT and p66Shc(−/−) groups, one-way analysis of variance (ANOVA) and Bonferroni post hoc test.
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expression during aging [50]. These findings can explain the
reduced age-related oxidative stress levels observed in p66Shc
−/− mice. Therefore, p66Shc can be considered a convergent
point between both oxidative stress and programmed genetic
theories of aging.

Considerable efforts had been made to understand and
explain the effects of oxidants (ROS and RNS) on the resul-
tant oxidative-nitrosative stress on lipids, proteins, and
DNA and their contribution to the aging process. During
the last years, different groups including ours confirmed that
NO is a typical mitochondrial modulator. High levels are
harmful and end in protein oxidation and nitration, leading
to loss of mitochondrial and cell function, while controlled

levels can induce stress resistance and mitochondrial biogen-
esis [51]. Considering that mitochondrial NO metabolism
involves regulatory aspects of ROS production, RNS mark-
edly contribute to the mitochondrial modulation of life pro-
cesses [52]. Indeed, a significant nNOS increase in rat brain
during aging has been recently proven to correlate with an
increase in mitochondrial protein nitration [8]. Our findings
show an intensification in nNOS activity and high levels of
NO in p66Shc(−/−) mouse brain during aging (Figure 1). How-
ever, the rise in NO production is not followed by protein
nitration. A similar effect was previously shown in p66Shc(−/
−) mice, which are protected against age-related endothelial
dysfunction due to the increment of NO bioavailability
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Figure 3: Effects of aging on mitochondrial dynamics in p66Shc(−/−) mouse brain. Immunoblot of proteins separated using SDS-PAGE from
purified brain mitochondria or whole brain lysate and RT-qPCR of mRNA from TRIzol-treated brain extracts were performed. The
expression of the fusion proteins Mfn2 (a) and Opa1 (b), and the fission protein Drp1 (c) with its (S616) phosphorylated active isoform
and mRNA levels of mouse brain in WT (grey) and p66Shc(−/−) (black) groups were observed at 3, 18, and 24 months of age. VDAC
protein expression in mitochondrial fraction, actin protein expression in whole brain lysates, and GADPH mRNA levels in RT-qPCR were
used as standard, respectively (n > 5, for each experimental group). Values represent the mean ± SEM; A represents p < 0 05 compared to
the 3-month-old group, B represents p < 0 05 between 18- or 24-month-old WT and p66Shc(−/−) respective groups, one-way analysis of
variance (ANOVA) and Bonferroni post hoc test.
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without protein nitration [53]. This remarkable effect
observed in aged p66Shc(−/−) mice could also be caused by
their lower H2O2 and O2

− levels, disfavoring the formation
of ONOO− by NO breakdown.

Prior evidence has reported a back-and-forth communi-
cation flow between changes in ROS/RNS balance and mito-
chondrial biogenesis, dynamics, and function [10, 54, 55].
This study displays a minor decrease in the respiratory chain
complex I (CI) activity with increased oxygen consumption
and ATP content in p66Shc(−/−) compared to WT mouse
brain during aging, possibly caused by the irreversible nitra-
tion of CI at high ONOO− concentrations observed in the last
ones (Table 2) [49]. Meanwhile, the inhibition of cytochrome
c oxidase (CIV) observed in p66Shc(−/−) brain mitochondria,
possibly due to the high levels of steady-state matrix NO
concentration, is not enough to counteract this improvement
in mitochondrial bioenergetics. Even though NO binds to
and reversibly inhibits cytochrome c oxidase-modulating res-
piration, CI would own the highest level of control in brain
mitochondria ETC [56].

Sirt3 is part of the mitochondria-localized sirtuins, mod-
ulating acetylation of many proteins that participate in redox
regulation [21, 22]. One of the most interesting attributes of
Sirt3 is its potential to promote the extension of lifespan
[57, 58]. Even though the molecular basis for lifespan exten-
sion is not yet clear, the upregulation of Sirt3 expression in
long-lived individuals and its physical interaction inside
mitochondria with proteins related to the aging process, such
as FOXO3a or acetyl-coA synthetase (AceCS2), have been
indeed previously studied in literature. The FOXO family
transcription factors are human homologs of the daf-16 gene
in Caenorhabditis elegans, which contributes to the regula-
tion of the nematode lifespan [22]. Additionally, the Sirt3/
AceCS2 complex has a role in apoptosis and growth

regulation under certain environmental conditions in a spe-
cific type of noncancer epithelial cells [59].

Sirt3/PGC-1α decreased oxidative stress and conferred
resistance to oxidative stress-induced damage by regulating
antioxidant defense [60]. In aging, the gradual decline in
mitochondrial content results from an age-dependent reduc-
tion of the PGC-1α level, a key regulator ofmitochondrial bio-
genesis [61, 62]. SIRT3 mediates the reduction of the ROS
level by stimulating PGC-1α gene expression, and in turn,
PGC-1α induces SIRT3 expression, creating a positive-
feedback loop [27]. Aged p66Shc(−/−) mice show high levels
of PGC-1α gene expression and increasedmitochondrial con-
tent compared with their WT littermates (Figure 2). Accord-
ingly, an impaired balance between fission and fusion events
may also be related to an age-dependent decline in mitochon-
drial biogenesis [63].

Mitochondrial morphology depends on the interaction of
highly dynamic processes, such as the fusion/fission balance.
In aging, given the loss of plasticity of these processes, the
maintenance of metabolic homeostasis is compromised. It
has been described that ROS-induced mitochondrial depo-
larization might be responsible for mitochondrial fragmenta-
tion [64]. In this work, aged p66Shc(−/−) mouse brain
mitochondria present enhanced ΔΨ and display filament or
tubular shape. This is consistent with the observed Mfn2
upregulation, a GTPase embedded in the mitochondria outer
membrane directly involved in its fusion, and with the down-
regulation of Drp1 expression (Figure 3), a GTPase that gen-
erates ring-like structures constricting mitochondria in
fission events. Phosphorylation of Drp1 at Ser 616 (S616)
by several kinases including the cyclin-dependent kinase
(CDK) family promotes mitochondrial fission [65]. We also
observe high levels of pDrp1-S616 in WT mouse brains dur-
ing aging. These findings suggest an intimate relationship
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Figure 4: Effect of ONOO− in Sirt3 activity. Recombinant Sirt3 (rSirt3) activity was examined using a fluorometric method. Assays were
performed according to the manufacturer’s instructions. (a) Recombinant Sirt3 (rSirt3) was incubated with increased concentrations of
ONOO− (100, 250, and 500 μM). (b) Immunoprecipitation of Sirt3 was performed from mitochondrial brain lysates incubated with
monoclonal anti-Sirt3 antibody and protein A/G PLUS Agarose and then were subjected to immunoblotting against monoclonal anti-Sirt3
or anti-3-nitrotyrosine antibodies. (c) rSirt3 was incubated with 100 μM ONOO− or purified brain mitochondrial lysates from 3- and 24-
month WT (grey) and p66Shc(−/−) (black) groups (n ≥ 3, for each experimental group). Results were contrasted in pairs between rSirt3 and
the two aged groups (a) as well as between both the 24-month-old WT and p66Shc(−/−) groups (b). Values represent means ± SEM; A and
B represent p < 0 05, one-way analysis of variance (ANOVA) and Bonferroni post hoc test.
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between mitochondrial energetic status and dynamics. More-
over, regulation of these GTPase proteins by posttransla-
tional modification, such as deacetylation by Sirt3 or
nitrosylation/nitration by RNS, is extensively described in
literature [15, 28].

Interestingly, the utilization of a GPS algorithm
predicts the existence of a tyrosine in position 100 of a
Sirt3 murine sequence which, as part of the described
NAD+-binding domain, is capable of being nitrated [66].
It is known that the decline in NAD+ level during aging
disrupts nuclear-mitochondrial communication [67]. How-
ever, the level of NAD+ remains stable in p66Shc(−/−) mice
throughout their lives. In accordance to these data, we
show here that Sirt3 is sensitive to be nitrated and its
activity is protected against age-related nitration in brains
of aged p66Shc(−/−) mice (Figure 4). These findings suggest a
close relationship between RNS and deacetylation activity
in brain mitochondria.

In accordance to the free radical theory of aging, this pro-
cess is triggered and sustained by the deleterious accumula-
tive effect of oxidative damage caused by mitochondrial
respiration-generated ROS. On the other hand, the genetic
programmed theory asserts that aging and death are neces-
sary parts of evolution, and the low variability in lifespan
within species proves that aging is not only a wear-and-tear
process [68–72]. Through its capacity to generate hydrogen
peroxide (H2O2), p66

Shc is a clear example of this strong link
between oxidative stress and the genetic of aging, and it could
be a potential target for anti-aging strategy. The modulation
of p66Shc activity could be a candidate for therapeutic inter-
vention for a longer lifespan or higher quality of life.

5. Conclusions

In conclusion, results show the pivotal role of p66Shc inacti-
vation in multiple processes related to aging in mouse brains.
Through the modification in ROS/RNS production, which in
turn regulates Sirt3 activity, the absence of p66Shc improves
mitochondrial dynamics and biogenesis. Taken together,
these findings can partially explain the observed delay in
the aging of p66Shc(−/−) mouse brains. Moreover, the
enhancement in mitochondrial homeostasis can be the
underlying cause of the improved cognition and motor func-
tion observed in p66Shc KO mice during aging [34]. More
studies will still be necessary to fully understand this complex
and multifactorial process.
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Reactive oxygen and nitrogen species are indispensable in cellular physiology and signaling. Overproduction of these reactive
species or failure to maintain their levels within the physiological range results in cellular redox dysfunction, often termed
cellular oxidative stress. Redox dysfunction in turn is at the molecular basis of disease etiology and progression. Accordingly,
antioxidant intervention to restore redox homeostasis has been pursued as a therapeutic strategy for cardiovascular disease,
cancer, and neurodegenerative disorders among many others. Despite preliminary success in cellular and animal models, redox-
based interventions have virtually been ineffective in clinical trials. We propose the fundamental reason for their failure is a
flawed delivery approach. Namely, systemic delivery for a geographically local disease limits the effectiveness of the antioxidant.
We take a critical look at the literature and evaluate successful and unsuccessful approaches to translation of redox intervention
to the clinical arena, including dose, patient selection, and delivery approach. We argue that when interpreting a failed
antioxidant-based clinical trial, it is crucial to take into account these variables and importantly, whether the drug had an effect
on the redox status. Finally, we propose that local and targeted delivery hold promise to translate redox-based therapies from
the bench to the bedside.

1. Introduction

Redox reactions are at the center of cellular metabolism and
signaling and result in the production of reactive species
[1]. Reactive species that stem from oxygen reduction
reactions are called reactive oxygen species (ROS) and
include free radical and nonradical molecules such as
hydroxyl radical (HO•), peroxyl (RO2

•), superoxide (O2
•−),

singlet oxygen (1O2), and hydrogen peroxide (H2O2) [2].
Reactive species that stem from nitric oxide metabolism
are called reactive nitrogen species (RNS) and include free
radical and nonradical molecules such as nitric oxide
(•NO) itself, nitrite (NO2

−), nitrogen dioxide (•NO2),

peroxynitrite (ONOO−), dinitrogen trioxide (N2O3), and
alky peroxynitrite (ONOOR) [2]. These species are highly
reactive and therefore are capable of forming reversible and
irreversible interactions with many different macromolecules
throughout the body. Under physiological conditions, the
reactive species are in balance with antioxidant defenses
which enzymatically and nonenzymatically maintain redox
homeostasis. In homeostasis, reactive species fulfill their
critical role in cell signaling, migration, proliferation, and
metabolism. If the redox balance is skewed towards the
reactive species however, either from their overproduction
or antioxidant depletion, a pathological condition can ensue.
Exposure to cigarette smoke [3], various air pollutants [4, 5],
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UV radiation [6], xenobiotics [7], alcohol consumption [8],
and different diseases can further exacerbate the pathological
cellular state. Consequently, the prolonged redox imbalance
can cause aberrant DNA modifications [9], lipid peroxida-
tion [10], peptide chain fragmentation [11], and alterations
in signal transduction [12]. This state of cellular redox imbal-
ance, as ROS and RNS overwhelm defense mechanisms, is
often referred to as oxidative stress.

Disruption in redox homeostasis can result in undesir-
able molecular interactions throughout the cell. Impairment
at the molecular level can lead to defective organelles, which
can translate into cellular dysfunction. In turn, this can cause
tissue incompetence ultimately resulting in the development
of organ-specific or systemic disease. For this reason, a com-
ponent of redox dysfunction has been linked to almost all
disease states [13, 14] including asthma, hypertension, carci-
noma, leukemia, diabetes, Alzheimer’s disease, autoimmu-
nity, and infection. The implication of a causative role of
ROS and RNS in disease development has led to many
studies and clinical trials using antioxidant molecules as
therapeutics. Despite our understanding of the biochemical
interaction of reactive species and their associations with
disease onset, causality has yet to be fully elucidated. It is
because of this poorly understood and missing connection
that most redox-based therapies have largely been unsuccess-
ful. For the purposes of this review, we evaluate the research
with the assumption that reactive species have a causal role in
disease onset. Accordingly, we chose to review a range of
redox-based molecules, from micronutrients, which have
been trialed for decades, to new and emerging small
molecules currently entering clinical trials for the first time.
Additionally, we highlight cell-mediated drug delivery as a
novel approach for administering these therapeutics. Ulti-
mately, this review aims to rationalize the reasons as to why
few redox-based therapies succeed.

2. Localized and Targeted versus Systemic
Therapy Application

Failure of therapies to date can be attributed to improper
route of drug administration, a discrepancy between preven-
tative and remission therapy, wrong dose to achieve desired
effect, or the wrong choice in redox-active molecule due to
the vast array of reactive moieties between redox-active
compounds. We propose that a fundamental issue with most
therapeutic approaches up to now has been their method of
delivery. For instance, systemic delivery of an antioxidant
for the treatment of a geographically local redox imbalance,
as with tumors or atherosclerotic lesions, simply may not
deliver the therapeutic concentration to the diseased site.
The route of administration may not have been fully evalu-
ated or the metabolism of that antioxidant formulation may
not have been properly understood before trials began.
Moreover, the redox-active therapeutic may interact with
and disrupt systems currently at redox homeostasis. This
could lead to a state of local reductive or oxidative stress
outside of the diseased area as many “antioxidants” have a
prooxidant capacity depending on their concentration and
redox environment. Following this notion, systemic delivery

of antioxidants to treat a disease with systemic redox
imbalance, as in diabetes, may yield the desirable effect. For
conditions with localized redox imbalance, however, we
suggest the necessity of developing locally delivered or
targeted therapeutic strategies that deliver the redox inter-
vention directly and preferentially to the site of disease,
hence addressing the redox dysfunction in a local and
targeted manner.

3. Micronutrients

Micronutrients are readily obtained through the diet and
were among the first molecules with antioxidant properties
to be identified. Their chemical structures have redox-
sensitive functional groups or radical scavenging moieties.
Additionally, some have the capacity to recycle endoge-
nous antioxidants. These molecules were also the first to
be trialed as therapeutics. Herein, we discuss several recent
trials with the ubiquitous alpha-lipoic acid as well as vitamins
A, B12, C, and E.

3.1. Vitamin C. Vitamin C, also known as ascorbic acid or
ascorbate, is a water-soluble compound synthesized from
glucose by most animals and galactose by plants. Humans
and apes are among the few animals that lack the key enzyme
required for vitamin C biosynthesis, L-gulonolactone oxidase
[15]. As such, ascorbate is obtained externally through the
diet or by supplementation. Among its many physiological
functions, ascorbate acts as a cofactor for neurotransmitter
synthesis as well as collagen synthesis and maintenance
[16]. As an antioxidant, ascorbate is capable of recycling
oxidized vitamin E to its reduced form [17] and scavenging
many different ROS and RNS. The preclinical and clinical
studies discussed herein are summarized in Table 1.

Work done by Schoenfeld et al. [18] revitalized the
therapeutic potential of ascorbate in treating cancer by
describing a potential new mechanism in non-small-cell lung
cancer (NSCLC) and glioblastoma (GBM). Cellular work
using two NSCLC and two GBM cell lines showed that
ascorbate selectively sensitizes these cancer cells to chemo-
therapeutics and radiation therapy compared to primary
bronchial epithelial cells and normal human astrocytes [18].
As previously mentioned, antioxidants can have a prooxidant
capacity depending on their redox environment. Here,
ascorbate treatment increased steady-state levels of hydrogen
peroxide (H2O2) and labile iron levels in both cancer cell
types, but not in noncancerous cells [18]. The enhanced
cancer cell-ascorbate toxicity could be inhibited by preincu-
bation with iron chelators or with catalase, which breaks
down H2O2. Meanwhile, preincubation with EDTA [18], a
known enhancer of iron redox cycling, further increased
cancer cell-specific toxicity. Lane et al. [19] reported that
ascorbate may also increase intracellular iron uptake by
acting on transferrin receptors. The cancer-specific toxicity
in vitro was recapitulated in mouse xenograft models by
Schoenfeld et al. [18] for both NSCLC and GBM using
combinations of radiochemotherapy with intraperitoneal
injections of ascorbate. Animals treated with all three thera-
pies, compared to radiochemotherapy or ascorbate alone,
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exhibited an increased rate of survival [18]. The authors
proposed a mechanism inherent to cancer cells whereby
superoxide (O2

•−) and H2O2 disrupt cellular iron metabolism
with ascorbate oxidation further increasing intracellular
H2O2 and labile iron levels. Through the Fenton reaction,
H2O2 and iron react causing an increased oxidative burden
and resulting in the observed cancer-specific ascorbate
toxicity [18]. A phase I clinical trial for GBM patients treated
with radiation, temozolomide, and intravenous ascorbate
infusions showed that ascorbate was well tolerated and
increased the average progression-free survival compared to
the historical median [18]. Additionally, a phase II clinical
trial for NSCLC patients treated with chemotherapy and
ascorbate infusions reported an increased disease control rate
compared with historical controls [18]. Unfortunately, the
efficacy of ascorbate infusions in concert with radiochemo-
therapy has yet to be determined due to the limited sample
size in these two studies.

The ability of ascorbate to specifically target NSCLC and
GBM cancer cells without affecting the redox homeostasis of
healthy cells makes systemic intravenous administration
possible. In this example, the redox modulation happens only
in tumor cells where iron metabolism is disrupted, and in
this sense, this is an example of targeted therapy. How-
ever, a consistent plasma concentration must be main-
tained and 20mM has been proposed as the therapeutic
optimum [20]. Meanwhile, oral administration is incapable
of obtaining and maintaining the required plasma concentra-
tions [21, 22]. These data show the importance of adminis-
tration route to achieve the desired effect. In the PACMAN
study, a phase I clinical trial for stage IV pancreatic cancer,
Welsh et al. [23] showed that infusion of high doses of ascor-
bate together with gemcitabine achieved stable plasma levels
around 20mM. The PACMAN study also revealed that
systemically administered ascorbate did not cause an alter-
ation in the erythrocyte reduced to oxidized glutathione
(GSH:GSSG) ratio nor in plasma levels of F2-isoprostane
[23], an arachidonic acid peroxidation product commonly

used as a biomarker. The mean survival was 12 months,
almost double the historic median for gemcitabine-treated
patients [23], yet due to the small sample size, no statistically
significant conclusion about efficacy can be made. As of
June 2017, the PACMAN study is scheduled to enter
phase II (NCT02905578), with phase II trials for NSCLC
(NCT02905591) and GBM (NCT02344355) scheduled as
well. Hopefully, these upcoming and future trials will identify
if an intravenous vitamin C formulation is an effective
targeted systemic delivery for treating a geographically local
redox imbalance.

3.2. Vitamin E. E vitamins are a group of fat-soluble com-
pounds classified as saturated tocopherols or unsaturated
tocotrienols, with α, β, γ, and δ isoforms within each group.
The most biologically active vitamin E compound in humans
is α-tocopherol. Therefore, α-tocopherol will be the vitamin
E isoform described henceforth unless otherwise specified.
Interestingly, vitamin E has been hypothesized to act only
as a peroxyl (RO2

•) radical scavenger [17, 24]. As such,
vitamin E effectively prevents the peroxyl radical chain
reaction-driven lipid peroxidation. A summary of the pre-
clinical and clinical studies discussed can be seen in Table 2.

Being fat soluble, vitamin E is mainly transported
by lipoproteins where it prevents lipoprotein oxidation
[25]—a redox reaction that drives atherosclerotic plaque
development. An atherosclerosis model of rabbits fed a high-
cholesterol diet showed that dietary vitamin E supplementa-
tion significantly reduced plaque development [26]. Tang
et al. showed that vitamin E supplementation reduced pla-
que development in apolipoprotein E knockout (ApoE−/−)
mice when administered early, between 6 and 22 weeks of
age, yet had no effect on reducing advanced lesions when
administered at 30 or 38 weeks [27]. It is worth noting
here that α-tocopherol has been shown to have limited
antiatherosclerotic potential in rodent models [28]. In both
the rabbit model and the ApoE−/− mice, vitamin E activated
the nuclear factor erythroid 2-related factor 2 (Nrf2) pathway

Table 1: Preclinical and clinical studies using vitamin C.

Vitamin C
Route Results Reference

Preclinical studies

In vitro Pancreatic cancer cell H2O2 production increases susceptibility to therapeutic effect of vitamin C [20]

I.P.
Maintaining a 20mM plasma concentration of vitamin C is optimal to obtain a therapeutic effect from

vitamin C in an induced-tumor mouse model
[20]

In vitro Vitamin C increases intracellular iron uptake in HUVECs as well as in multiple human cancer cell lines [19]

In vitro
Vitamin C selectively sensitizes non-small-cell lung cancer and glioblastoma cells to radiation and

chemotherapy, while increasing labile iron and H2O2 levels
[18]

Clinical studies

1.25 g (oral)
50 g (I.V.)

Orally administered vitamin C unable to maintain therapeutic plasma concentration [21]

15–125 g
I.V.

High-dose infusion of vitamin C with gemcitabine in stage IV pancreatic cancer patients could achieve
stable plasma levels of 20mM while increasing the mean survival time

[23]

75 g
I.V.

Vitamin C infusions were well tolerated and increased average progression-free survival in glioblastoma
patients and control rate of disease in non-small-cell lung cancer patients

[18]

I.P.: intraperitoneal; I.V.: intravenous.
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[26, 27], which regulates the expression of antioxidant
enzymes [29]. Specifically, Bozaykut et al. [26] showed
an increase in the expression of glutathione S-transferase,
one downstream enzyme of Nrf2, which is responsible
for initiating the function of glutathione (GSH) [30],
another major intracellular antioxidant. The Nrf2 pathway
has now also been implicated as a vitamin E therapeutic
mechanism in in vitro models of cancer [31] and macular
degeneration [32] as well as in in vivo allergy [33] and
developmental [34] studies. Furthermore, vitamin E has
also been shown to increase peroxisome proliferator-
activated receptor gamma (PPARγ) expression [26, 27].
PPARγ is one isoform of the PPAR ligand-activated tran-
scription factors whose activation can be protective against
cardiovascular diseases, neurodegenerative disorders, and
cancer [35–37]. Thus, Nrf2 and PPAR activation reveal
indirect antioxidant properties of vitamin E, which when

paired with the direct radical scavenging ability make for
a promising therapeutic.

CHAOS [38] and HOPE [39] were two of the first trials
using vitamin E in prevention of cardiovascular disease. Both
of these trials showed no cardiovascular benefit, which can
potentially be attributed to the 400 IU/day [39] or up to
800 IU/day [38] doses used. In 2007, Roberts et al. [40]
conducted both a dose-ranging and time-course study in
hypercholesterolemic patients to evaluate the pharmacology
of vitamin E. This was a beneficial study for future clinical
trials as they revealed two critical dosing aspects. First, it took
16 weeks of daily dosing to reduce the plasma F2-isoprostane
concentration [40]. Second, this reduction was only signifi-
cantly obtained at 1600 IU/day and 3200 IU/day, with a trend
towards reduction at 800 IU/day [40]. At the largest dose of
natural vitamin E (3200 IU/day), there was a 49% reduction
in plasma F2-isoprostanes, which led the authors to suggest

Table 2: Preclinical and clinical studies using vitamin E.

Vitamin E
Route Results Reference

Preclinical studies

In vitro
α-Tocopherol activates Nrf2 in human retinal pigment epithelial cell line ARPE-19, thus inducing

transcription of phase II enzymes
[32]

Oral
16 weeks of 1500 IU vitamin E daily is able to rescue Nrf2 function in alveolar macrophages from human

atopic asthmatics
[33]

In vitro
α-Tocopheryl succinate activates Nrf2 in PC3 prostate cancer cell line which inhibits NF-κB nuclear

translocation and neoplastic activity
[31]

Oral
I.M.

Vitamin E significantly reduced atherosclerotic plaque progression in rabbits fed a high-cholesterol diet [26]

Oral Vitamin E significantly reduced atherosclerotic plaque progression in ApoE−/− mice [27]

Oral
Vitamin E deficiency disrupts grass carp growth and physiology while vitamin E supplementation is able to

reverse the negative effects
[34]

Clinical studies

400–800 IU
Oral

Daily vitamin E supplementation showed substantial reduction in nonfatal myocardial infarction in patients
with angiographically proven coronary atherosclerosis, yet no significant benefit on risk of cardiovascular

death was observed
[38]

400 IU
Oral

4–6 years of daily vitamin E supplementation showed no therapeutic benefit on cardiovascular events in
high-risk patients 55 years of age or older

[39]

100–3200 IU
Oral

16 weeks of at least 800 IU/day of vitamin E required to reduce the plasma F2-isoprostane concentration [40]

400 IU
Oral

Daily supplementation of vitamin E only therapeutic in type 2 diabetes with genotype for systemically
elevated oxidative stress

[41]

400 IU
Oral

Hemodialysis patients experienced reduced rate of plasma MDA level increase following 2 months of
vitamin E supplementation.

[44]

400mg
Oral

Patients with Down syndrome had their abnormal superoxide dismutase and catalase activity as well as low
levels of reduced glutathione returned to physiological levels following vitamin E supplementation

[45]

2000 IU
Oral

Daily high dose of vitamin E slowed the functional decline of Alzheimer’s disease patients [46]

400 IU
Oral

Eight weeks of daily vitamin E supplementation increased paraoxonase-1 enzyme activity but did not lower
serum malondialdehyde levels in type 2 diabetic patients

[43]

300mg
Oral

Three months of daily vitamin E supplementation significantly reduced serum malondialdehyde levels in
insulin-dependent type 2 diabetic patients

[42]

Ointment
S.C.

Patients undergoing colorectal cancer surgery exposed to vitamin E at the surgical site experienced a reduced
rate of surgical site infection and lowered inflammatory response

[47]

I.M.: intramuscular; S.C.: subcutaneous.

4 Oxidative Medicine and Cellular Longevity



that the antioxidant potency of vitamin E may not be biolog-
ically effective [40]. These studies taken together underline
the relevance of selecting the appropriate dose and regimen
to achieve a significant effect on redox homeostasis. Only
after determining that a treatment actually improves redox
function can we assess its antioxidant effect on disease pro-
gression and clinical outcomes. A study by Milman et al.
[41] showed that daily vitamin E supplementation only had
cardiovascular benefit in type 2 diabetics having a haptoglo-
bin 2-2 genotype. The protein produced by this genotype is
associated with elevated systemic oxidative stress due to its
inferior function compared to the haptoglobin 1-1 genotype
protein product. Several studies measured serum malon-
dialdehyde (MDA) levels, a lipid peroxidation product, to
assess the benefit of oral vitamin E supplementation.
Although a reduction in plasma MDA levels was frequently
observed, this systemic decrease in a lipid peroxidation
marker did not correlate with improvement of clinical symp-
toms [42–44]. Thus, translating cellular and animal model
work into an effective human therapeutic while also identify-
ing the proper patient population that benefits from the given
therapy and relevant biomarkers makes clinical trial design
rather difficult.

Patients with ranging neurological disorders have been
reported to experience increased levels of systemic oxidative
stress [13]. Parisotto et al. [45] compared the blood antioxi-
dant status of children with Down syndrome (DS) before
and after 6 months of daily vitamin C and E supplementa-
tion. The study showed that DS patients had elevated
superoxide dismutase (SOD) and catalase activity yet lower
GSH levels, and all could be returned to physiological
levels after supplementation [45]. A randomized, double-
blind, placebo-controlled, parallel-group trial reported that
a high dose of 2000 IU/day of vitamin E slowed the

functional decline of patients with mild to moderate Alzhei-
mer’s disease [46]. Both studies highlight how a systemically
administered antioxidant can reduce systemic redox imbal-
ance and alleviate symptoms experienced by individuals
with neurological disease.

Lastly, Alias et al. [47] showed that subcutaneous
application of vitamin E acetate ointment reduced the rate
of surgical site infection in colorectal cancer surgery patients,
while simultaneously lowering the inflammatory response.
The patients underwent a laparoscopic, or minimally inva-
sive, surgery. Patients who received vitamin E treatment
had decreased C-reactive protein and a reduced white blood
cell count 48 hours after surgery and reported lower post-
operative pain [47]. This is an excellent example of a pre-
ventative strategy for localized delivery of an antioxidant
to mitigate the onset of local redox imbalance.

3.3. Alpha-Lipoic Acid. The disulfide fatty acid α-lipoic acid
(ALA) is an amphipathic molecule both naturally synthe-
sized and obtained through the diet. Virtually ubiquitous
throughout the body, ALA and its reduced form, dihydroli-
poic acid, have been reported to have numerous antioxidant
and anti-inflammatory properties [48]. The therapeutic
potential thus stems from the capability of ALA to scavenge
reactive species [49, 50], recycle glutathione (GSH) and
vitamins C and E [49], chelate divalent transient metal ions
[50], and increase glucose uptake [51]. The preclinical and
clinical studies described from here on are summarized
in Table 3.

Goraca et al. [52] evaluated ALA treatment in a rat model
of bacterial infection using lipopolysaccharide (LPS), a major
component of the outer membrane of gram-negative bac-
teria. The spleen of LPS-treated rats had increased levels
of hydrogen peroxide (H2O2) and lipid peroxidation, an

Table 3: Preclinical and clinical studies using alpha-lipoic acid.

Alpha-lipoic acid
Route Results Reference

Preclinical studies

Oral ALA slowed the rate of plaque progression in a diet-induced rabbit atherosclerosis model [56]

I.P.
ALA reduced lesion size in a diet-induced atherosclerotic mouse model. ALA also reduced vascular smooth

muscle cell proliferation and migration in vitro
[59]

I.V.
Spleen weight/body weight ratio, levels of H2O2, lipid peroxidation, and levels of reduced glutathione

returned to physiological levels in LPS-treated rats following ALA injection
[52]

Oral
ALA restored GSH, SOD, and catalase plasma concentrations to physiological levels in a pesticide-induced

oxidative stress rat model
[54]

S.C.
ALA restored SOD and catalase concentrations to physiological levels in brain tissue of a phenylketonuria

rat model
[55]

I.P. Kidney mitochondrial function restored in LPS-treated rats following ALA exposure [53]

Clinical studies

600–1800mg
Oral

Five weeks of daily ALA supplementation alleviated the pain experienced by diabetics suffering from distal
symmetric polyneuropathy.

[61]

600mg
Oral

Four years of daily ALA supplementation improved neuropathic conditions of diabetics suffering from
polyneuropathy and the 600mg dose was well tolerated for an extended period of time

[63]

600mg
Oral

20 weeks of daily ALA supplementation alleviated the pain experienced by diabetics suffering
from polyneuropathy

[62]

I.P.: intraperitoneal; I.V.: intravenous; S.C.: subcutaneous.
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increased spleen weight/body weight ratio, and decreased
levels of GSH [52]. All three of these markers were returned
to physiological levels after intravenous ALA injection [52]
suggesting that ALA can protect the spleen from an exagger-
ated inflammatory response. Cimolai et al. [53] showed that
intraperitoneal-injected ALA could restore kidney mito-
chondrial function in rats exposed to LPS. Mignini et al.
[54] used a pesticide-induced oxidative stress rat model to
evaluate the effects of oral ALA supplementation and showed
that ALA could increase plasma GSH concentrations. Addi-
tionally, ALA restored SOD and catalase plasma concentra-
tions to physiological levels [54]. Subcutaneous delivery of
ALA restored SOD and catalase to physiological levels in
the brain tissue of a phenylketonuria rat model [55], a
neurological disease that causes systemic phenylalanine
accumulation and oxidative stress. Orally administered
ALA slowed the rate of plaque progression, lowered
plasma F2-isoprostane levels, decreased lipid accumula-
tion, and reduced collagen deposition in a diet-induced
rabbit atherosclerosis model [56]. Furthermore, ALA
decreased mRNA expression of vascular cell adhesion
molecule-1 (VCAM-1) and of intracellular adhesion
molecule-1 (ICAM-1) and reduced NF-κB pathway activity
in the rabbit model [56]; all of which are proinflammatory
factors associated with plaque development [57, 58]. A diet-
induced atherosclerotic mouse model also showed that
intraperitoneal ALA delivery could reduce lesion size and
VCAM-1 and ICAM-1 expression [59]. Lee et al. [59]
showed that ALA could reduce vascular smooth muscle
proliferation and migration in vitro by attenuating the
Ras-MEK1/2-ERK1/2 proliferative pathway. As of June
2017, phase III clinical trials using ALA for atherosclerosis
treatment (NCT00764270) and heart disease prevention
(NCT00765310) are ongoing.

ALA supplementation has been particularly successful in
diabetic patients and has been prescribed for the treatment of
diabetic polyneuropathy in Germany for decades [50]. In
2004, Ziegler et al. [60] assessed the role of oxidative stress
in the development of diabetic polyneuropathy, a complex
neuronal disorder associated with increased morbidity and
mortality. Their results showed that systemic redox imbal-
ance was more prominent in diabetics with polyneuropathy
than in diabetics without polyneuropathy [60]. The SYDNEY
2 clinical trial assessed the efficacy of orally administered
ALA in alleviating pain experienced by diabetic patients with
distal symmetric polyneuropathy [61]. The primary mea-
surement in the SYDNEY 2 trial was total symptom score
(TSS), a summation of factors related to neuropathic pain
where higher scores indicate an increased level of experi-
enced pain. The results revealed that 600mg of ALA admin-
istered orally for 5 weeks improved the positive sensory
symptoms of diabetic patients [61]. Similar findings were
described by Garcia-Alcala et al., [62] who reported that 20
weeks of ALA treatment resulted in a continuous reduction
in TSS. NATHAN 1 was a four-year clinical trial that further
assessed ALA treatment for polyneuropathy as well as the
safety of prolonged oral administration of 600mg of ALA
[63]. This trial used several comprehensive analyses along-
side TSS such as the neuropathy impairment score (NIS)

[64] and the NIS lower limbs score to measure therapeutic
outcomes without any direct measurements of changes in
redox markers. Improvement of neuropathic impairments,
particularly small fiber and muscular function, was ulti-
mately reported, and the 600mg dose was well tolerated by
patients [63]. We guide the readers to an extensive review
by Papanas and Ziegler [65] of more trials and relevant
meta-analyses regarding ALA in diabetic neuropathy. The
success seen in these trials can likely be attributed to the
hydrophilic and lipophilic nature of ALA as well as to the
delivery route in treating a disorder that stems from a
systemic redox imbalance.

3.4. Vitamin A. A vitamins are a group of unsaturated, fat-
soluble organic molecules that elicit pleiotropic effects
throughout the body. Physiologically, vitamin A regulates
energy homeostasis, lipid metabolism, the immune response,
and gene expression for cellular development and differenti-
ation [66–68]. The major signaling mechanism for the
regulatory actions of vitamin A is through nuclear retinoic
acid receptors. However, signaling through Janus kinase
(JAK)/signal transducer and activator of transcription
(STAT), mitogen-activated protein kinase (MAPK), and
PPAR pathways have also been described [67]. Vitamin A
quenches singlet oxygen (1O2) [69] and prevents lipid per-
oxidation by scavenging peroxyl (RO2

•) radicals [70], simi-
lar to vitamin E. Furthermore, the major active metabolite
of vitamin A—retinoic acid—acts as a precursor for rho-
dopsin, the light-sensitive pigment in the eye responsible
for phototransduction [71]. Retinoic acid is obtained
through the diet from animal-derived food or from plant-
derived precursors like β-carotene and lycopene. Clinical
studies using vitamin A are summarized in Table 4.

In accordance with the pleiotropic properties on cel-
lular homeostasis, vitamin A was trialed and is now
accepted as a therapeutic for various skin-related condi-
tions. Topically applied β-carotene protected human skin
from IR-generated reactive species [72] and orally adminis-
tered β-carotene reduced UV-induced skin lesions [73]. A
randomized, double-blind, vehicle-controlled, clinical trial
showed that topical retinol, the alcohol retinoic acid deriva-
tive, applied three times a week for 24 weeks reduced the
appearance of aging-related fine wrinkles in elderly volun-
teers by increasing the dermal matrix [74]. Furthermore,
topical application of tretinoin or all-trans retinoic acid has
long been prescribed for the treatment of acne and photoag-
ing [75, 76] and is more effective than orally administered
tretinoin in cases of photoaging [77]. The role of these and
more vitamin A derivatives in treating skin disease has been
reviewed elsewhere [78]. The success of topical vitamin A
application provides evidence that identifying the proper
antioxidant for a given condition combined with an adminis-
tration route that localizes the redox intervention results in a
successful antioxidant therapy.

3.5. Vitamin B12. Vitamin B12 derivatives or cobalamins
(Cbl) are soluble macrocycles belonging to the corrinoid
family with a cobalt atom tethered in the center of the corrin
plane. They are essential cofactors for two enzymes in
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mammals: mitochondrial methylmalonyl-CoA mutase and
cytosolic methionine synthase. The central cobalt can change
its oxidation state between +3 (cob(III)alamin), +2 (cob(II)a-
lamin), and +1(cob(I)alamin), which makes these com-
pounds redox active. Moreover, it has been shown that Cbl
reacts with O2

•− at rates comparable with that of superoxide
dismutase [79, 80]. Hence, it has been suggested that cobala-
mins modulate inflammation and redox status [81–83] in
addition to and independently of their cofactor function.
Low serum levels of B12 are prevalent in patients with type
2 diabetes mellitus, and there is an association between low
levels of B12 and markers of oxidative dysfunction [84].
Moreover, levels of B12 negatively correlate with fasting glu-
cose, oxidized LDL, and catalase levels in diabetic vegetarians
[85]. These findings suggest that Cbl supplementation could
be useful in patients with type 2 diabetes mellitus, especially if

they are vegetarians, who are at risk of low B12. Preclinical
and clinical work with vitamin B12 is summarized in Table 5.

Cobalamin is essential to metabolize homocysteine, an
independent risk factor for cardiovascular disease. Hence,
researchers have investigated the role of Cbl in cardiovascu-
lar disease. One of us was among the first to characterize a
redox effect in vascular cells [83] and suggest that it acted
by direct scavenging of O2

•− with a high rate constant [80].
In a randomized placebo-controlled trial, a mix of folate,
vitamin B6, and vitamin B12 reduced the carotid intima-
media thickness in patients at risk of cerebral ischemia [86].
This effect was found to be independent of homocysteine.
In a small prospective randomized placebo-controlled trial,
Willems et al. [87] demonstrated that treatment with
cobalamin in patients with coronary artery disease
improved volumetric coronary blood flow. These results

Table 5: Preclinical and clinical studies using vitamin B12.

Vitamin B12 (cobalamin)
Route Results Reference

Preclinical studies

In vitro
Pulse radiolysis determined that the rate constant between Cob(II)alamin and superoxide (O2

•−) is 6.8× 108 M−1 s−1,
which is within an order of magnitude of cytosolic and mitochondrial superoxide dismutase (SOD)

[79]

In vitro Cob(II)alamin reacts with O2
•− at a rate similar to that of the SOD [80]

In vitro
Cyanocobalamin treatment inhibited O2

•−-induced damage in human aortic endothelial cells by scavenging
intracellular O2

•− [83]

Clinical studies

0.5mg
Oral

Daily supplementation with folic acid, vitamin B6, and vitamin B12 for one year significantly reduced the carotid
intima-media thickness, a marker of atherosclerosis, in at-risk patients

[86]

0.4mg
Oral

Six months of daily folic acid and vitamin B12 supplementation improved coronary endothelial function in patients
at risk for coronary artery disease

[87]

0.4mg
Oral

Two years of daily supplementation with folic acid and vitamin B12 significantly increased coronary blood flow in
patients with stable coronary artery disease

[88]

25 or
0.5mg
I.M.

Daily ultrahigh-dose injections (25mg) of methylcobalamin improved the compound muscle action potentials of
patients with amyotrophic lateral sclerosis

[89]

Eyedrops
Eyedrops containing 0.15% hyaluronic acid and vitamin B12 reduced oxidative stress markers in the conjunctiva

(mucous membrane covering eye) and improved the overall symptoms of patients with chronic dry eye
[90]

I.M.: intramuscular.

Table 4: Clinical studies using vitamin A.

Vitamin A
Route Results Reference

Clinical studies

24mg
Oral

12 weeks of daily oral vitamin A reduced UV-induced skin lesions [73]

0.4% lotion
Topical

Topical vitamin A application three times a week for 24 weeks reduced aging-related wrinkles [74]

0.2% lotion
Topical

Topical vitamin A protects skin from IR-generated reactive species [72]

20mg
Oral
0.05% lotion
Topical

Topical vitamin A more effective in treating photoaging than orally administered [77]
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were later confirmed by Bleie et al. [88] showing an
increased coronary blood flow in a patient with stable
coronary artery disease treated with cobalamin, suggesting
that B12 improves vascular function.

Cobalamin levels are associated with systemic and central
nervous system (CNS) markers of redox dysfunction and
inflammation, independently of homocysteine levels [82].
In a controlled, double-blinded study in patients with
idiopathic osteoarthritis, Flynn et al. [81] found that Cbl
improved handgrip and tenderness compared to NSAID
treatment. Regarding effect on the CNS, intramuscular
injection of high doses of Cbl improved muscle action poten-
tial amplitude in a small double-blind trial in patients with
amyotrophic lateral sclerosis [89].

A successful example of local administration of Cbl to
reduce redox dysfunction and inflammation was published
by Macri et al. [90]. They found that eye drops containing
hyaluronic acid and vitamin B12 significantly decrease
markers of lipid peroxidation and inflammation, improving
dry eye symptoms. Although vitamin B12 is not classically
considered an antioxidant, more evidence accumulates
supporting a redox effect of Cbl. Since it is well tolerated
and no adverse effects have been reported, exploring further
the noncoenzyme and redox effects of Cbl is a promising
therapeutic avenue for cardiovascular, neurological, and
inflammatory diseases.

4. Enzyme Regulators and Mimetics

The use of stoichiometric antioxidant molecules presents
with the problem that they are finite. At the necessary site
they may be present in limited concentrations or may
not have been recycled after their redox reaction. Accord-
ingly, most cellular redox homeostasis is maintained by
enzymes [91]. As we have shown with micronutrients, cer-
tain antioxidants can increase enzyme production and
function aside from directly inactivating the reactive spe-
cies. Herein, we analyze several specific enzyme-directed
therapeutics and present an overview in Figure 1. Next,
we discuss the use of redox enzymes, enzyme mimics,
and enzyme regulators.

4.1. NADPH Oxidase Inhibitors.Nicotinamide adenine dinu-
cleotide phosphate (NADPH) oxidases (NOX) are a group of
transmembrane enzymes that generate superoxide (O2

•−) by
transferring electrons from NADPH across a membrane to
reduce molecular oxygen [92]. Accordingly, NOX enzymes
are present in the plasma membrane, endoplasmic reticulum,
mitochondrial membrane, and nuclear membrane, as well as
at focal adhesions [93] and invadopodia [94]. In total, there
are seven NOX isoforms termed NOX1-5 or DUOX1-2.
NOX enzymes are physiologically crucial for the immune
response and during angiogenesis; these functions along with
enzymatic regulation and localization have been reviewed in
extensive detail elsewhere [95]. Pathologically, dysregulated
NOX enzymes have been implicated in various cancers
[96, 97], neurodegenerative diseases [98], cardiovascular
diseases [99], and renal disease [100].

Due to the association of dysregulated NOX with disease
onset, it was fitting to pursue direct NOX inhibition as a ther-
apeutic. Triazolopyrimidine derivatives (VAS) and pyrazolo-
pyridine dione derivatives (GKT) are two efficacious small
molecule inhibitors that have been reported. VAS and GKT
successfully mitigate ROS formation and damage in in vitro
and in vivo models of disease [101–105]. These two families,
and others not covered in this section, have been extensively
reviewed elsewhere [106].

Specifically, GKT137831 is a NOX 1 and 4 inhibitor that
has been reported to mitigate renal disease [105], attenuate
diabetic nephropathy [102], and suppress cardiac fibroblast
activity associated with hypertensive heart disease [104]. A
randomized, double-blind, placebo-controlled phase II trial
using GKT137831 for treating type 2 diabetes with nephrop-
athy was concluded in 2015 (NCT02010242). The drug
developer, Genkyotex, reported that GKT137831 was safe
and significantly reduced liver enzyme and inflammatory
marker levels, with the results unpublished as of June 2017.
Currently, Genkyotex is finalizing a phase II study design to
treat the liver disease primary biliary cholangitis with
GKT137831.

Meanwhile, VAS2870 a NOX 1, NOX 2, and NOX 4
inhibitor has been reported to have protective properties
against brain ischemia in mice [101] and to reduce ROS pro-
duction and radiation-induced phenotypic changes in
human pulmonary artery endothelial cells [103]. One chal-
lenge for translating the success of VAS molecules to the
clinic is their low solubility. Hecht et al. [107] have poten-
tially solved this issue by developing a method that utilizes
spray drying, microemulsification, and cyclodextrin incorpo-
ration to enhance the solubility and stability of VAS3947 as a
model VAS molecule, for oral administration. Ongoing stud-
ies with these two classes of molecules will offer a greater
understanding of their pharmacological efficacy and the
value of targeted NOX inhibition in disease treatment or
prevention.

4.2. Nitric Oxide Synthase Inhibitors. Nitric oxide synthase
(NOS) represents a group of enzymes that utilize molecular
oxygen and NADPH to oxidize L-arginine producing
L-citrulline and nitric oxide (•NO). There are three NOS iso-
forms termed neuronal NOS (nNOS or NOS I), inducible
NOS (iNOS or NOS II), and endothelial NOS (eNOS or
NOS III). Exceptions to the general locations and regulatory
mechanisms for each isoform have been extensively reviewed
elsewhere [108], but generally, nNOS is found throughout
the central (CNS) and peripheral (PNS) nervous systems
where •NO is implicated in aspects of synaptic plasticity
and cellular communication; iNOS is typically found in cells
of the immune system where •NO is responsible for the cell’s
cytotoxic properties; eNOS is mostly expressed in endothelial
cells where •NO causes vasodilation and vasoprotection and
prevents platelet aggregation. Therapeutic approaches have
been aimed at inhibiting iNOS.

Initially, NOS inhibitors aimed to displace the enzymatic
substrate arginine but were clinically ineffective and even
increased mortality in the case of L-NMMA treatment for
septic shock [109]. To date, the most successful NOS
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inhibitor is 4-amino-tetrahydrobiopterin (VAS203), devel-
oped by Vasopharm, which is an analogue of the redox-
sensitive NOS cofactor tetrahydrobiopterin rather than an
arginine analogue [110]. VAS203 is an allosteric iNOS inhib-
itor and is being trialed for the treatment of traumatic brain
injury (TBI). TBI has been shown to cause increased iNOS
activity in the brain due to a compromised blood-brain
barrier, aside from other major complications [111]. An
exploratory phase II placebo-controlled, randomized trial
named NOSTRA-II determined that VAS203 may have neu-
roprotective properties and can be safely administered,
although there was reversible kidney damage reported in
several patients at the highest tested dose (30mg/kg)
[110]. In light of these findings, a phase I trial to assess
renal function impairment in healthy volunteers was con-
cluded in early 2017 with results unreported so far
(NCT02992236). As of June 2017, NOSTRA-III—the

placebo-controlled, randomized, double-blind phase III
trial—is underway to evaluate the efficacy of VAS203 infu-
sions on clinical outcomes of patients with moderate to
severe TBI (NCT02794168).

4.3. Superoxide Dismutase Mimetics. Superoxide dismutase
(SOD) is a group of metal-containing enzymes that convert
superoxide (O2

•−) to hydrogen peroxide (H2O2) and/or
molecular oxygen. In humans, there are cytosolic (SOD1)
and extracellular (SOD3) isoforms which utilize copper and
zinc as cofactors while the mitochondrial (SOD2) isoform
uses manganese as the cofactor. Manganese porphyrins
(MnP) are among the most prominent SOD mimics
developed to date. MnPs are made up of a macrocyclic ring
structure with manganese found at the center. Other SOD
mimics also have similar structures but house a different
metal at their center. Further detail of MnP alongside
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other prominent mimetics’ synthesis, structure, kinetics, and
potential therapeutic benefits has been extensively reviewed
[112]. The therapeutic efficacy of MnPs is heavily dependent
on the redox environment at the time of administration. For
instance, MnP administration at the onset of diabetes inhib-
ited oxidative damage in a rat model [113]. When adminis-
tered after the onset of diabetes, however, the same MnP
actually increased oxidative damage [114].

GC4419 is a promising new MnP-like SOD mimetic
highly specific for reacting with O2

•−. GC4419 has been
shown to rescue cell clonogenicity of both a SOD2-null
human embryonic kidney cell line [115] and radiation or
chemotherapy-treated primary human dermal fibroblasts
[116]. Intravenous delivery of GC4419 is currently in a phase
II clinical trial for alleviating radiation-induced oral mucosi-
tis in patients with head and neck cancer (NCT02508389).
Galera Therapeutics Inc. is also assessing the tolerability
and pharmacokinetics of another SOD mimetic, GC4711,
given orally compared to intravenous GC4419 in healthy vol-
unteers (NCT03099824). BMX-001 is a MnP currently in a
phase I clinical trial for glioblastoma patients undergoing
radiation therapy (NCT02655601). Additionally, a continu-
ous infusion of MnP AEOL 10150 using a subcutaneously
implanted osmotic pump was able to significantly reduce
radiation-induced injury in a rat model [117] and has proven
to be beneficial in a nonhuman primate radiation-induced
injury model [118]. As of 2017, Aeolus Pharmaceuticals
Inc. is working on moving AEOL 10150 into clinical trials.
Of note, MnPs often can react with various species and
moieties besides O2

•− which expands their potential out-
side of being just a SOD mimetic but also complicates
their utility.

4.4. Catalase Delivery. Catalase is an antioxidant enzyme that
catalyzes the disproportionation of H2O2 to O2 and H2O; it
decreases neuroinflammation and attenuates neurodegenera-
tion in the CNS.

An important component of many metabolic and inflam-
matory diseases of the CNS involves inflammation [119].
These include Alzheimer’s and Parkinson’s diseases (AD
and PD) [120–122], stroke [123, 124], traumatic brain injury
(TBI), multiple sclerosis (MS), age-related macular degener-
ation (AMD), prion disease, meningitis, encephalitis, human
immunodeficiency virus- (HIV-) associated neurocognitive
disorders [125, 126], epilepsy, brain cancer, lysosomal stor-
age diseases [127, 128], obesity [129, 130], and even mental
health disorders such as depression, autism, and schizophre-
nia. These diseases are often accompanied by the extensive
recruitment of immunocytes. Such inflammatory activities
are linked to microglial activation and its secretion of
neurotoxic factors. These include ROS and RNS leading to
oxidative stress and neuronal injuries [131–134]. Oxidative
stress affects neuronal, astrocyte, and microglia function
by inducing ion transport and calcium mobilization and
activating apoptotic programs. Apoptosis and excitotoxicity
are principal causes of mitochondrial-induced neuronal
death. Therefore, the need for delivery of potent antioxi-
dants, in particular, catalase to affected brain tissues cannot
be overstated.

The administration of catalase has been shown to rescue
the primary cultured cerebellar granule cells in in vitro
models of PD [135, 136]. Thus, addition of catalase to
cerebellar granule cells treated with a toxin, 1-methyl-4-
phenyl-1,2,3,6-tetrahydropyridine (MPTP) that causes a
severe and irreversible parkinsonian syndrome in humans
and in nonhuman primates [137], resulted in enhancing their
viability by 75% compared to the control cells. Regrettably,
the blood-brain barrier (BBB) severely restricts the transport
of this potent antioxidant to the brain. Although small
lipophilic molecules (MW< 400 kDa) can cross the BBB in
pharmacologically significant amounts, effective concentra-
tions of lipid-insoluble drugs (polar molecules and small
ions), as well as high molecular weight compounds (peptides,
proteins, and nucleic acids), cannot be delivered to the CNS
within the limits of clinical toxicity. The inability of most
potent therapeutics to cross the BBB following systemic
administration necessitates the need to develop unconven-
tional, clinically applicable drug delivery systems for the
treatment of brain disorders. Smart, biologically active
vehicles are crucial to accomplishing this challenging task.

To this end, immunocytes that include mononuclear
phagocytes (dendritic cells, monocytes, and macrophages),
neutrophils, and lymphocytes can carry nanoformulated
drugs as they readily home to disease sites. Using living cells
as drug delivery vehicles, takes advantage of their natural
carriage, storage, mobility, and secretory capacity. It offers
several benefits over common drug administration regimens;
these include targeted drug transport to disease sites, pro-
longed drug half-lives, time-controlled drug release, and
diminished drug immunogenicity and cytotoxicity profiles.
Thus, a cell-based delivery system to bring nanoformulated
catalase to affected brain regions was developed [138, 139].
The system rests in the abilities of blood-borne macrophages
to carry antioxidant proteins across the BBB to the inflamed
tissues. Using inflammatory response cells enables targeted
drug transport and prolonged circulation times [140], along
with reductions in cell and tissue toxicities. In addition, these
cells are capable of cell-to-cell transmission of drug-laden
nanoparticles that improves their therapeutic outcomes.

One of the main obstacles in utilizing these cells is
related to the fact that monocytes efficiently disintegrate
and digest all entrapped foreign particles. Therefore, it is
crucial to protect the activity of the drug inside this cell car-
rier [141]. To preclude macrophage-mediated enzyme degra-
dation, catalase was packaged into a block ionomer complex
with a cationic block copolymer, poly(ethyleneimine)-
poly(ethylene glycol) (PEI-PEG). Overall, the structure
and composition of protective nanocontainers play a crucial
role in the effectiveness of formulations for cell-based drug
delivery systems. For example, a recent study by one of us
indicates that structure of block copolymer used for catalase
nanoformulation (nanozyme), affects its cytotoxicity, load-
ing, and release capacities, as well as preservation of catalase
enzymatic activity inside cell-carriers [142]. Bone marrow-
derived macrophages (BMM) carried significant amounts of
catalase then slowly released the active enzyme over several
days [138]. The enzyme released upon stimulation of
nanozyme-loaded cell carriers decomposed microglial H2O2
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produced upon nitrated alpha-synuclein or tumor necrosis
factor alpha- (TNF-α-) induced activation in vitro. A sig-
nificant amount of catalase was detected in brains of mice
after transfer of BMM loaded with nanoformulated cata-
lase following MPTP intoxication. It was demonstrated
that such nanozyme-loaded BMM injected into MPTP-
intoxicated mice reduce neuroinflammation and attenuate
nigrostriatal degeneration [139]. This signified a neuropro-
tective effect of nanozyme-loaded monocytes in MPTP-
induced neurodegeneration.

Another approach to targeted cell-mediated brain deliv-
ery of catalase is to utilize macrophages transfected ex vivo
with a plasmid DNA (pDNA) encoding catalase [143].
Systemic administration of pretransfected macrophages
produced month-long expression levels of catalase in the
brain resulting in threefold reductions in inflammation and
complete neuroprotection in mouse models of PD. This
resulted in significant improvements in motor functions in
PD mice. Mechanistic studies revealed that transfected mac-
rophages secreted extracellular vesicles, exosomes, packed
with catalase genetic material, pDNA and mRNA, active
catalase, and NF-κB, a transcription factor involved in the
encoded gene expression. Exosomes efficiently transfer their
contents to contiguous neurons resulting in de novo protein
synthesis in target cells. Thus, genetically modified macro-
phages serve as a highly efficient system for reproduction,
packaging, and targeted gene and drug delivery to treat
inflammatory and neurodegenerative disorders [143]. Of
note, a proper differentiation of drug carriers into particular
subtypes may further boost the therapeutic efficiency of
cell-based drug formulations [144]. Alternatively, activated
macrophages phenotype (M2) utilized in these studies did
not promote further inflammation in the brain, resulting
in a subtle, but statistically significant effect on neuronal
regeneration and repair in vivo.

Even though this modality of antioxidant enzyme
delivery has not moved to clinical trials yet, it is a promising
approach to deliver redox-active enzymes in a targeted
manner and to overcome several of the obstacles related to
delivery of proteins and delivery to the CNS.

5. Small Molecule Antioxidants

Small (MW<250 kDA) molecule antioxidants have desirable
pharmacokinetic properties able to exponentially enhance
antioxidant defense by directly acting on signaling pathways
[145]. Phenolic groups dominate this class but there are
multiple other species with unique antioxidant properties
[146]. In this section, we will discuss some of the most
commonly used and already developed small molecule anti-
oxidants and highlight emerging formulations (Figure 1).

5.1. Electrophiles. Electrophilic small molecules are potent
activators of the nuclear factor erythroid 2-related factor 2
(Nrf2) pathway. Nrf2 is a transcription factor that induces
the production of antioxidant and detoxification enzymes
controlled by an enhancer sequence called the antioxidant
response element/electrophile responsive element (ARE/
EpRE). The identification of Nrf2 as the critical transcription

factor in this pathway was only recognized in 1997 [29]. This
discovery triggered tremendous progress in understanding
the increased efficacy of small molecule antioxidants in
therapeutic applications. Under homeostatic conditions,
Nrf2 is sequestered to the cytoplasm by the actin-bound
inhibitor Kelch-like ECH-associated protein 1 (Keap1).
Keap1 subjects Nrf2 to polyubiquitination and degradation
via the proteasome. During redox imbalance, or if the cell is
exposed to electrophilic small molecules, key cysteine resi-
dues on Keap1 are oxidized causing a conformational change
that releases Nrf2. Under these conditions, Nrf2 is able to
translocate to the nucleus where it forms heterodimers with
Maf proteins and binds ARE/EpRE. Nrf2 binding to ARE/
EpRE results in transcription of cytoprotective enzymes such
as catalase, glutathione S-transferase, NAD(P)H quinone
oxidoreductase 1, SOD 1, heme oxygenase 1, and manymore.

5.1.1. Sulforaphane. Sulforaphane (SFN) is an isothiocyanate
metabolite found in cruciferous vegetables, such as broccoli,
and is one of the most widely studied electrophilic Nrf2
inducers. The anticarcinogenic properties of broccoli were
attributed to SFN when it was first identified as a phase II
metabolic enzyme inducer in 1992 [147]. After the character-
ization of the Nrf2/Keap1 pathway, SFN was identified as a
Nrf2 inducer further describing its potential in anticancer
therapy [148]. Since then, oral administration of SFN has
been shown to improve behavioral symptoms of young
men with autism spectrum disorder [149] and is being
further evaluated for this condition (NCT02561481,
NCT02879110, and NCT02909959). SFN has also been
shown to improve fasting glucose in obese patients with dys-
regulated type 2 diabetes [150] and is currently in a phase II
clinical trial (NCT02801448). As a redox-based therapeutic,
SFN is making headway in animal models of atherosclerosis.
Angioplasty with stent placement is the most common
surgical intervention for treating atherosclerosis or a stenotic
vessel. A major complication following angioplasty is vessel
reocclusion or restenosis. Currently, restenosis is best
inhibited by chemotherapy-eluting stents, yet they create a
favorable local environment for thrombosis [151]. Yoo et al.
[152] showed that local application of SFN at the site of
arterial injury inhibits restenosis in an angioplasty-injury
rat model. This was attributed to the Nrf2-activating proper-
ties of SFN, which likely inhibits the phenotypic change in
vascular smooth muscles that drives restenosis. Multiple
other groups have since successfully inhibited restenosis
using SFN in similar animal models [153, 154]. One of us
has been studying local delivery of other electrophiles such
as cinnamic aldehyde as a therapy to inhibit restenosis.
Development of a delivery vehicle that specifically targets
the site of an atherosclerotic plaque could provide a novel
antioxidant approach for treating vasculopathies and
improving surgical outcomes and is the current focus of
our lab.

5.1.2. Dimethyl Fumarate. Dimethyl fumarate (DMF) is an
esterified fumaric acid that can inhibit NF-κB activation
[155]. DMF effectively increases relapsing-remitting multiple
sclerosis patient quality of life when administered orally as

11Oxidative Medicine and Cellular Longevity

https://clinicaltrials.gov/ct2/show/NCT02561481?cond=NCT02561481&rank=1
https://clinicaltrials.gov/ct2/show/NCT02879110?cond=NCT02879110&rank=1
https://clinicaltrials.gov/ct2/show/NCT02909959?cond=NCT02909959&rank=1
https://clinicaltrials.gov/ct2/show/NCT02801448?cond=NCT02801448&rank=1


a delayed-release conformation, termed BG00012 [156]
(NCT00420212). DMF interacts with GSH under specific
conditions in the bloodstream which limits this absorption
route and bioavailability, justifying why recent studies
mostly use limited and/or low doses of DMF [157]. New
formulations of DMF or newly synthesized derivatives
could improve the pharmacokinetics of this compound
and provide useful new approaches.

5.1.3. Nitro-Oleic Acid. Nitro-oleic acid is one of the many
nitrated fatty acids naturally present in human and animal
tissues. Nitrated fatty acids result from •NO-derived species
reacting with unsaturated fatty acids resulting in •NO2
addition at a double bond [158]. Nitro-oleic acid has been
shown to have cytoprotective properties through Nrf2 and
PPARγ activation and NF-κB inhibition [158]. CXA-10 is
an orally administered 10-nitro-oleic-acid compound
developed by Complexa Inc. CXA-10 has been trialed
in five phase I clinical trials related to kidney injury as
of 2017 (NCT02313064, NCT02127190, NCT02248051,
NCT02460146, and NCT02547402) with differentiated safety
in over 100 subjects reported as well as activation of target
genes and inhibition of disease-related fibrotic and inflam-
matory biomarkers. Notably, the metabolic profile of patients
in NCT02127190 has recently been characterized [159].
CXA-10 is set to enter phase II trials in 2018 for the treatment
of pulmonary arterial hypertension and focal segmental glo-
merulosclerosis, two life-threatening diseases with a severely
poor prognosis. These and future trials using nitrated lipids
may yield effective redox-based therapies.

5.1.4. Synthetic Electrophiles. Recently, there has been a surge
in development of ARE-/EpRE-inducing molecules. Such
molecules include N-iodoacetyl-N-biotinylhexylenediamine
(IAB) which modifies Keap1 [160] but so far has a minimum
effect on Nrf2 activation due to cytotoxicity and engagement
with intracellular proteins [161]. Dai et al. [162] recently
showed that several new formulations of Pyrazino[2,1-a]iso-
quinolin analogues, compounds originally designed for their
antifungal properties [163], have potential as inducers of
the Nrf2 pathway. Future studies using novel formulations
may yield exciting therapeutics in the upcoming years.
Moreover, testing new synthetic electrophilic compounds
using novel platforms for targeted delivery could offer sig-
nificant advances in redox medicine.

5.2. Nitric Oxide and Related Compounds. •NO is a small
nitrogen-centered free radical gas that can diffuse several cell
diameters from its production site. As mentioned above, it is
synthesized by nitric oxide synthases (NOS). It serves as a
neurotransmitter involved in memory and learning, and as
a signaling molecule controlling vascular tone, cell prolifera-
tion, and cell survival. During inflammation an inducible
form of NOS (iNOS) produces large quantities of •NO
involved in host protection against pathogens. Because of
its role in vascular homeostasis, its potential therapeutic role
in vascular disease has been extensively studied and is
reviewed elsewhere [164]. Direct inhalation of •NO is the
simplest way to deliver it. Inhaled •NO has been clinically

used to treat pulmonary hypertension and acute respiratory
distress syndrome. However, a recent systematic review
analyzing 14 different trials shows that even though inhaled
nitric oxide improves oxygenation, there is no reduction in
mortality [165]. On the other hand, inhalational •NO appears
to be beneficial for respiratory failure in terms of infants after
meta-analysis of 16 studies [166]. •NO reduced mortality
and/or use of extracorporeal membrane oxygenation. More-
over, inhalational •NO reduces development of chronic lung
disease and use of extracorporeal membrane oxygenation in
newborns with persistent pulmonary hypertension [167].
Similarly, Miller et al. [168] conducted a randomized study
in infants with pulmonary hypertension after congenital
heart surgery. They found that inhalation of •NO lessens
the risk of pulmonary hypertensive crises and shortens
postoperative recovery [168].

Since •NO is highly reactive, inhalational •NO is
mostly a local intervention to the airways. When it comes
to systemic administration, different strategies have been
used to increase •NO: administration of its precursors
L-arginine, use of •NO donors, or use of other •NO bioactive
compounds such as nitrates, nitrite, or S-nitrosothiols. A
systematic review in 2017 that included 5 completed clinical
trials assessing the use of glyceryl trinitrate in patients with
stroke concluded that there is no evidence to recommend
use of this drug in stroke [169]. The amount of preclinical
data suggesting a beneficial effect of increasing •NO for the
treatment of vascular disease has not led to a successful
clinical translation. Even though there are several attempts
to increase •NO via systemic administration of L-arginine
or nitric oxide donors, they have failed to improve vascular
outcomes (reviewed in [164] and [170]). A large prospective
multicenter, randomized trial studying the effect of •NO
donors on restenosis after balloon angioplasty showed a
modest improvement on angiographic restenosis but no
differences in clinical outcomes [171]. These negative results
highlight the issue of attempting to treat a localized •NO
deficiency at sites of arterial disease via a systemic approach.
Hence, numerous attempts to deliver bioactive •NO locally
aim at overcoming the problems with systemic delivery.
Endolumenal delivery of •NO via a permeable balloon cathe-
ter inhibits restenosis in the rat carotid balloon injury model
[172]. We have shown that an S-nitrosated nanofiber
targeted to sites of arterial injury significantly inhibits reste-
nosis in the rat balloon carotid injury model [173].

Further evidence that targeted or localized approaches
result in successful clinical application of •NO-based thera-
pies is provided from fields that lend themselves to formula-
tions for local delivery. One such field is dermatology, and
the anti-inflammatory and antimicrobial properties of •NO
show promise to treat acne vulgaris [174]. Results of a phase
II clinical trial (NCT01844752) show that a topical formula-
tion of •NO decreases inflammatory and noninflammatory
lesions in subjects with acne vulgaris [175].

5.3. Flavonoids. Flavonoids are a group of naturally occurring
compounds found in many fruits and vegetables as well as
beverages such as tea and wine. The flavonoid active com-
pounds are secondary metabolites that have been proven
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beneficiary in protecting against atherosclerotic disease
progression [176]. Flavonoids were initially identified for
their direct scavenging properties but recent findings point
out that the indirect antioxidant effects are of greater biolog-
ical relevance and better support the use of these compounds
as therapeutics [177]. Accordingly, flavonoids have been
ascribed to anti-inflammatory, anticancer, and antithrom-
botic properties with dose-dependent effects [178].

5.3.1. Curcumin. Curcuma longa, turmeric, is the yellow-
pigmented spice commonly used in curries that is comprised
of naturally occurring phenolic compounds called curcumi-
noids. Curcumin is the most abundant of the curcuminoids
and is classified as a linear diarylheptanoid with multiple
functional groups. In mice, curcumin has been shown to
induce Nrf2 nuclear translocation and induction of ARE/
EpRE signaling [179]. Curcumin has been shown to inhibit
gastric tumor growth by disrupting cellular bioenergetics
[180] and to reduce the atherogenic and dyslipidemic panel
in patients with chronic disease [181, 182]. Multiple studies
show adjunct supplementation of curcumin with other active
ingredients induces redox homeostasis in metabolic syn-
drome [183]. Of note, curcumin has been extensively
pursued as a therapeutic with over $150 million in federal
funds linked to biomedical studies, yet no conclusive thera-
peutic effects in humans have been determined to date
[184]. Nelson et al. [184] recently published an extensive
review describing some considerations to explain the pitfalls
of using curcumin. In general, the poor absorption of curcu-
min and limited abundance of the active compound may
hinder its therapeutic potential as a systemic agent. Further-
more, they classify curcumin as a pan-assay interference
compound which may show activity in an assay by interfer-
ing with the readout rather than by the specific compound/
target interaction the assay aims to assess. Nevertheless,
because of its lipophilic characteristics, curcumin could still
be considered a good agent for synergic localized or targeted
therapy if better formulations arise. Indeed, nanoparticle-
encapsulated curcumin has been shown to have antimicro-
bial properties and to promote wound healing in an in vivo
murine wound model [185].

5.3.2. Quercetin. Quercetin is a polyphenolic, pigmented
flavonoid found in capers and onions that acts as an ROS
scavenger. Quercetin has been proposed to have antioxidant
effects in inducible vascular models of disease [186, 187],
while also exhibiting anti-inflammatory and antineoplastic
properties in several other models [188–190]. Unfortunately,
most flavonoids are not readily absorbed by the human intes-
tine which severely limits the bioavailability and overall
therapeutic potential of quercetin [191]. It has failed to
exhibit the anticipated preventative effects on serum phos-
pholipids in healthy subjects as a supplement over an
8-week period [192]. Also, no significant changes in
endothelial function or •NO production were reported after
50–400mg doses of water-dissolved quercetin extract were
given to healthy subjects [193] (ACTRN12615001338550).
It has been reported that a food matrix, as in onion powder
rather than extract, significantly increases the bioavailability

of quercetin in animals and humans [194]. Burak et al.
[195] recently showed that the use of concomitant onion skin
extract, instead of quercetin dehydrate alone, significantly
increased the oral bioavailability of quercetin in healthy
subjects. Extracting quercetin during food processing may
be the factor limiting bioavailability of this flavonoid. As
such, combinatorial therapy with other antioxidants, as has
recently been trialed [196], may enhance quercetin delivery
and overall benefit.

5.3.3. Resveratrol. Resveratrol is a natural phenol found in
berries. It is the most studied flavonoid in scientific research
and has the potential to induce Sirtuin-1 activity [197] and
modulate Nrf2 [198] and NF-κB [199]. In vitro studies indi-
cate anti-inflammatory effects from resveratrol in multiple
cell lines [200, 201]. In human keratinocytes, it has been
shown to reduce H2O2-induced production of ROS [202]. It
also has proven preventive antioxidant therapeutic effects in
multiple animal injury models [203–205]. In chickens,
resveratrol induces redox balance via heat shock protein reg-
ulation in immuno-competent tissues [206]. In clinical stud-
ies, oral supplementation in adult smokers significantly
decreased acute phase markers and triglycerides but did not
alter chronic disease markers, weight, and blood pressure
[207]. Topical application of resveratrol and vitamin E
increased skin pigmentation and elasticity by altering heme
oxygenase 1 and other collagen-specific targeting genes
[208]. Orally administered resveratrol reduced cardiovascu-
lar disease risk in hypercholesterolemia patients and also
increased serum vitamin E levels [209]. Apostolidou et al.
[209] highlight the synergistic properties of resveratrol and
vitamin E in decreasing cardiovascular disease risk. This
illustrates the great potential that flavonoids, specifically res-
veratrol, might have as a joint therapy with other antioxidant
molecules.

5.4. Thiol Molecules

5.4.1. Glutathione. Glutathione (GSH) is a nonprotein, tri-
peptide thiol and one of the most abundant antioxidants in
the body. In its reduced form, GSH is integral for cellular
metabolism and maintaining cellular redox homeostasis.
Work done by Mischley et al. [210] suggested that intranasal
delivery may be able to augment GSH levels within the
nervous system of patients with Parkinson’s disease. In a
follow-up phase II trial, however, there was no significant
improvement in motor function from intranasal GSH deliv-
ery compared to the placebo [211]. In 2015, Schmitt et al.
[212] showed that sublingual GSH was absorbed more
effectively than oral supplementation by bypassing hepatic
metabolism, potentially revealing a compelling new delivery
approach. Several clinical trials assessing the benefit of oral
GSH delivery are currently underway for growth improve-
ment in children with cystic fibrosis (NCT03020719) and
overall health of adults with a history of malnutrition
(NCT03166371). Future work will dictate whether the thera-
peutic benefits of GSH can be through isolated administra-
tion or will continue to rely on intracellular upregulation by
exogenous agents.
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5.4.2. N-Acetylcysteine. N-acetylcysteine (NAC) is a prodrug
thiol and precursor for cysteine and GSH. NAC treatment
has been promising in in vitro [213] and in vivo [214] models
but has fallen short in clinical trials similarly to most other
antioxidants. NAC was ineffective in randomized clinical
studies of arterial disease [215] and in attenuating nephro-
toxicity [216]. Kazemi et al. [217] found no association
from a high dose of prophylactic NAC given orally before
and after surgery in preventing postoperative atrial fibrilla-
tion. A clinical trial evaluating NAC administered with
amiodarone, which helps regulate heart rhythm, in pre-
venting atrial fibrillation after thoracic surgery is currently
in phase III (NCT02750319). Synergic NAC administra-
tion has been promising in treating infection [218] and
reflux disease [219]. Trials using NAC with L-carnitine
for polycystic ovary syndrome (NCT03164421) and with
the drug minocycline for the treatment of bipolar depres-
sion (NCT02719392) are currently underway. As of 2017,
there are over 70 other ongoing clinical trials using NAC
as a sole therapeutic or together with other antioxidant
molecules or drugs which will broaden our understanding
of this unique prodrug.

5.5. Other Scavenging Molecules

5.5.1. Coenzyme Q10 and MitoQ10. Coenzyme Q10 (CoQ10)
is a lipid-soluble ubiquinol antioxidant with high functional-
ity in the Golgi apparatus and endoplasmic reticulum [220].
CoQ10 has been shown to reduce oxidative stress by modu-
lating UBIAD1 and eNOS enzymatic activity in cardiovas-
cular tissues [221]. A research group from Linköping
University in Sweden has published multiple papers using
oral administration of CoQ10 in clinical studies. The
results show a direct effect on serum selenium levels which
corresponds with decreased cardiovascular mortality rate in
elderly patients [222]. CoQ10 in joint administration with
selenium modified over 100 different microRNA expression
levels in healthy elderly patients [223]. Lastly, the joint
administration with selenium for 4 years increased insulin-
like growth factor-1, which has implications of anti-
inflammatory and antioxidative effects, further explaining
the observed reduction in cardiovascular mortality in these
trials [224]. Yet, a 300mg oral dose of CoQ10 12 hours post-
procedure did not reduce periprocedural myocardial injury
in patients with elective percutaneous coronary interventions
but did decrease C-reactive protein [225]. MitoQ10 is a 3rd
generation derivate of CoQ10 that has an added positive
charge with direct targeting for the mitochondria. Even
though this approach does not target a specific organ or
tissue, it directs the redox intervention to a specific organelle.
MitoQ10 administered in drinking water jointly with
Losartan prevented hypertensive disease and consequent
rat myocardial hypertrophy [226]. In a clinical trial, orally
administered MitoQ10 showed no therapeutic benefit as a
Parkinson’s disease-modifying therapy [227]. MitoQ10 is
currently in clinical trials for improving physiological func-
tion of middle-aged and older adults (NCT02597023), atten-
uating chronic kidney disease (NCT02364648), and reducing
fatigue experienced by patients with multiple sclerosis

(NCT03166800). The benefits of these two therapeutics
appear yet to come, especially for MitoQ10 as it advances
into promising clinical trials.

5.5.2. Ebselen. Ebselen is a synthetic selenoorganic molecule
with antioxidant, anti-inflammatory, antimicrobial, and anti-
fungal properties. This molecule is capable of catalytically
scavenging hydrogen peroxide and organic hydroperox-
ides, at the expense of cellular thiols, thus mimicking glu-
tathione peroxidase [228]. Additionally, ebselen can react
with ONOO− (k= 106M−1 s−1) providing another possible
mechanism of redox modulation [229]. Moreover, the ability
of ebselen to react with cellular thiols makes ebselen a weak
electrophile capable of activating Nrf2 [230]. SPI-1005 is an
oral formulation of ebselen developed by Sound Pharmaceu-
ticals Inc. that has undergone phase I trials for hearing loss
(NCT01452607) and Meniere’s disease (NCT02603081)
and phase II trials for preventing noise-induced tempo-
rary auditory threshold shifts (NCT01444846) [231]. Cur-
rently, ebselen is in phase II trials to prevent ototoxicity
(NCT02819856), as well as noise-induced (NCT02779192)
and chemotherapy-induced (NCT01451853) hearing loss.
Preclinical evidence suggested that ebselen improves insu-
lin secretion and pancreatic islet viability in murine
models of diabetes [232, 233]; however, ebselen failed to
improve glycemia and vascular function in a small clinical
trial with diabetic patients [234]. Importantly, this trial
measured redox markers and showed that the ebselen
dose and regimen used did not reduce any systemic
markers of oxidative stress, suggesting that redox regula-
tion was not achieved. The failure of this trial should
not be taken to imply that redox imbalance is not at the
core of the disease. Rather, as the redox state was not
altered, this suggests that a wrong dose, improper admin-
istration route, or perhaps even the wrong redox-active
molecule was used. Ongoing work with different formula-
tions of selenoorganic molecules [235] may yield new and
interesting therapeutics.

5.5.3. Edaravone. Edaravone is a synthetic reactive species
scavenging antioxidant previously named MCI-186. Edara-
vone has been reported to specifically quench hydroxyl
radicals, thus preventing lipid peroxidation, and has been
used for the treatment of ischemia-reperfusion injury in
Japan for more than a decade [236]. Edaravone was
rebranded as Radicava in 2017 after its approval by the
U.S. Food and Drug Administration (FDA) for the treat-
ment of amyotrophic lateral sclerosis (ALS) [237], a rare
neurodegenerative disease that effects voluntary muscle
movement. This designation was made after the conclu-
sion of the final phase III trial in October of 2017
(NCT01492686). Radicava treatment significantly reduced
the rate of disability progression experienced by patients
with ALS. The FDA approval of an antioxidant molecule
shows promise that identifying the proper disease and
patient population for a given molecule can result in a
successful drug campaign and, more importantly, in an
effective redox-based therapy.
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6. Conclusion

A causal relationship linking redox dysfunction with disease
would predict successful translation to the clinic of therapies
aimed at restoring redox homeostasis. However, the com-
plexity of cellular redox reactions continues to thwart the
utility of antioxidants as effective therapeutics in disease
prevention and treatment. The first trials aimed at restoring
redox homeostasis utilized antioxidants for their direct
scavenging and redox cycling properties but were largely
unsuccessful. Current evidence suggests that using molecules
to upregulate endogenous antioxidant enzyme expression
can have useful therapeutic benefits. Likewise, inhibition of
ROS/RNS producing enzymes or inhibiting pathways that
promote excess ROS/RNS generation could ultimately yield
a greater efficacy than attempting to scavenge these species
directly. Early failures of redox-active molecules in clinical
trials may reflect the wrong choice of therapeutic, the wrong
dose, or wrong selection of a patient population that would
benefit the most from the intervention. Not accounting for
these possibilities might lead to the conclusion that redox
dysfunction is not part of the disease etiology. Importantly,
few studies actually assess the effect of the redox intervention
on redox biomarkers. If an antioxidant fails to improve
primary outcomes, it is important to know if it actually
affects redox markers. If the intervention does not improve
redox status, then it is likely that the selection of drug, dose,
or route of administration was not ideal. This issue does
not have a clear solution since there is not a consensus as to
what biomarkers to use when assessing redox function
in vivo. Having some evidence that the tested drug actually
improves redox homeostasis, however, allows for the identi-
fication of a subset of patients that are more likely to benefit
from the redox intervention. For example, the use of tirapa-
zamine, a reductively activated drug to potentiate chemo-
therapy in patients with squamous cell carcinoma, showed
a promising significant effect in patients with hypoxic tumors
[238]. However, in a large phase III trial without selection for
hypoxia, addition of tirapazamine to chemoradiotherapy
showed no improvement in outcomes [239]. This highlights
the need to identify the patient population that is most likely
to benefit from the intervention. Failure to identify this
subpopulation could dilute the patient pool potentially
masking beneficial effects. Similarly, the example shows the
importance of measuring the specific conditions related to
the expected mechanism of action. Current studies address
several of these issues. Importantly, many successful clinical
trials have exploited local delivery or a targeted effect to
specific cells. The realization that local and targeteddrugdeliv-
ery could directly address the problem of systemic effect of
redox therapies opens a new and exciting avenue for transla-
tional redox research. As the drug delivery field develops new
and better ways to precisely target therapeutic payloads to tis-
sue sites, we can specifically address local redox dysfunction.
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Chronic obstructive pulmonary disease (COPD) includes chronic bronchitis and emphysema. Environmental exposure, primarily
cigarette smoking, can cause high oxidative stress and is the main factor of COPD development. Cigarette smoke also contributes to
the imbalance of oxidant/antioxidant due to exogenous reactive oxygen species (ROS). Moreover, endogenously released ROS
during the inflammatory process and mitochondrial dysfunction may contribute to this disease progression. ROS and reactive
nitrogen species (RNS) can oxidize different biomolecules such as DNA, proteins, and lipids leading to epithelial cell injury and
death. Various detoxifying enzymes and antioxidant defense systems can be involved in ROS removal. In this review, we
summarize the main findings regarding the biological role of ROS, which may contribute to COPD development, and
cytoprotective mechanisms against this disease progression.

1. Introduction

Chronic obstructive pulmonary disease (COPD) is a major
health problem that is becoming the leading cause of morbid-
ity and mortality throughout the world [1]. This disease is
characterized by chronic inflammation, remodeling of the
small airways, and destruction of the lung parenchyma [2].
It is believed that oxidative stress is increased in patients with
COPD due to chronic exposure to cigarette smoke, a main
risk factor, which contains a high concentration of oxidants
and reactive oxygen species (ROS) (Figure 1) [3]. Other
factors can also contribute to COPD development, such as
bacterial and viral infections. Disease development is linked
to a protease/antiprotease imbalance [4] that may lead to
the lack of the protection against elastolytic enzymes. This
imbalance may also create the disproportion of oxidant/anti-
oxidant due to high endogenous ROS released by inflamma-
tory cells such as neutrophils, macrophages, and structural
cells, for example, epithelial and endothelial cells [1]. How-
ever, cells can be protected against oxidative stress by

enzymatic and nonenzymatic antioxidant systems [5]. Pre-
clinical studies and clinical trials have shown that antioxidant
molecules such as small thiol molecules (N-acetyl-L-cysteine
and carbocysteine) [6–8], antioxidant enzymes (glutathione
peroxidases) [9], activators of Nrf2-regulted antioxidant
defense system (sulforaphane) [10, 11], and vitamins, for
example, C, E, and D [12–14], can boost the endogenous
antioxidant system and reduce oxidative stress. In addition,
they may slow the progression of COPD. In this review, we
focus on the mechanism of action of endogenous and exoge-
nous ROS that can contribute to this disease development
and the cytoprotective role of antioxidant molecules [15].

2. Chronic Obstructive Pulmonary Disease

COPD is the fourth leading cause of death in the United
States [16] and is set to become the third cause of mortality
in 2020 worldwide [17]. COPD is as a common, preventable,
and treatable disease, characterized by persistent airflow lim-
itation that is usually progressive and associated with an
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enhanced chronic inflammatory response in the airways and
the lung to noxious particles or gases. The most commonly
encountered risk factor for COPD is cigarette smoke [2].
Moreover, outdoor, occupational, and indoor air pollution
may contribute to this disease development. COPD refers
mainly to two types: chronic bronchitis and emphysema.
Chronic bronchitis is defined as the presence of a cough
and sputum production for at least three months in each of
two consecutive years [16, 18]. Emphysema is characterized
by the destruction of the alveoli, the tiny air sacs in the lung
where the exchange of oxygen and carbon dioxide takes
place, which results in a decreased level of oxygen in the
blood (hypoxemia) combined with an increased level of
carbon dioxide in the blood (hypercapnia). Tuder et al.
[19, 20] indicated that cigarette smoke could induce alveolar
wall destruction by the interaction of apoptosis, oxidative
stress, and protease/antiprotease imbalance. This may cause
emphysema, which leads to the progressive and relentless
loss of lung function due to the destruction of lung paren-
chyma and chronic inflammation. Furthermore, studies from
animal models indicate that 4- to 6-month exposure to ciga-
rette smoke leads to emphysema development in mice, rats,
and rabbits [21–23]. Exacerbations of COPD are of major
global importance [24]. Exacerbations are defined as sus-
tained worsening of the patient’s condition of the stable state
and beyond normal day-to-day variations that is acute in
onset and may warrant additional treatment in a patient with
underlying COPD [25]. It has been reported that exacerba-
tions are also involved in emphysema progression in patients
with COPD [26]. Bacteria, viruses, and environmental

agents account for the vast majority of episodes of exacer-
bation. Exacerbation, systemic inflammation, ROS genera-
tion, alterations of metabolism, cardiovascular events, and
lung cancer contribute to the overall disease severity and
untimely death [2, 20].

3. Oxidative Damage of Biological Molecules

Exposure to exogenous sources of ROS such as cigarette
smoke, air pollutants, or endogenously released ROS from
leukocytes and macrophages involved in the inflammatory
process can induce oxidative stress and the oxidant/antioxi-
dant imbalance (Figure 2) [15]. Neutrophils have a key role
in inflammatory processes and have been implicated in the
development and progression of all of the pulmonary fea-
tures of COPD through the release of destructive mediators
such as neutrophil elastase and matrix metalloproteinases.
Moreover, pulmonary neutrophilic inflammation is a feature
of cigarette smoking, but importantly, in patients with
COPD, it is sustained even following smoking cessation
[27, 28]. Activated immune cells such as neutrophils and
macrophages release ROS as a part of the inflammatory pro-
cess [29]. ROS can react with biological molecules such as
lipid, protein, DNA, RNA, and mitochondrial DNA and
leads to epithelial cell injury and death (Figure 3), which con-
tribute to COPD development.

During the respiratory burst, neutrophil myeloperoxidase
catalyzes the oxidation of chloride ions (Cl−) by hydrogen per-
oxide (H2O2) to generate the anionic ROS hypochlorite (OCl-)
or its conjugate acid, hypochlorous acid (HOCl) (Figure 4(a))
[27]. The concentration of HOCl in the interstitial fluids of
inflamed tissue has been estimated to reach more than
5mM. HOCl has high reactivity, rapidly reacts with a variety
of biomolecules, and cannot reach distant intracellular targets
[30]. However, reaction of HOCl with amines can generate
much more stable chloramines that can diffuse greater dis-
tances [27]. Only a few low molecular weight amines, such
as nicotine in cigarette smoke, have been found to form chlo-
ramines that can cross cellular membranes and mediate
HOCl-induced intracellular protein damage [31].

At themolecular level, ROSmay induce lipid peroxidation
(Figure 4(b)) and yield products such as malondialdehyde,
which has the ability to inactivate many cellular proteins by
generating protein cross-linkages [32]. This may stimulate
pulmonary inflammation [33], promoting alveolar wall
destruction and emphysema development. Another product
of lipid peroxidation is 4-hydroxy-2,3-nonenal, which has
many cytotoxic effects [34]. It has been shown to cause cyto-
plasmic Ca2+ accumulation, induce expression of proinflam-
matory cytokines and NF-κB, mitochondrial dysfunction,
and apoptosis. The end products of lipid peroxidation such
as ethane, pentane, and 8-isoprostane are elevated in the
breath and serum of patients with COPD [35].

ROS can also cause reversible and irreversible protein
modifications. Protein s-sulfenation, s-nitrosylation, s-glu-
tathionylation, disulfides, thiosulfinates, sulfenamides, sulfi-
namides, and persulfides are reversible modifications [36,
37]. They are involved in redox regulation of protein func-
tions by ROS and RNS. Moreover, these modifications play

ROS in
lung 

COPD

Lung
cancer
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fibrosis
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Figure 1: Potential contribution of ROS to various lung disease
development. ROS—reactive oxygen species; COPD—chronic
obstructive pulmonary disease; ARDS—acute respiratory distress
syndrome.
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important roles in health because they contribute to regula-
tion of cellular defense systems and protection against oxida-
tive stress. Protein carbonyls, nitrotyrosines, sulfinic acids,
sulfonic acids, and sulfonamides are irreversible modifica-
tions [37, 38]. Oxidation of proteins may lead to activation
of NF-κB, p38 MAPK, induction of inflammatory genes,
and inhibition of the activity of endogenous antiproteases,
which may contribute to this disease pathogenesis [39].
Although, irreversibly oxidized proteins are often indicators
of high oxidative stress and oxidative damage and are
detected in lung diseases, they may also be present under
normal conditions.

Moreover, ROS can also induce RNA, DNA, and mito-
chondrial DNA (mtDNA) damage. Studies suggest that RNA
is more vulnerable to oxidative damage than other cellular

components [40]. RNA could have enhanced susceptibility
for oxidative attack because of its widespread cytosolic distri-
bution, single-stranded structure, absence of protective his-
tones, and lack of an advanced repair mechanism [41]. More
than 20 different types of base damage by hydroxyl radicals
have been identified [40].

The most prevalent oxidized base in RNA is 8-
hydroxyguanosine (8-OHG). The highly reactive hydroxyl
radical first reacts with guanine to form a C8-OH adduct
radical. Then, the loss of an electron and proton generates
8-OHG (an oxidized RNA nucleoside). It is worth to
notice that RNA oxidation is more prevalent than DNA
oxidation in alveolar wall cells in emphysema [41]. How-
ever, DNA oxidation promotes microsatellite instability,
inhibits methylation, and accelerates telomere shortening.
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Figure 2: Exogenous and endogenous sources of ROS such as superoxide anions, hydrogen peroxide, hydroxyl radicals, and hypochlorous
acid in cells.
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Figure 3: ROS reaction with various biomolecules such as proteins, lipids, and DNA may cause cell injury leading to apoptosis and necrosis.

H2O2 + Cl− → OCl− + H2O

(a)

RH + •OH → H2O + R•

R• + O2 → ROO•

ROO• + RH → ROOH + R•

(b)

Q• + QH2 → 2H+ + 2Q•−

Q•− + O2 → Q + O2
•−

O2
•− + 2H+ → H2O2

(c)

O2
•− + NO• → ONOO−

(d)

R-OO• + NO• → ROONO

(e)

Figure 4: The mechanism of ROS interaction with biomolecules. (a) Hypochlorite anion production catalyzed by myeloperoxidase; (b) lipid
peroxidation; (c) production of hydrogen peroxide; (d) peroxynitrite generation; (e) production of alkyl peroxynitrites. H2O2—hydrogen
peroxide; −OCl—hypochlorite anion; RH—unsaturated lipid; •OH—hydroxyl radical; R•—lipid radical; ROO•—lipid peroxyl radical;
ROOH—lipid peroxide; Q/QH2—quinone/hydroquinone; O2

•−—superoxide anion; NO•—nitric oxide; ONOO−—peroxynitrite;
ROONO—alkyl peroxynitrites.
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8-hydroxy-2′-deoxyguanosine (8-OHdG) is a product of
oxidized DNA and widely used as a marker of oxidative
cellular damage. Moreover, p53 mutation, observed in lung
cancer, is linked to a direct DNA damage due to exposure
to carcinogens in cigarette smoke [42]. It is worth noting
that patients with emphysema have a high risk of lung
cancer development [43]. ROS are also the main source
of mtDNA damage and mutagenesis [44]. The main prod-
ucts of mtDNA base damage are thymine glycol among
pyrimidines and 8-OHdG among purines. The former
has low mutagenicity, whereas the latter upon replication
can cause characteristic G→T transversions. MtDNA with
oxidative damage may lead to mitochondrial dysfunction
in alveolar epithelial cells [45].

4. Reactive Oxygen Species

It is believed that oxidative stress induced by cigarette smoke
and oxidative cell damage play a pivotal role in the COPD
development [7]. Cigarette smoke is a complex mixture of
numerous free radicals and ROS that can be divided into
two phases: tar (particle) and gas. Tar phase covers about
1017 relatively long-lived radical molecules per gram, for
example, quinone/hydroquinone (Q/QH2) radicals that can
reduce oxygen to produce superoxide anion (O2

•−) leading
the generation of H2O2 (Figure 4(c)) and hydroxyl radical
(•OH) [3, 46]. Primary among highly reactive ROS is •OH,
which can damage all types of macromolecules upon colli-
sion, thus having a diffusion-limited lifetime of approxi-
mately 1 nanosecond [47]. Hydroxyl radicals can be
generated by Fenton chemistry involving H2O2 and either
ferrous iron (Fe(II)) or cuprous copper (Cu(I)), which consti-
tute dangerous intersections of metal and redox homeostasis.
Particulate matter (PM) pollutants were shown to be iron-
rich and to increase oxidative stress, providing opportunity
for damaging Fenton chemistry to occur and generate •OH
in the lung [48]. Less reactive than •OH but still dangerous
is the superoxide radical anion (O2

•−), which can participate
in one electron redox chemistry, predominantly with metals
and flavin cofactors. In contrast, H2O2 is a relatively stable,
neutral ROS that can diffuse significant distances from its site
of production [47]. Unlike the superoxide radical anion,
H2O2 participates primarily in two-electron redox chemistry,
predominantly with sulfur-containing moieties in the cell.
However, H2O2 can also participate in some one-electron
chemistry with transition metals (see above for a discussion
of Fenton reaction). H2O2 can serve as a signaling molecule
at low concentrations as well as a damage agent at higher
concentrations and thus has a complex cellular role that is
defined by overlapping mechanisms of H2O2 detection, sig-
nal transduction, and destruction [49, 50]. Moreover, HOCl
generated in the presence of H2O2 can further lead to for-
mation of more toxic ROS such as •OH [27]. The high
reactivity of the hypochlorite anion (−OCl) means that it
is fairly indiscriminate in modifying its targets, typically
with second order rate constants of 105–107M−1 s−1 [51].
In proteins, cysteine, histidine, and methionine are among
the favored residues for modification. Primary amines, such
as those found in the sidechain of lysine, can also be

modified to chloramines by −OCl. In total, high ROS levels
may cause lung tissue damage and respiratory problems via
modification of diverse target molecules via distinct, ROS-
specific mechanisms.

Gas phase of cigarette smoke contains much more reac-
tive molecules than tar. This phase consists of 1015 organic
and inorganic radicals per puff [3], for example, nitric oxide
(NO•), nitrogen dioxide, and peroxynitrite (ONOO−). Ciga-
rette smoke contains 74.5–1008 ppm NO• [52] and thus rep-
resents one of the main ROS and reactive nitrogen species
(RNS) to which smokers are exposed. NO• has a short half-
life (t1/2~0.09 to 2 s) [53]; however, it reacts quickly (second
order rate constant ~2.4 ± 0.3× 106M−2 s−1) [54] with O2

•−

to form peroxynitrite (ONOO−) (Figure 4(d)). Peroxynitrite
is a RNS that is involved in many physiological and patholog-
ical processes [55, 56]. Peroxynitrite possesses a very strong
oxidation and nitration capabilities, leading to damaging
molecules in cells, such as DNA and proteins. A second order
reaction depends on the concentrations of one second order
reactant or two first order reactants, which are O2

•− and
NO• in the case of peroxynitrite generation. NO• can also
react with organic lipid peroxyl radicals (ROO•) present in
cigarette smoke to form alkyl peroxynitrites (ROONO)
(Figure 4(e)), which are cytotoxic species. Moreover, NO•

and O2
•− are produced by inflammatory cells such as macro-

phages, by nitric oxide synthases (NOSs) and NADPH oxi-
dase complexes (NOXs), respectively. Furthermore, ROS
and RNS can be released by a noncontrolled process as by-
products during mitochondrial respiration, peroxisomal
metabolism [57], and protein folding maturation process in
the endoplasmic reticulum [58]. Their increased formation
leads to oxidative stress and lung damage.

5. Mitochondrial Dysfunction

Mitochondria are dynamic intracellular organelles that con-
stantly change in shape, size, number, and distribution
through constitutive cycles of fusion and fission [59]. Mito-
chondrial fusion contributes to maintain intact mitochon-
drial DNA copies, mitochondrial membrane components,
and matrix metabolites. Mitochondrial fission plays a role
in the segregation of dysfunctional mitochondria from the
pool of mitochondria. Accordingly, mitochondrial fission is
highly correlated with cell apoptosis [60]. Specifically, mito-
chondrial fission is achieved by phosphorylation of Drp1 at
Ser616, which promotes the recruitment of Drp1 from the
cytosol to the mitochondrial surface by human fission
protein-1. The possible mechanism indicates that oxidative
stress triggers mitochondrial fission and loss by enhancing
Drp1 translocation from the cytosol. Cigarette smoking-
induced mitochondrial ROS can accelerate phosphorylation
of Drp1. Therefore, prolonged oxidative stress can cause an
imbalance in fission-fusion, resulting in mitochondrial frag-
mentation, which may contribute to cell death.

Mitochondria may serve as sensors to detect perturba-
tions of intracellular homeostasis, including oxidative stress
[61]. Histone proteins are reported to protect DNA from a
variety of potentially dangerous ROS, such as •OH. High sen-
sitivity of mtDNA to damage caused by oxidative stress is
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related to the proximity to the source of ROS, the lack of
protective histones, and a relatively inefficient mtDNA
repair [62]. This may induce the synthesis of defective
mitochondrial electron transport chain subunits, further
resulting in the decreasing transmembrane potential and
leading to the abnormal overproduction of ROS, which
damage cells [59]. This further contributes to disturbances
in the redox balance leading to the imbalance between the
oxidants and antioxidants in the cell. Finally, this cause
mitochondrial dysfunction, permeabilization of the outer
mitochondrial membrane, release of apoptotic proteins, and
cell death [63]. Specifically, O2

•− can lead to mitochondrial
depolarization by facilitating cytochrome c release. Mito-
chondrial dysfunction has been reported in airway smooth
muscle cells obtained from smokers and patients with COPD
[64]. These cells were unable to provide adequate respiration
and had a severely reduced respiratory reserve capacity.
Bronchial epithelial cells obtained from ex-smokers with
COPD showed damaged mitochondria, with depletion of
cristae, increased branching, elongation, and swelling [65].
Moreover, mitochondrial dysfunction in patients with COPD
is associated with excessive mitochondrial ROS levels, which
contribute to enhanced inflammation [64].

Damaged or dysfunctional mitochondria are cleared
from the cells by the autophagy-dependent turnover of mito-
chondria (mitophagy) [66]. Mitophagy is considered a
homeostatic program that maintains a healthy mitochondrial
population for cytoprotective roles in disease pathogenesis
[67]. In contrast, mitophagy may be also a possible effector
of cell death programs. Recent studies indicate that mito-
phagy is associated with epithelial cell death in COPD, specif-
ically involving necroptosis, a form of programmed necrosis,
in response to cigarette smoke exposure. In cultured pulmo-
nary epithelial cells, cigarette smoke caused mitochondrial
dysfunction associated with a decline of mitochondrial mem-
brane potential and increased mitochondrial ROS produc-
tion. Furthermore, it was reported that mild and transient
oxidative stress induced by H2O2 does not damage mito-
chondria, but rather initiates a ROS signaling cascade, lead-
ing to the induction of selective mitophagy [68]. This in
turn would promote the selective removal of damaged mito-
chondria. Prolonged and more excessive ROS triggers early
phase of autophagic process, including cytoprotection. How-
ever, higher ROS concentrations may overload this and other
quality control systems, leading to permanent cell damage
and reduced viability. Based on these observations, ROS
can act as signaling molecules influencing cell fate. Redox
regulation can promote both survival, for example, during
starvation. On the other hand, if the prosurvival attempt fails,
high oxidative stress causes cell death [69]. Taken together,
studies suggest that mitochondrial dysfunction induced by
oxidative stress is a key contributor to the pathophysiology
of COPD. Targeting mitochondrial ROS represents a prom-
ising therapeutic approach in patients with this disease.

6. Antioxidant Defenses against ROS

Cells mount a diverse and robust defense against ROS, which
includes an overlapping array of enzyme activities that are

specific for particular ROS. Of the common ROS, only •OH
is so reactive that there are no effective enzymatic detoxifica-
tion strategies (see above for a discussion of •OH). Because
•OH is so indiscriminately destructive, no mechanisms in
the cell can effectively counter it. Although glutathione
(GSH) has been suggested as a general redox buffer against
this and other ROS, recent work suggests that GSH exerts its
antioxidant effect mostly through enzymatic pathways such
as glutaredoxins or as the reductant for glutathione peroxi-
dases [70]. Tocopherol and ascorbate form moderately stable
radicals and thus can act as “sinks” for •OH and other radicals,
although •OH will react with the first molecule it encounters,
which is unlikely to be a small molecule antioxidant.

Another radical ROS is O2
•−. The superoxide anion is

detoxified by the action of the metalloenzyme superoxide
dismutase (SOD), which converts O2

•− to H2O2 and O2
(Figure 5).

Being a dismutation, there is no net change in redox state
and thus no electrons are required for the balanced reaction
[71]. Various SODs exist and are classified according to
the metals present in their active sites, which in humans
are the Cu-Zn SODs (SOD1; intracellular, SOD3; extracel-
lular) and Mn-SOD (SOD2, mitochondrial). Notably, the
Cu-Zn and Mn-SODs have completely different three-
dimensional structures as a consequence of being members
of different fold families, suggestive of convergent evolu-
tion [72]. SODs are highly efficient enzymes, dismutating
O2

•− with a kcat/KM~7× 109M−1 s−1, which exceeds the
“diffusion limit” of ~109M−1 s−1. Enzymes operating at the
diffusion limit successfully catalyze their reaction nearly
every time they encounter substrate (i.e., they are catalytically
“perfect”), which would seem to place an upper limit on
enzyme catalytic efficiency. However, because O2

•− is an
anion, the electrostatic properties of SOD are important
and have been evolutionarily optimized to guide this nega-
tively charged substrate toward a positively charged patch
near the SOD active site. In this manner, SOD electrostati-
cally “funnels” substrate toward its active site and thus
exceeds the theoretical diffusion limit on catalytic efficiency

2O2
.− O2 + H2O2

2H2O

O2 + 2H2O

SOD

2H+

2H+, 2e-

Catalase

Prx
Gpx

H2O2

2H2O2

Figure 5: Primary enzymatic means of ROS detoxification. The
relative reactivity of the ROS is indicated by color, ranging from
highly reactive (red) to inert (green). SOD—superoxide dismutases;
Prxs—peroxiredoxins; Gpxs—glutathione peroxidases.
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[73]. Therefore, SOD is remarkably proficient at removing
O2

•−, although one of its products is H2O2, another ROS.
Extracellular O2

•− produced by neutrophils is considered a
major source of alveolar and bronchial epithelial cell damage,
and the SOD system is an important component in the pul-
monary defense against hyperoxic injury [74, 75].

The predominant enzymes that handle hydrogen perox-
ide are the peroxiredoxins (Prxs), a collection of thiol-
dependent enzymes that convert peroxides into water (when
H2O2 is the substrate; Figure 5) or alcohols (when organic
peroxides of the general formula ROOH are the substrate).
Their high cellular concentration and fast rate of reaction
of Prxs with peroxides (kcat/KM~106-107M−1 s−1) mean that
they are likely the first molecules in the cell that react with
this ROS [76]. Therefore, Prxs have been postulated to be
both the front-line defense against elevated peroxide and to
mediate initial homeostatic or proliferative peroxide signal-
ing events [77]. In addition to their role in directly detoxify-
ing H2O2, the Prxs also indirectly decrease the levels of
hypochlorite (−OCl) and hydroxyl radical (•OH) by reducing
the concentration of the peroxide reactant that generates
these secondary ROS.

There are six Prxs in mammals, divided into 1-Cys or 2-
Cys classes depending on the number of critical cysteine res-
idues in their active sites. Regardless of class, all Prx reduce
peroxides via the initial formation of a cysteine sulfenic acid
(Cys-SOH) at a highly reactive, peroxidatic cysteine active
site residue. The peroxide-derived oxygen atom of the cyste-
ine sulfenic acid intermediate is released as water during the
resolution of the sulfenic acid by the attack of a second thiol,
either donated by another cysteine residue in the protein (the
resolving cysteine in the 2-Cys Prxs) or from small molecule
thiols such as glutathione (in 1-Cys Prxs). Therefore, Prx
catalysis results in disulfide-containing enzymes that must
be reduced by thioredoxin or glutaredoxin in order to restore
the resting enzyme and complete the catalytic cycle. This
process is dependent on reductases that ultimately obtain
electrons from NADPH, thereby coupling Prx-dependent
ROS detoxification to the pentose phosphate pathway, which
generates NADPH. Prxs I, II, III, and V are the isoforms that
are most highly expressed in healthy lung epithelium [78].
Additional evidence suggests that the 1-Cys Prx VI is impor-
tant specifically for the defense against lipid peroxides in the
lung [79]. A further point of particular interest is that Prx VI
also possesses phospholipase A2 activity and it is thought to
play an important role in the metabolism of lung surfactant
phospholipids that appears to be independent of its peroxi-
dase function.

Glutathione peroxidases (Gpxs) are an intriguing class of
oxidative stress defense enzymes that typically (though not
always) feature a selenocysteine residue in their active sites.
Selenocysteine, sometimes called the 21st amino acid, is
sometimes found in the active sites of redox-active enzymes
[80]. The Gpxs detoxify peroxides using a catalytic strategy
that is broadly similar to the Prxs (see above), involving the
transient oxidation of an active site residue (cysteine in the
Prxs, selenocysteine in the Gpxs) to a monooxygenated form,
either cysteine-sulfenic acid (Cys-SOH) in the Prxs or seleno-
cysteine selenenic acid (Sec-SeOH) in the Gpxs. In the Gpxs,

this Sec-SeOH is resolved by the sequential action of two
molecules of GSH. The first GSH attacks the Sec-SeOH to
form a Se-S bond with the enzyme and liberates water
(Figure 5). The second GSH regenerates the free enzyme
and produces oxidized glutathione disulfide (GSSG) with
the first GSH. As such, Gpx activity is critically linked to
the cellular glutathione pool, and the released GSSG is
reduced to GSH by NADPH-dependent glutathione reduc-
tase. Interestingly, Gpx1 deficiency results in only lung mod-
est phenotypes in mouse models; however, alteration of
pulmonary immune function has been noted [81]. In general,
it is likely that the multiple Prx and Gpx isoforms present in
mammals have significantly overlapping activities and that
redundancy has evolved in the biochemical mechanisms for
removing peroxides.

A curiosity of the cellular defense against peroxides is
that it contains so many enzymes apparently dedicated to this
task. Catalases are also hydrogen peroxide detoxifying
enzymes that, unlike the Prxs and Gpxs, use a reductase-
independent, hemedependent chemistry to convert H2O2 to
O2 (Figure 5). The hemedependent peroxidases are a related
family of enzymes that convert H2O2 to water, and some
enzymes have both activities in a single polypeptide. Cata-
lases are fast enzymes, with kcat values of ~107 s−1 but also
have very high KM values of ~1M for peroxide. Therefore,
catalases are far from their maximum rate when presented
with the nM-μM levels of H2O2 present in cells and are likely
to be kinetically outcompeted by the Prxs. This may result in
differing kinetic regimes in which the Prxs and catalases
operate, allowing effective response over a range of peroxide
insult, from chronic low level (Prxs) to acute high level stress
(catalases) [82]. Catalases are expressed in alveolar epithelial
cells and may play a particularly important role in acute
stress caused by bolus H2O2 generation, which occurs during
reoxygenation injury in the lung [83].

7. Lung Aging

The ability to prevent the oxidative damage to the lung tissue
and the potential to regenerate injured cells are two key
determinants of aging [84]. While still an area of controversy,
reports indicate that exposure to cigarette smoke, ROS, and
other environmental stressors may accelerate biological pro-
cesses associated with normal aging [85, 86]. Moreover,
recent epidemiological study has suggested that about half
of patients with COPD fail to achieve full lung function in
adolescence and early adulthood. In these individuals, this
disease might develop as a consequence of the “normal”
decline in lung function with age. Similar to emphysema,
lung aging is characterized by a decrease in the density and
an increase in the diameter of the membranous bronchioles.
However, unlike emphysema, there are no differences in
alveolar attachments. COPD may represent an accelerated
(or normal) form of lung aging.

8. Conclusions

We highlighted how environmental exposure to cigarette
smoke and endogenous ROS generated during inflammatory
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processes induce high oxidative stress, which may contribute
to COPD development. We summarized the reactivity of
the most biologically relevant ROS and RNS, which can
oxidize different biomolecules such as DNA, proteins,
and lipids. We also reviewed how oxidant molecules
(ROS) can be reduced or destroyed by diverse cytoprotec-
tive mechanisms focusing on the enzymatic protection
afforded by SODs, Prxs, Gpxs, and catalases. Antioxidant
systems, for example, GSH, vitamins A, C, and E, and
carotenoids, are important and can intersect with other
pathways [39]. Under very high oxidative stress conditions
present in patients with COPD, these mechanisms may
not correctly play their protective role, which may contribute
to exacerbation.
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