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Preface

For decades, reactive oxygen species (ROS) have been suggested as a possible
disease mechanism and therapeutic target. This went hand in hand with the intro-
duction of the term ‘oxidative stress’ and promoting antioxidants as preventative or
curative intervention. Almost every disease has been correlated with oxidative stress
or markers thereof. However, neither any therapeutic nor any diagnostic has made it
into the clinic and there is no accepted ROS-induced disease (ROSopathy). Is this
because ROS do not play a role in disease? The chapters in this book suggest this is
not the case and provide evidence. Several misconceptions have led this field in the
wrong direction. Most relevant, ROS are clearly not solely triggering disease. They
also fulfil important signalling and metabolic functions in our body. Thus, the term
‘oxidative stress’ was a bad choice as it implied ROS as being primarily a stressor
and risk, and that any strategy that eliminates or scavenges them, if this were indeed
possible, would be beneficial. But ROS are essential and thus substantially reducing
ROS levels is bound to have side-effects by neutralising any beneficial role they may
have, exactly as has been observed in numerous unsuccessful clinical trials. More-
over, not all ROS may be equal. ROS from a certain source in a specific compart-
ment may be essential, whilst in a neighbouring compartment, cell or organ a
different source is highly dysregulated and does harm. But how to identify this? In
Part I, we demystify the simplistic view of the role of ROS, i.e. small amounts being
beneficial, large amounts detrimental. We instead review their key physiological, at
low and high concentrations, and introduce an entirely new way of identifying ROS-
related disease mechanism and drug targets by systems medicine. In Part II, we then
review approaches based on modulation of the endogenous antioxidant systems; in
Part III, how to inhibit disease triggering sources of ROS; in Part IV, conditions
where even ROS stimulation or substitution is beneficial; and, most innovative, in
Part V we extend the ROS field to non-ROS enzymes, i.e. ROS targets. This is a
message for all fields. Our current concept in pharmacology to look at isolated,
curated networks around certain signalling molecules (cAMP, calcium) or
mechanisms (tyrosine kinase, GPCR) are mindmaps that have nothing to do with
disease mechanisms. Instead disease modules are more often than not hybrids from
different parts of different signalling pathways. Thus, this handbook opens a new
chapter in redox medicine, pharmacology and drug discovery in general. This is not
just another book about redox biology and biochemistry. Outstanding experts who
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provided the field with landmark publications have joined forces. The editors and
several of the contributing authors were networked by the European Cooperation on
Science and Technology (COST) with actions dedicated to ROS and systems
medicine, which is gratefully acknowledged as a major facilitator of this book and
game changer in innovating our thinking and concepts of ROS, redox medicine,
pharmacology and drug discovery.

Maastricht, The Netherlands Harald H. H. W. Schmidt
Brighton, UK Pietro Ghezzi
Madrid, Spain Antonio Cuadrado
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Abstract

The hypothesis that reactive oxygen species (ROS) can be not just associated with
but causally implicated in disease was first made in 1956, but so far, the oxidative
stress theory of disease has not led to major therapeutic breakthrough, and the use
of antioxidant is now confined to the field of complementary medicine. This
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chapter reviews the lack of high-level clinical evidence for the effectiveness of
antioxidants in preventing disease and the epistemological problems of the
oxidative stress theory of disease. We conclude on possible ways forward to
test this hypothesis with approaches that take into account personalized medicine.

Graphical Abstract

ROS type 1 ROS type 2

Physiological site
Physiological activity

ROS type 1

Unphysiological activity Unphysiological source
at unphysiological site

Unphysiological target Unphysiological targetPhysiological target with
unphysiological modification

Different cause of disease

Disregulation of ROS is cause of disease

Disregulation.of ROS is a consequence of disease

ROSopathy

The previous oxidative stress model has helped neither to diagnose nor to treat
possibly ROS-related or ROS-dependent diseases. The redox balance concept that
low ROS levels are beneficial or tolerable and high levels are disease triggers and
best reduced is apparently wrong. Physiological ROS signalling may become dys-
functional or a disease trigger by at least five mechanisms: a physiological source
may appear at an unphysiological site, a physiological source may be underactivated
(less common) or overactivated (more common), a new source may appear, a
physiological source may be overactivated or underactivated, and a toxifying
enzyme may convert an ROS signal molecule into a more reactive molecule. The
latter three mechanisms may reach a physiological or nonphysiological target. All of
these dysregulations may be the direct and essential cause of a disease (rarely the
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case) or just a secondary epiphenomenon, which will disappear once the non-ROS-
related cause of the disease is cured (much more common). Importantly, these
mechanisms are the same for almost every signalling system. Causal target valida-
tion (sources, toxifiers and targets) is essential in order to identify effective drugs and
therapies for ROSopathies.

Keywords

Antioxidants · Clinical trials · Epistemology · Evidence-based medicine ·
Supplements

1 Oxidative Stress: The Origins

The concept that ROS can be toxic precedes the introduction of the expression
“oxidative stress” (OS). This term was first used by Ernest Beutler in a 1970 paper on
the effect of glutathione reductase deficiency in red blood cells (Paniker et al. 1970).
In the following 10 years, OS was only mentioned 24 times (source: PubMed).

However, in considering the origins of this concept, we must bear in mind that the
term became established in the scientific literature only following the pioneering
studies by Helmut Sies and co-workers published in 1985.

We have used Google Ngram Viewer (https://books.google.com/ngrams) to show
how the terminology in the field has evolved (Fig. 1). Probably the earliest expres-
sion related to this is “oxygen toxicity” (with a visible increase in frequency in 1970
and decline after 1985), followed by “lipid peroxidation”. Oxidative stress, like
“reactive oxygen species” or “reactive oxygen intermediates”, appears in the late
1980s. The graph shows other expressions related to the field, such as “superoxide”,
“paraquat” and “oxygen radicals”.

Oxygen toxicity is defined as the toxic effects of exposure to oxygen
concentrations higher than ambient concentration (21%) and is known to occur in
patients exposed for prolonged period to oxygen therapy, including premature
infants (Clark and Lambertsen 1971).

Fig. 1 Chronology of usage of terms related to oxidative stress
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As early as 1954, Gershman suggested that oxygen toxicity and radiation injury
have a common mechanism mediated by free radical and discussed the protective
effects of antioxidants such as propyl gallate and nordihydroguaiaretic acid
(Gerschman et al. 1954).

Lipid peroxidation is another term that relates to oxidative stress and has been
studied in the context of oxygen and ozone toxicity (Wood and Watson 1967),
carbon tetrachloride hepatotoxicity (Comporti et al. 1965) and pulmonary toxicity of
paraquat (Bus et al. 1974).

2 Oxidative Stress: The Establishment of the Concept

Although the first occurrence of the expression is found in the context of glutathione
in red blood cells in a 1970 paper by the laboratory of biochemist Ernest Beutler
(Paniker et al. 1970), oxidative stress was formulated as a concept in a series of
papers by Helmuth Sies published from 1985 on (Sies et al. 2017). The expression is
often meant as a state of cellular stress caused by an imbalance between the amount
of ROS produced and the ROS-degrading systems (antioxidants).

Several discoveries were instrumental to the growth of this concept, also shown in
Fig. 1, and included the work by McCord and Fridovich that led to the discovery of
the ability of xanthine oxidase to produce superoxide and of superoxide dismutase
(SOD) to reduce them to hydrogen peroxide (McCord and Fridovich 1968, 1969).
This provided two essential enzymatic tools to generate or scavenge superoxide and
study its biological effects.

3 The Oxidative Stress Theory of Disease

It is generally accepted that ROS can alter the structure and function of key
constituents of human organism, notably proteins, lipids, carbohydrate moieties
and DNA (Kalyanaraman 2013). Thus, it is readily accepted that quenching of
these radicals would reduce the likelihood of tissue damage, thereby preventing a
host of ailments including cancer and cardiovascular disease.

Independent of the terminology used, the first well-known article where oxidative
stress is described as a pathogenic mechanism is the free radical theory of ageing by
Harman (1956) where also it was postulated that the use of antioxidants such as
cysteine would improve the ageing process. After that study, oxidative stress has
been associated, in thousands of research papers, with most of the existing patholog-
ical conditions, not just complications of ageing. Many of these studies have, more
or less explicitly, concluded that the use of antioxidants would have positive effect
on the pathological process, either therapeutic or preventative.

6 P. Ghezzi and A. D. Mooradian



As we will describe in the next section, despite most of the published works
reported either a strong association between “oxidative stress” and disease onset or
severity or positive effect of antioxidants in a variety of disease models, 60 years
after the 1956 publication, there are no antioxidant molecules approved for any
indication. We discussed already that the only possible exception is edaravone
(approved in Japan for stroke and ALS and in the USA for ALS).1

This contrasts with other theories of disease, such as the cytokine theory of
disease, which was originally postulated in 1985 and led to the approval, in 1998
(just 14 years later), of anti-TNF antibodies for rheumatoid arthritis (Feldmann and
Maini 2001), opening the way to subsequent approval of other antibodies to
cytokines or their receptors.

As a result, there is a risk that the antioxidant approach will be confined to the
field of complementary/alternative medicine and its multibillion market of nutraceu-
tical supplements, rather than leading to significant development in drug discovery,
and we will try to highlight the problems of the theory of oxidative stress to point out
the problems left open and research questions.

4 The Disappointments

When antioxidants were tested in the clinical arena, this often led to major
disappointments. One example was the free radical scavenger NXY-059 for which
there was a body of evidence in animal models of stroke and a first clinical trial (Lees
et al. 2006) was found ineffective in a larger clinical trial (Shuaib et al. 2007). This
failure was then seen in connection with other failures for the same indication, and
the low quality of the preclinical research was blamed, leading to discussion of
guidelines for preclinical drug development in stroke (Savitz and Fisher 2007),
although Slemmer et al. discussed other possible reasons for the failure such as the
difficulty of increasing antioxidant defence in men and the fact that NXY-059, like
many antioxidants, can easily oxidize (Slemmer et al. 2008). Another such example
is the use of glutathione-replenishing therapy in acute respiratory distress syndrome
which, despite positive results in animal models, including by one of the authors of
this chapter (Gatti et al. 1993), was found not effective in clinical trials (Kollef and
Schuster 1995).

Indeed, a number of large observational studies have concluded that consumption
of antioxidant vitamin-rich food reduces the risk of cardiovascular events (reviewed

1However, although edaravone has been developed as a free radical scavenger, recent studies show
that it also acts as an Nrf2 inducer (Li et al. 2016, 2017; Wu et al. 2017). Although one may argue
that this results, in the end, in a free radical scavenger effect because Nrf2 drives the transcription of
several antioxidant genes, Nrf2 has among its target genes cytoprotective factors that are indepen-
dent of an antioxidant mechanism and downregulates inflammation though a direct cross-talk with
NF-kB (Cuadrado et al. 2018). Furthermore, activation of Nrf2 is a common feature of pro-oxidant
and electrophilic molecules (Cuadrado et al. 2018). We will discuss the off-target effects of
“antioxidants” later in this chapter.

Demystifying Oxidative Stress 7



in Hasanain and Mooradian (2002), (2004), Mooradian (2006), Sheikh-Ali et al.
(2011)). The advantages of these studies include the large size of the population
surveyed, sound design of the studies and accepted methodology of data collection.
However, like all observational studies, they fail to show causal relationship between
the variables of interest. In addition, observational studies of the effect of nutrition
on health are generally marred by the limitations of relying on dietary recall and the
difficulty in identifying the specific nutrient that lead to the outcomes of interest. In
most observational studies, the specific antioxidant vitamin is not measured, and
individuals who consume antioxidant-rich foods are generally more health conscious
and have a healthier lifestyle.

Traditionally, randomized placebo-controlled trials have been used to establish
the safety and efficacy of a therapeutic intervention. These trials have been reviewed
in past publications (Hasnain and Mooradian 2002, 2004; Mooradian 2006; Sheikh-
Ali et al. 2011). The larger interventional trials (those that included more than 5,000
subjects) are summarized in Tables 1 and 2. These trials by and large have failed
to show any beneficial effects of antioxidant vitamins (Table 1) (Heart Protection
Study Collaborative Group 2002; Heart Outcomes Prevention Evaluation Study
Investigators 2000; Dietary supplementation with n-3 polyunsaturated fatty acids
and vitamin E after myocardial infarction: results of the GISSI-Prevenzione trial.
Gruppo Italiano per lo Studio della Sopravvivenza nell’Infarto miocardico 1999;
Albert et al. 2008; Cook 2007; Hennekens et al. 1996; Lee et al. 2005; Lin et al.
2008), and some have raised the possibility that beta-carotene can increase the risk of
cardiovascular events and lung cancer in vulnerable populations, while vitamin E
may increase the risk of haemorrhagic stroke (Table 2) (Omenn et al. 1996; Sesso
2008; Alpha-Tocopherol BCCPSG 1994)). One exception was a large Chinese trial
in 29,584 participants aged 40–69 years that followed the subjects for an average of
5.4 years (Blot et al. 1993). In this trial, the study participants were randomized to
receive one of the following four micronutrient combinations: (1) daily 5,000 IU
retinol with 22.5 mg zinc, (2) 3.2 mg riboflavin with 40 mg niacin, (3) 120 mg
ascorbic acid with 30 mg molybdenum and (4) a mixture of 15 mg beta-carotene
with 50 mg selenium and 30 mg α-tocopherol. In this trial, there was a reduction in

Table 1 Approaches to the study of the role of oxidative stress in disease

Experiments/model Outcomes/readouts

Observation In patients’ samples or cells
In disease models in vivo or in vitro

ROS
Biomarkers of OS
Indirect evidence measuring known
oxidants or antioxidants (SOD, XO, etc.)
and assuming this will have an impact

Intervention Addition of antioxidants/oxidants
(including induction/inhibition of
oxidative stress)
Genetic or chemical modification of
enzymes (Transgenic/KO/
inhibitors/inducers)

Disease severity
Biomarkers of OS
ROS

8 P. Ghezzi and A. D. Mooradian



total and cancer-related mortality, especially for mortality from stomach cancer in
those on the combination regimen of β-carotene, selenium and α-tocopherol (Blot
et al. 1993). The generalizability of this observation is questionable as the study
population was from an area that is naturally deficient in selenium and the observed
favourable effect may have been the result of selenium supplementation. It is
noteworthy that a meta-analysis of seven randomized trials of vitamin E treatment
(81,788 patients) and of eight trials of beta-carotene treatment (138,113 patients)
concluded that vitamin E in the dose range used (50 to 800 IU) did not alter

Table 2 Large (over 5,000 subjects) randomized double-blind placebo-controlled trials of antioxi-
dant vitamins where neither harm nor benefit was demonstrated

Population Antioxidant Outcome Reference

22,071 male physicians
at 40–84 years of age
studied for 12 years

β-Carotene
50-mg QOD

β-Carotene had no
significant effects on
malignant neoplasms or
CV disease

Hennekens et al.
(1996)

11,324 Italian patients
with myocardial
infarction studied for 3.5
years

n-3 poly-
unsaturated
fatty acid 1 g
daily, E
300 mg daily

Vitamin E conferred no
significant benefit

Dietary
supplementation with
n-3 polyunsaturated
fatty acids and vitamin
E after myocardial
infarction: results of
the GISSI-Prevenzione
trial. Gruppo Italiano
per lo Studio della
Sopravvivenza
nell'Infarto miocardico
(1999)

9,541 high-risk patients
55 years of age or older
studied for 5 years

E ¼ 400 IU/d No change in the
incidence of malignant
neoplasms,
cardiovascular disease
or death from all causes

Heart Outcomes
Prevention Evaluation
Study Investigators
(2000)

20,536 high-risk men
and women on
simvastatin or placebo at
40–80 years of age
studied for 5 years

E 600 mg
C 250 mg
β-Carotene
20 mg daily

Antioxidants do not
decrease mortality or the
incidence of vascular
disease, cancer or other
major outcomes

Heart Protection Study
Collaborative Group
(2002)

39,876 healthy women
aged at least 45 years
studied for an average of
10.1 years

E ¼ 600 IU
QOD

Vitamin E did not
decrease major
cardiovascular events,
cancer or total mortality

Lee et al. (2005)

8,171 women with CHD
or 3 CHD risk factors
aged 40 years or older
and studied for a mean
of 9.4-years

E 600 IU
QOD
C 500 mg/day
ß-carotene
50 mg QOD

No overall effects of
ascorbic acid, vitamin E
or beta-carotene on
cardiovascular events
among women at high
risk for CV disease

Cook (2007)

QOD every other day dosing, CV cardiovascular, CHD coronary heart disease

Demystifying Oxidative Stress 9



cardiovascular or overall mortality, while supplementation with beta-carotene (15 to
50 mg) led to a small but significant increase in cardiovascular deaths (3.4 vs 3.1%,
P ¼ 0.003) and in all-cause mortality (7.4% vs 7.0%, P ¼ 0.003) (Vivekananthan
et al. 2003). Another meta-analysis also found that monotherapy with vitamin E may
promote the development of congestive heart failure (Thomson et al. 2009). Another
meta-analysis of 68 randomized trials with 232,606 participants concluded that
treatment with β-carotene, vitamin A and vitamin E may increase mortality, whereas
the effects of vitamin C and selenium on mortality need further investigation
(Bjelakovic et al. 2012) (Table 3).

Thus, some antioxidant vitamins, notably beta-carotene, may be harmful (Alpha-
Tocopherol BCCPSG 1994; Omenn et al. 1996). There are also other smaller trials
where the potential harm of antioxidants has been highlighted. The HDL-raising
effect of nicotinic acid could be blunted with high-dose vitamin E (Cheung et al.
2001), and daily ingestion of antioxidant vitamins such as vitamin C and E prevents
exercise-related enhancement of insulin sensitivity (Ristow et al. 2009). These
observations taken together raise the spectre that antioxidants may be “worse than
useless” (Gomez-Cabrera et al. 2012).

The biological plausibility of the hypothesis that reducing oxidative stress with
antioxidant supplementation is so strong that the failure of antioxidants to have any
beneficial effects in clinical trials seems on the surface to be paradoxical. It can be
argued that the limitations with the available interventional trials preclude excluding

Table 3 Large (over 5,000 subjects) randomized double-blind placebo-controlled trials of antioxi-
dant vitamins where potential harm was demonstrated

Population Antioxidant Outcome Source

29,133 Finnish male
smokers 50 to 69 years
of age followed up for
5–8 years

E 50 mg,
ß-carotene 20 mg
daily dosing

E: ß-carotene increased lung
cancer (by 16%) and CV
mortality. Total mortality
was 8% higher among those
who received beta-carotene
primarily because of more
deaths from lung cancer and
ischemic heart disease

Alpha-
Tocopherol
BCCPSG
(1994)

18,314 men and women at
high risk for lung cancer
with a mean age of 57 years
and followed up for a mean
of 4 years

30 mg of
ß-carotene and
25,000 IU of
retinal palmitate
daily

Intervention was stopped
21 months early because
there were 28% more lung
cancers and 17% more
deaths in the active
intervention group

Hennekens
et al. (1996)

14,641 healthy male
physicians 50 years or older
followed up for a mean of
8 years

E 400 IU
C 500 mg
ß-carotene 50 mg
daily dosing

No effect on CV events but
vitamin E increased risk of
haemorrhagic stroke (HR,
1.74 [95% CI, 1.04–2.91];
P ¼ 0.04)

Sesso
(2008)

CV cardiovascular
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the role of antioxidants in reducing human pathology. After all, these trials were
carried out in people with well-established underlying pathology, the duration of the
interventions was often short, and there are no reliable biomarkers of oxidative stress
in humans to stratify the participants in the study and monitor the adequacy of the
dosing regimen. Given the latter limitation, it would be impossible to know if
sufficient amounts of the ingested antioxidants were absorbed or were biologically
active.

5 The Epistemological Weakness of the Oxidative Stress
Theory of Disease (OSTD)

We pointed out elsewhere some of the epistemological weaknesses of the theory that
OS is a causal mechanism of disease, compared to other theories of disease such as
the cytokine theory of disease or the bacterial theory of disease.

We will summarize below the main points to be taken into consideration when
formulating a theory of disease considering the experimental evidence obtained in
biological systems that supports the OSTD.

First of all, what kind of evidence can we obtain to support a role for oxidative
stress in disease?

We can first distinguish between observational evidence and interventional
evidence, summarized in Table 1.

5.1 Observational Evidence

Observational evidence is where, for instance, something related to oxidative stress
is measured in a patient cohort and is compared to healthy subjects or subjects with
an unrelated disease. We identified from the literature three types of measurements.

The first type is when levels of ROS can be directly measured in biological fluids
of patients (in vivo) or ROS production is measured in vitro in cells obtained from
patients (this is usually defined as ex vivo).

The second type consists in the measurement of biomarkers of oxidative stress
that are, as we pointed out elsewhere, molecules formed as products of the oxidation
of cellular molecules by ROS.

The third type is more an indirect and hypothetical evidence. For instance,
observing that, in patients, the levels of an antioxidant (e.g. SOD, catalase,
vitamin C, vitamin E) are decreased can generate the assumption that those patients
will be in a state of oxidative stress because antioxidant defence is defective.
Likewise, an observed increase in ROS-generating enzymes (e.g. XO, NOX) is
often thought to result, de facto, in oxidative stress due to overproduction of ROS.

In these studies, researchers will be looking for associations between the oxida-
tive stress-associated variables (ROS, biomarkers, oxidants/antioxidants), either by
comparing healthy versus disease samples or by correlating the measurement with
indicators of disease severity such as C-reactive protein (CRP) in inflammatory
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disease, the Sequential Organ Failure Assessment (SOFA) score in sepsis or a
correlation of variables with the disease course.

The pros of clinical cohort studies are that they investigate a real-world patient
population. A major disadvantage is the heterogeneity of the population and
associated variability that would make necessary to have a large sample size for
the study to be adequately powered. Other disadvantages are the difficulty to meet
the requirements of timeliness and storage when labile markers are measured or the
difficulty of obtaining samples from the onset of disease and/or at different time
points, so that studies often only take a snapshot. The multicausal nature of many
diseases is an additional problem that will be discussed later in this chapter.

This approach is not limited to clinical studies, and the same three typologies of
evidence apply to experimental models of disease, in vivo or in vitro.

In vivo models are those where a specific disease is induced in animals
(e.g. collagen-induced arthritis, endotoxin-induced lung injury, dextran-induced
colitis).

Animal models have many advantages such as the ease of collecting samples at
different times, including before induction of disease; access to tissues and organs,
not just biological fluids; possibility of using sophisticated but more invasive
techniques (such as chemiluminescence, transgenic animals expressing fluorescent
proteins, etc.); and lack of subject variability by using inbred animals of the same
age. In addition, the disease is induced in a “clean”way (with a very specific trigger),
and there are no comorbidities or variabilities due, for instance, to differences in diet
and lifestyle.

The disadvantages are the same as the advantages. Reductionism, the use of a
model where we isolate one mechanism of disease, makes it difficult to extrapolate
results and, even more, hypotheses on causes and mechanisms to the real patient.
Furthermore, the mechanism by which the disease is induced in mice may not be
representative of the causal mechanisms that lead to the corresponding disease in
patients.

The problems associated with reductionism are even more evident in case of
in vitro models of disease, often using a single-cell type. Examples are endotoxin-
stimulated macrophages, used as a catch-all model of inflammation, or beta-
amyloid-induced neurotoxicity in neuronal cells. On the other hand, these models
allow the application of experimental techniques that would be very difficult to apply
to in vivo studies.

Like in clinical studies, in vitro, ex vivo or in vivo (animal) observational studies
will search for an association between disease (or an indicator of it) and oxidative
stress. As in clinical trials, this can take the shape of a comparison between health
and disease (normal mice versus mice with arthritis, macrophages with endotoxin
compared to those without endotoxin, etc.) or a correlation in a dose-response or
time-course experiment.

The other aspect of all observational studies, whether experimental or not, is the
measurement related to oxidative stress used in the study.

To study a TNF-mediated disease, we want to measure TNF and not a generic
marker of inflammation such as C-reactive protein; to postulate the infectious origin
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of a disease, we would like to be able to isolate the pathogen, not just measure fever.
Likewise, when hypothesizing an ROS-mediated disease, we would like to obtain
evidence of increased ROS levels. However, this is nearly impossible because,
unlike cytokines or viruses, ROS have half-lives in the range of microseconds or
nanoseconds.

This is the main reason why most studies (and virtually all those in patients)
measure “biomarkers of oxidative stress”. We have discussed elsewhere the limita-
tion of these biomarkers (Frijhoff et al. 2015a; Ghezzi et al. 2018), but we could
summarize them as follows: (1) they are not measuring ROS, but they are only an
indirect indicator of their formation; (2) often, there are multiple chemical reactions
leading to their formation from the initial reaction with a specific ROS; and (3) many
of them are not specific as they can also be produced by other metabolic pathways
(for instance, malondialdehyde can also be produced during arachidonic acid
metabolism).

5.2 Limitations of Observational Studies: Drawing the Arrow

All the studies falling in the category above are about identifying an association
between disease and oxidative stress (however, measured). It is worth remembering
the axiom “association does not mean causation”, and be cautious when drawing an
arrow between “oxidative stress” and “disease x”. For instance, if we find that a
disease is associated with oxidative stress, that is, all patients with that disease have
oxidative stress, we can say “if disease x, then oxidative stress”.

Because oxidative stress is often seen as a mechanism of disease, or at least that
would be the research hypothesis in such studies, the above finding will be often
depicted (as it is in most review articles):

1. Oxidative Stress! Disease x

This is often read by biomedical scientists as a causal link, “oxidative stress
causes disease x”. This is, of course, fine if this is what is meant. However, bearing
in mind the axiom mentioned above, the fact that all patients with a disease have
(higher) oxidative stress could also be explained with the hypothesis that “disease x
causes oxidative stress” and draw the arrow in the opposite direction:

2. Disease x Oxidative Stress

In symbolic logic, the arrow indicates a material conditional. This means that the
arrow in 1 means “if oxidative stress, then disease x”. It is true whenever oxidative
stress is false and also when oxidative stress is true and disease x is true (i.e. when
oxidative stress and disease are both present). It is only false when oxidative stress is
true and disease x is false (i.e. when we have oxidative stress but not the disease).
This means that the arrow in a material conditional means that all those with
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oxidative stress will have the disease. This is more or less we would expect from a
causal link, but it may not be a causal link.

In fact, the other important concept in disease causation is that of the confounder.
For instance, we could hypothesize that having observed an association between
drinking and disease x, we could hypothesize that alcohol causes the disease.
However, people who drink may also be more frequently smokers, and this would
be the confounder. Then, the two parts of the equation (alcohol and disease) are not
causally related to each other, but it could be that alcohol is just associated with
smoking and that smoking causes disease x.

In our case, for instance, if we observe an association between oxidative stress
and atherosclerosis, we might hypothesize that oxidative stress causes atherosclero-
sis. However, both are associated with inflammation, and it could be that inflamma-
tion (the confounder) causes both atherosclerosis and oxidative stress. In this case,
the mechanism would be that inflammation induces atherosclerosis and oxidative
stress may not necessarily be implicated in the formation of atherosclerosis.

5.3 Limitations of Observational Studies: Multicausal Diseases

Another limitation in the use of observational studies to formulate theories of disease
arises from their application to multicausal disease. Many of the diseases that are the
challenge of our time are multicausal diseases. Unlike a thrombotic stroke, which is
caused by a blood clot that forms in an artery, or an infectious disease, which is due
to an infectious virus or bacterium, chronic inflammatory diseases, neurodegenera-
tive diseases or diabetes are likely to be due to a mixture of causes, at least until
proven differently.

This concept of component causes has been well described by Rothman (1976).
According to that concept, a disease can be caused by a mixture of causes that add up
to form a “sufficient cause”. This model is normally depicted with what is now called

Fig. 2 The Rothman pie model of disease causation, where different combinations of component
causes (a–g) that, alone, would not cause disease form a sufficient cause. A multifactorial disease
can result from different sufficient causes. Modified from Rothman (1976)
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the “Rothman pie”. The scheme in Fig. 2, from the original study by Rothman,
shows a disease that can be caused by three “sufficient causes” (the pies), each made
up of five different “component causes” (the slices). Each of those component causes
by itself cannot produce the disease. Of note, there are two types of component
causes. For instance, from Fig. 2, we could understand that cause A is necessary to
induce the disease (along with other component causes), while B or D is necessary
only when in the presence of a specific mixture of component causes.

This concept, although now part of any textbook of epidemiology, is often
forgotten not only by laboratory-based researchers but also by clinical ones. Let us
consider the specific case of oxidative stress as a cause in disease x. Figure 3 shows
three possibilities for the role of oxidative stress. In the first case (right panel),
oxidative stress (in red) must be present for the disease to be induced but needs to be
present in combination with other specific component causes; in this case, oxidative
stress is a necessary component and will be present in all patients. In the second case
(middle panel), the disease can develop with different component causes, in some
cases comprising oxidative stress but not always; in this case, oxidative stress will
only be present in some patients, not all. The third possibility (right panel) is the
simplest case, where oxidative stress alone can cause the disease, but even in this
case, one cannot exclude that the same disease can also be induced by another cause,
independent of oxidative stress. This means that unless we hypothesize that oxida-
tive stress is a necessary component cause for a multicausal disease, we should not
expect it to be present in every patient.

5.4 Limitations of Observational Studies: Mechanistic Biomarkers
Versus Surrogate Biomarkers

Several publications have suggested that oxidative stress has a key role in multi-
causal diseases such as cardiovascular disease (Heitzer et al. 2001), diabetes (Evans

Fig. 3 Possible roles of oxidative stress in multifactorial disease. (a) OS is always necessary but
not sufficient; (b) oxidative stress is necessary only in some component causes; (c) oxidative stress
is sufficient, and does not need any other component cause. From Ghezzi et al. (2018)
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et al. 2002) and neurodegenerative diseases (Barnham et al. 2004). These hypotheses
are supported by many studies reporting increased levels of various biomarkers of
oxidative stress in patients.

In fact, Stoker and Keaney (2004) already discussed the possibility that the
unsuccessful trials of antioxidants in atherosclerosis could be due to the fact that
oxidative stress is not a cause of atherosclerosis but that both are caused by
inflammation (the concept of confounder discussed above).

However, there is another issue with measurements of oxidative stress biomarkers
in patients. If we consider the Rothman model, we should expect a biomarker of
oxidative stress to be elevated, and pass the statistical significance test, only in those
patients where oxidative stress is present. If oxidative stress was present in all
patients with a disease, there are two possibilities.

The first possibility is that oxidative stress is a necessary component cause that
needs to be present in all patients with the disease. In this case, one might expect that
antioxidant therapy will be effective, with the caveat of its specificity and off-target
effects, which we will discuss later.

The second explanation for observing oxidative stress in all patients with a
disease is that oxidative stress is a consequence, not a cause. In that case, the disease
would be induced by one or several mechanisms and will then result in oxidative
stress. In this case, we may not expect that a therapy targeting oxidative stress would
be effective more than we would expect an antipyretic drug to cure an infection. In
this second case, however, biomarkers of oxidative stress could correlate with the
disease and its severity and be very good surrogate biomarkers of disease.

5.5 Interventional Studies and Their Purpose

We discussed above how it is not straightforward to demonstrate the role of a
mechanism of disease with observational studies, whether these are in patient
cohorts or animal models.

The other approach is to use a modifier to intervene in the experimental model,
in vitro or in vivo. In our case, this can be done by either increasing or decreasing the
amount of ROS in the system.

The first approach, usually done in vitro, is used to see whether ROS can induce a
disease or activate a pathway known to be a causal mechanism of the disease.
Examples of this approach could be testing whether ROS induce the production of
inflammatory cytokines in macrophages or if they cause neuronal death. A practical
problem of these studies is that ROS have very short half-lives (nanoseconds to
milliseconds), while the in vitro assays may require 24 h or more. In this case,
researchers often use ROS-generating system, such as adding xanthine oxidase or
glucose oxidase and their substrates, to achieve a continuous production of ROS.
Redox cycling compounds that generate ROS, such as menadione, are also used.

One major limitation of these experiments is that it is difficult to expose the target
cells to the same concentrations of ROS that would be produced in vivo during the
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development of the disease and with the same temporal pattern. This may lead to an
overestimation of the role of ROS in disease.

The other limitation is not specific to the theory of oxidative stress but is implicit
in most experimental models that are necessarily reductive, that is, they are designed
to isolate one pathway avoiding interference from any other variable. This is a well-
known problem, described by Illari and Russo as the problem of external validity or
“extrapolation problem” (Illari et al. 2011) and others defined as “inferential repro-
ducibility” (Goodman et al. 2016).

To return to the problem of multicausal disease, oxidative stress has been
implicated in many of them, but the induction of disease needs other component
causes, and other inducers are seldom present in the experimental model where ROS
are added as a modifier.

The other limitation of the approach using addition of ROS to an experimental
model is that this is hardly applicable to in vivo models due to the lack of accessibil-
ity of the target tissue. Indirect ways of increasing endogenous ROS are also
possible, such as knocking out genes encoding antioxidant enzymes (e.g. SOD) or
decreasing the levels of endogenous antioxidants (e.g. glutathione). However, we
should not assume that blocking an antioxidant will always result in increased ROS
concentrations. In fact, the endogenous antioxidant defence system is robust and
redundant; blocking one peroxide-detoxifying enzyme such as glutathione peroxi-
dase may not necessarily increase the concentration of hydrogen peroxide as this is
also eliminated by several other enzymes (catalase, peroxiredoxins, etc.).

5.6 Using Antioxidants as Tools and the Problem of Their
Specificity

The second approach is to block ROS production in a disease-relevant model,
in vitro or in vivo. For instance, to study the role of oxidative stress in inflammation,
we could test an ROS scavenger in vitro in a model where macrophages, or mice, are
exposed to endotoxin (a standard inflammatory stimulus) and production of inflam-
matory cytokine is measured, or a disease indicator. For instance, in the past, we
have administered a thiol antioxidant to mice in a model of endotoxin-induced lung
injury and found that it inhibited both the production of inflammatory cytokines and
pulmonary oedema (Gatti et al. 1993) and have concluded that “data strongly
support the hypothesis that ROS may play a key role” in that model of disease.
Sometimes we are led to consider this sort of evidence, where an antioxidant
ameliorates a disease model at the highest level, clear-cut evidence of a role of
oxidative stress, but how strong is this evidence, and how much it can be
extrapolated to draw more general conclusions on the mechanism of acute respira-
tory distress syndrome? These approaches are not unambiguous. Most endogenous
“antioxidants” have other functions than scavenging ROS (for instance, we found
that in the context of inflammation, glutathione has signalling functions independent
of its ROS-scavenging action (Diotallevi et al. 2017). Thus, evidence obtained
in vivo with an antioxidant has not the same value for the oxidative stress theory
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of disease that an experiment with anti-TNF antibodies has for the cytokine theory of
disease. A problem with many so-called antioxidants is that they are seldom specific,
unlike, for instance, anti-cytokine molecules. For instance, many of them are also
reducing agents. All thiol-based antioxidant will reduce labile disulphides
(Laragione et al. 2003).

Redox-active compounds can act both as anti- or pro-oxidants. For instance, GSH
is a major defence against H2O2, serving as the electron donor for GSH peroxidase,
that catalyses the reaction:

2GSHþ H2O2� > GSSGþ 2H2O

However, as pointed out by Gilbert (Gilbert et al. 1957; Gilbert 1963), it can also
act as an oxidant and generate oxygen radicals:

GSHþO2� > HO2:þGS

HO2:þ RH� > R:þ H2O2

Redox reactions are complex, and other antioxidants can have pro-oxidant
activities, depending on the experimental model, including vitamin C (Podmore
et al. 1998), polyphenols (Halliwell 2008), curcumin (Ahsan and Hadi 1998),
quercetin (Rahman et al. 1990), carotenoids (El-Agamey et al. 2004) and resveratrol
(de la Lastra and Villegas 2007).

While in oversimplified models of ROS-mediated damage in vitro or in animal
models it is possible to isolate the nonspecific effects and put the antioxidant action
in evidence, this may not reflect the complex clinical setting of disease.

It should also be noted that in an exemplary adaptive response of the organism,
oxidants activate the transcription factor Nrf2 that induces the production of several
antioxidant genes (as discussed in another chapter in this book), which might explain
why, in certain models, pro-oxidants such as flavonoids can result in an antioxidant
phenotype (Lee-Hilz et al. 2006).

All these off-target effects of antioxidants may contribute to the lack of transla-
tional success, which one would expect from drugs lacking specificity.

Finally, the concept of oxidative stress has recently evolved due to the identifica-
tion of a regulatory, signalling role of ROS (particularly hydrogen peroxide) at the
physiological level that led to the use of the terms “redox regulation” and “oxidative
eustress” (Sies 2017, 2019; Sies and Jones 2020). This implies that a blanket
removal of ROS will not only eliminate a potential cause of disease but also affect
physiological processes.
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6 The Shortcut: Vitamins and Supplements

Despite the problems discussed earlier in this chapter and the lack of success of
many clinical trials, the notion that “antioxidants are good” has become one of the
“science myths that will never die” (Scudellari 2015), and the concept is popular in
the lay public.

It is no surprise that while there are no antioxidant drugs, many have taken the
shortcut of antioxidant supplements, which represent a huge market where
nutritional advice and basic research findings are often extrapolated to support the
use of supplements to promote healthy ageing and prevent and cure disease.

Although there is strong evidence that appropriate intake of fruit is essential in a
healthy diet, and this has been taken up by most public health guidelines, there is no
conclusive evidence that this is due to antioxidants and vitamins, above the doses
needed to avoid deficiency, and Choi et al. pose the interesting question “if
combinations with other food components are needed for effective protection, or if
Vitamins C and E are largely surrogate biomarkers of a ‘healthy’ diet, but not the key
protective agents” (Choi et al. 2004).

7 The Way Forward

The tone of this chapter was in line with the title, demystify – trying to make clear
that the fact that oxidative stress is a cause of disease is still a theory. Because this is
considered not a theory but just plain truth by many, the tone might seem pessimistic.

In fact, the current evidence from the clinical trials indicate that there is no
justification for prescribing antioxidant supplementation to people (Hasanain and
Mooradian 2002, 2004; Mooradian 2006; Sheikh-Ali et al. 2011). There are no
known benefits, and, in some cases, antioxidants may have unfavourable effects on
human health. However, the consumption of fresh food rich in antioxidants may
have benefits as suggested by observational studies (Sheikh-Ali et al. 2011). This
may be the result of having the antioxidant vitamins in association with other
nutritional components that optimize the biological effects of these vitamins. In
general, vitamin and mineral supplementation should be reserved for those who are
at risk of nutritional deficiency. This leaves open the possibility of evidence-based
dietary recommendation. In this case, the use of exogenous antioxidants would not
be recommended unless there was a documented deficiency, as it happens with
vitamin C for scurvy or vitamin D for Northern countries such as the UK (Choices
2016). We considered nutritional recommendations a topic that does not fit a
Handbook of Pharmacology.

Future studies should focus on developing novel and clinically useful biomarkers
of oxidative stress to identify people who are better candidates for antioxidant
therapy. Novel organelle-specific antioxidants that are known to protect against
oxidative damage rather than quenching of free radicals should be tested in clinical
trials. In addition, since oxidative stress is one of many stresses that promote cellular
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dysfunction, agents that have pan stress modification capabilities should be devel-
oped and tested (Mooradian 2016).

Several observations made in the last two decades reveal the complexity of the
role of free radicals. Multiple biochemical pathways generate free radicals, and it is
possible that different antioxidants with different mechanisms of action should be
combined to study the role of antioxidant therapy. Perhaps inhibiting specific
oxygen-toxicity pathways would be more effective intervention than relying on
nonspecific ROS scavengers (Ghezzi et al. 2017, 2020). It is noteworthy that
evidence in cell culture and animal models suggest that reactive oxygen species
generation in response to a signal undergoes rapid adaption. Thus, dextrose-induced
ROS generated in endothelial cells is normalized after 6 h of continuous treatment
with excess dextrose (27.5 Mm) (Horani et al. 2004). These adaptive responses are
likely the result of short- and long-term cellular changes including induction of
genes expressing enzymes critical to quenching of free radicals.

It is noteworthy that free radicals not only are agents of disruption but also have
important roles in signal transduction and maintenance of optimal redox state of the
various compartments of the cell notably the endoplasmic reticulum
(ER) (Kalyanaraman 2013; Mooradian et al. 2016). This organelle, the site of protein
folding, has oxidative redox potential necessary to form disulphide bonds to fold
proteins properly. Thus, it is conceivable that antioxidants in high doses may alter
the internal oxidative milieu of this organelle and thereby cause ER stress. Such
cross talk between oxidative load and ER stress has been described in coronary
artery endothelial cell cultures (Mooradian et al. 2016). This phenomenon could be
an example of “reductive stress”. The latter describes the dysfunction in a biologic
environment where the antioxidative defences outweigh the oxidative load required
for the optimal cellular signalling and metabolism. Since this phenomenon may well
be compartmentalized, it is possible that antioxidant supplementation may be pro-
tective in one compartment while it has deleterious effects on another compartment.
This speculation is supported by the observation that in the worm Caenorhabditis
elegans, elevated reactive oxygen species (ROS) in the mitochondria acts to increase
lifespan, while elevated ROS in the cytoplasm decreases lifespan (Schaar et al.
2015). The importance of an oxidative environment for promoting insulin sensitivity
is suggested by studies of patients with mutations impairing the production of
antioxidant selenoproteins (Schoenmakers et al. 2010). These patients have signs
of oxidative damage in tissues but maintain high level of insulin sensitivity even in
the context of obesity. In addition, a small clinical trial found that physiological
amounts of the antioxidants vitamin C and vitamin E abrogated the capacity of
physical exercise to enhance insulin sensitivity (Ristow et al. 2009). Similarly, the
infusion with the antioxidant N-acetylcysteine or treatment with resveratrol blunts
the positive effects of exercise on human skeletal muscle and cardiovascular health
(Gliemann et al. 2013; Petersen et al. 2012). Thus, the optimal redox state for various
biologic functions varies considerably, and this may pose a challenge in identifying
therapeutic antioxidants that target specific cellular functions.

The vast literature on oxidative stress, ROS and antioxidants in disease might be
telling us something. Despite the inadequacy of many biomarkers of oxidative stress,
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there is good evidence that increase ROS production may really take place in some
disease, although maybe not all of them. Also, despite the many off-target effects of
most antioxidants used experimentally, for some disease models, the evidence for a
protective effect is certainly strong enough to deserve further study. This may
require, however, to consider the issues described above.

From the analysis of the recent literature, we can identify some strategies being
considered to move forward.

8 Specific Targeting

If in disease x the mechanistic hypothesis is that activation of enzyme y causes
overproduction of ROS in a given tissue, then we should target that enzyme rather
than administering large doses of antioxidants and reductants.

We should look at the example of the treatment of chronic myelogenous leukae-
mia (CML). The finding, in 1990, that CML associated with the Philadelphia
chromosome results in the constitutive activation of Bcr-Abl tyrosine kinase led to
the development of successful inhibitors of specific Bcr-Abl inhibitors to treat CML
(Capdeville et al. 2002). Although Bcr-Abl is a protein kinase that, as such, transfers
a phosphate group from ATP to specific protein substrates, nobody ever proposed to
“scavenge” ATP to cure CML or to block all protein kinases.

As mentioned in other chapters in this book, a number of enzymes evolved to
produce ROS, for instance, xanthine oxidase (XO) or various isoforms of NADPH
oxidases (NOX). If, in a disease, a specific enzyme is activated and produces higher
than normal quantities of ROS in a specific tissue, it would make sense to inhibit the
enzyme or its isoform rather than nonspecifically lower ROS levels in the organism.

Example for this is the use of NOX inhibitors in stroke or XO inhibitors, as
discussed in other chapters in this book.

9 Personalized Medicine and Biomarkers

Personalized medicine is the flavour of the month, but we often forget the
implications. Stating that “each patient is different” could imply that not all of
them need the same treatment. If, according to the Rothman model, we think that
oxidative stress may not necessarily be present as a causal component in all patients
with a disease, as shown earlier in Fig. 3, then we should not expect antioxidants to
be effective in clinical trials on the entire patient population. We should first identify
those patients where higher levels of ROS are present.

This requires being able to measure ROS in disease the way we can measure
inflammatory cytokines such as TNF or IL-6. However, as we discussed elsewhere,
it is not realistic to measure ROS in disease because of their short half-lives, ranging
from seconds to microseconds (Ghezzi et al. 2017). We therefore resort to rely on
indirect evidence of ROS production. There are many biomarkers of oxidative stress,
usually products of the reaction of different ROS with biological molecules,
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including DNA oxidation products (e.g. 8-oxo guanine), lipid oxidation products
(e.g. malondialdehyde) or proteins (e.g. carbonylated proteins) (Frijhoff et al.
2015b). These biomarkers often lack specificity, as they can also be produced by
other biochemical pathways or, like malondialdehyde, and their production is the
result of a series of complex reactions.

To apply a personalized medicine approach, we will need to establish the
significance and specificity of these biomarkers and what they really measure. It is
possible that new biomarkers that are indicators of the response of the organism to
oxidative stress, including transcription factors such as Nrf2 (Cuadrado et al. 2018),
redox-dependent genes (Diotallevi et al. 2017) or micro-RNA (Bedreag et al. 2016),
will help.
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Abstract

A number of diseases and conditions have been associated with prolonged or
persistent exposure to non-physiological levels of reactive oxygen species (ROS).
Similarly, ROS underproduction due to loss-of-function mutations in superoxide
or hydrogen peroxide (H2O2)-generating enzymes is a risk factor or causative for
certain diseases. However, ROS are required for basic cell functions; in particular
the diffusible second messenger H2O2 that serves as signaling molecule in redox
processes. This activity sets H2O2 apart from highly reactive oxygen radicals and
influences the approach to drug discovery, clinical utility, and therapeutic inter-
vention. Here we review the chemical and biological fundamentals of ROS with
emphasis on H2O2 as a signaling conduit and initiator of redox relays and propose
an integrated view of physiological versus non-physiological reactive species.
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Therapeutic interventions that target persistently altered ROS levels should
include both selective inhibition of a specific source of primary ROS and careful
consideration of a targeted pro-oxidant approach, an avenue that is still underde-
veloped. Both strategies require attention to redox dynamics in complex cellular
systems, integration of the overall spatiotemporal cellular environment, and target
validation to yield effective and safe therapeutics.

Graphical Abstract

The only professional primary ROS producers are NADPH oxidases (NOX1-5,
DUOX1-2). Many other enzymes, e.g., xanthine oxidase (XO), monoamine oxidases
(MAO), lysyl oxidases (LO), lipoxygenase (LOX), and cyclooxygenase (COX),
produce superoxide and H2O2 secondary to their primary metabolic function. Super-
oxide is too reactive to disseminate, but H2O2 is diffusible, only limited by adjacent
PRDXs or GPXs, and can be apically secreted and imported into cells through
aquaporin (AQP) channels. H2O2 redox signaling includes oxidation of the active
site thiol in protein tyrosine phosphatases, which will inhibit their activity and
thereby increase tyrosine phosphorylation on target proteins. Essential functions
include the oxidative burst by NOX2 as antimicrobial innate immune response;
gastrointestinal NOX1 and DUOX2 generating low H2O2 concentrations sufficient
to trigger antivirulence mechanisms; and thyroidal DUOX2 essential for providing
H2O2 reduced by TPO to oxidize iodide to an iodinating form which is then attached
to tyrosyls in TG. Loss-of-function (LoF) variants in TPO or DUOX2 cause con-
genital hypothyroidism and LoF variants in the NOX2 complex chronic granuloma-
tous disease.
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1 Reactive Oxygen Species (ROS)

1.1 Chemistry and Biological Context

All aerobic organisms need molecular oxygen (atmospheric O2 at 21%) for efficient
energy production in mitochondria (Halliwell 2006). Partial reduction of O2 leads to
formation of reactive oxygen species (ROS). The term ROS needs to be used
cautiously as it includes radicals, such as superoxide anion radical (O2

•�) and
hydroxyl radical (HO•), non-radical species hydrogen peroxide (H2O2), and adducts
such as hypochlorous acid (HOCl) or nitrogen-containing species including
peroxynitrite (ONOO�) and nitrogen dioxide (•NO2) formed by the reaction of
superoxide with nitric oxide radicals (•NO). A microenvironment containing H2O2,
a peroxidase and a halide (e.g., Cl�) or pseudohalide (e.g., SCN�) in sufficient
concentration will promote the generation of hypohalous acids. The superoxide
radical as a primary species is formed by the one-electron reduction of molecular
oxygen. Often interconversion of oxygen-derived species will take place; for exam-
ple, in a hydrophilic environment, two O2

•�molecules will interact spontaneously or
catalyzed by superoxide dismutase (SOD) enzymes, in a coupled oxidation-
reduction reaction termed dismutation which will generate H2O2. A number of
enzymes will produce directly H2O2 when O2 is available. In the presence of
transition metal ions such as ferrous ion, the Fenton or Haber-Weiss reaction occurs,
resulting in the decomposition of H2O2 to hydroxyl radical (

•OH) and hydroxide ion
(OH�) (Winterbourn 2013).

The reactivity and half-life of these various oxygen-derived species differ greatly,
with HO• being highly reactive with a very short half-life (10�9 s), followed by O2

•�

(10�5 s) and H2O2 that is a relatively weak oxidant but fairly stable (10�2
–10�3 s)

(Pryor 1986; Sies 1993). The charge of O2
•� prevents its diffusion through

membranes, permitting only oxidation of adjacent targets, whereas H2O2 is diffus-
ible, transverses membranes via aquaporin channels, and reacts preferentially with
thiol-containing proteins, thereby initiating redox signaling. Due to its high,
non-targeted reactivity, the •OH species is likely responsible for genomic instability
by oxidizing DNA, lipids, and proteins leading to DNA damage, including single-
and double-strand breaks, DNA-DNA intrastrand adducts, and DNA-protein cross-
links. To protect susceptible targets and to maintain cellular integrity, all reactive
species will be converted into secondary species or will be eliminated. Preferentially,
elimination of H2O2 is by intracellular scavengers, often called antioxidant systems,
including peroxiredoxins (PRDX) and glutathione peroxidase (GPX). PRDXs are
cysteine-dependent peroxide reductases characterized by an active site Pxxx(T/S)
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xxC sequence in combination with a conserved arginine. Typical PRDXs containing
a second “resolving” cysteine recycle by using thioredoxins or glutaredoxins and
show isoform-dependent cell compartment-specific localization (Park et al. 2014;
Poole and Nelson 2016). High abundance and high reactivity (104–107 M�1 s�1)
enable PRDXs to react promptly with peroxide or redox-sensitive targets by transmit-
ting oxidative equivalents to another target via a redox relay mechanism (Winterbourn
and Peskin 2016; Stocker et al. 2018b). GPX enzymes reduce H2O2 and organic
hydroperoxides and use as their reductants either glutathione (GSH) or redoxins
(Brigelius-Flohe and Maiorino 2013). The slow decomposition of H2O2 to water and
O2 can be also accelerated by the enzyme catalase, mainly expressed in peroxisomes.
The continuous formation, interconversion, and breakdown of oxygen-derived species
assure a rapid, dynamic response to changes in the cellular environment (Fig. 1).

1.2 Enzymatic ROS Sources

Many enzymes produce O2
•� or H2O2, here referred to as primary ROS, as

by-product (i.e., secondary enzymatic product) of their primary metabolic function.
Examples include xanthine oxidase, monoamine oxidases, lysyl oxidases,

Fig. 1 Scheme of the RONS network. Generation, conversions, and adduct products of reactive
oxygen and nitrogen species (RONS), depicting molecular oxygen (O2), primary ROS (superoxide
radical (O2

●�), hydrogen peroxide (H2O2)), examples of secondary ROS (hydroxyl radical (HO●),
hypochlorous acid (HOCl)), nitrogen derived species (nitric oxide radical (NO●), nitrogen dioxide
radical (NO2

●)), and oxygen-nitrogen adduct products (peroxynitrite (OONO�), peroxynitrous acid
(HOONO)), including some of the enzymes involved in RONS generation, conversion, and
degradation processes (NADPH oxidase (NOX), nitric oxide synthetase (NOS), superoxide
dismutase (SOD), catalase (CAT), glutathione peroxidase (GPX), peroxiredoxin (PRDX),
myeloperoxidase(MPO))
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lipoxygenase, and cyclooxygenase. Mitochondrial redox signaling relies mainly on
O2

•� generated by complex I and III of the electron transport chain (ETC), although
other mitochondrial proteins such as monoaminooxidase B, glycerol-3-phosphate
dehydrogenase, and the electron transferring flavoprotein ubiquinone oxidoreduc-
tase will contribute to mitochondrial ROS (mtROS). The extent of mitochondrial
O2

•� production correlates with the mitochondrial ultrastructure, the mitochondrial
status (e.g., alterations of the membrane potential, changes in OXPHOS), and
oxygen availability. Under hypoxic conditions, superoxide anion produced by
mitochondrial complex III undergoes SOD-catalyzed conversion to H2O2 that
diffuses into the cytosol and stabilizes hypoxia-inducible factor-1α (HIF-1α)
(McElroy and Chandel 2017). HIF-1α translocation into the nucleus initiates tran-
scription of genes that promote adaptation to the hypoxic environment. In most
conditions, H2O2 serves as the main mitochondrial ROS signal. Conversion of O2

•�

to H2O2 is accomplished by manganese superoxide dismutase (SOD2) in the mito-
chondrial matrix or by Cu, Zn superoxide dismutase (SOD1) in the intermembrane
space (Collins et al. 2012). The overall extent of the mitochondrial redox signal
depends on production by the ETC, degradation by peroxiredoxins and glutathione
peroxidase, and release into the cytosol. Mitochondrial redox signaling has been
connected to immune system regulation, metabolic functions, the circadian clock,
and cellular lifespan (Schieber and Chandel 2014). While it is not yet fully under-
stood if and by which means enzymes can regulate the timing and rate of O2

•� as a
side product, a second messenger (H2O2) will be produced that will participate in
redox signaling and alter physiological functions.

Some flavin-containing proteins may generate superoxide in a specific context
while engaging with partner proteins. For example, MICAL (molecules interacting
with CasL) proteins are scaffolding proteins that contain a flavomonooxygenase
domain which generates a redox potential. MICALs can either oxidize directly
methionines to methionine sulfoxides (e.g., in actin) via a hydroperoxyflavin inter-
mediate or generate indirectly H2O2 for oxidation when interacting with partner
proteins such as semaphorin 3A (Nadella et al. 2005; Hung et al. 2011; Giridharan
and Caplan 2014). MICAL-induced oxidation targets actin polymerization or micro-
tubule assembly, thereby inducing cytoskeletal rearrangements or growth cone
collapse.

The only professional primary ROS producers are NADPH oxidases, a family of
seven mammalian enzymes (NOX1-5, DUOX1-2) (Bedard and Krause 2007;
Kawahara et al. 2007). NOX/DUOX enzymes are expressed in every cell type and
tissue, often with multiple oxidases present in the same cell, where they generate
O2

•� (or in some instances H2O2) in a spatially and temporally controlled manner
when a particular stimulus triggers activation. The members of this family contain a
conserved catalytic core that permits the transfer of two electrons from cytoplasmic
NADPH to oxidized FAD, followed by one electron transport across the cell
membrane, via two inequivalent low potential hemes, to molecular oxygen (Cross
and Segal 2004). The reduction of O2 generates O2

•� in the extracellular space,
endosomal lumen or phagosome, depending on the type of membrane that
incorporates the oxidase. NOX1-3 and NOX5 follow this established paradigm,
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while for NOX4 and DUOX1-2 enzymes, only H2O2 can be detected, likely due to a
yet undetermined modification of the membrane incorporated three-dimensional
structure of the active oxidase complex (von Lohneysen et al. 2010; Augsburger
et al. 2019). Signals emanating from O2

•� will be short range, affecting only
susceptible proteins in the immediate vicinity, as O2

•� is short-lived and cannot
traverse membranes. H2O2 on the other hand contributes to intracellular redox
signaling by diffusion or aquaporin-mediated reentry of H2O2 through membranes.
H2O2 initiates redox relays, protein modifications, and cell to cell communication.
Adduct products of O2

•� (i.e., ONOO�) alter signal transduction by thiol oxidation,
tyrosine nitration, and lipid peroxidation, while the H2O2 adduct HOCl serves in a
highly specialized immune defense function by killing microorganisms after phago-
cytic uptake (Randall et al. 2014; Radi 2018; Nauseef 2019). The regulation of
NOX/DUOX enzymes is multifaceted, requiring stimulus-dependent posttransla-
tional modifications, assembly of several cytosolic partner proteins at a membrane-
bound heterodimeric complex, and GDP to GTP exchange on the small molecular
weight GTPase RAC, leading to formation of an active multimeric complex
(Sumimoto 2008). In some cases transcriptional upregulation, calcium binding or
epigenetic changes need to occur to support catalytic activity or location-specific
biological function of a particular oxidase. Additional regulatory features of oxidases
are discrete subcellular localization in different cell types and stimulus-dependent
translocation, for example, movement from the endoplasmatic reticulum to the
plasma membrane. Mechanisms for turning off the catalytic activity of oxidases
are not yet completely understood. RAC GTP hydrolysis and dephosphorylation of
cytosolic components are considered the dominant factors in termination of oxidase
activity, but other mechanisms such as citrullination of cytosolic components by
protein arginase deiminase 4 (PAD4), leading to complex disassembly, have been
reported (Decoursey and Ligeti 2005; Zhou et al. 2018). Primary ROS generated by
NADPH oxidases undergo the same conversion mechanisms (e.g., SOD1-3), adduct
reactions with nitric oxide (•NO) or (pseudo)halides (Cl�, SCN�), and degradation
processes (catalase, radical scavengers, antioxidant systems) as ROS produced by
other enzymes.

2 Hydrogen Peroxide and Redox Signaling

2.1 Models for Signal Transmission

The key role of H2O2 in driving signaling pathways by oxidation-reduction reactions
is undisputed, and recent studies have shed light on how initial oxidation transmits
signals inside the cell (Stocker et al. 2018b). Estimates of the basal H2O2 concentra-
tion in the cytosol are in the low nanomolar range (1–10 nM), rising transiently up to
50-fold or more (500–700 nM) when NADPH oxidases generate O2

•� or H2O2

(Stocker et al. 2018a). The current models suggests that cytosolic H2O2 is limited to
a 0.3 μm gradient radiating from the enzymatic ROS source due to the high reactivity
of adjacently localized cytoplasmic PRDXs and GPXs (Travasso et al. 2017). In
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these conditions reduced PRDXs or GPXs which are present in abundance will be
oxidized and will facilitate indirectly thiol oxidation of target proteins. Quantitative
modeling supports that often not H2O2 itself but sulfenic or disulfide forms of 2-Cys
peroxiredoxins may oxidize targets in a localized redox relay (Travasso et al. 2017).
Redox reactive cysteines in proteins will be oxidized not directly by H2O2 but
indirectly by PRDXs. Rhee and coworkers reported that PRDX3-SO2/sulfiredoxin
oscillations enable rhythmic release of H2O2 from the mitochondria (Rhee and Kil
2016). Released mtH2O2 has been connected to immune signaling, autophagy, and
cell cycle regulation among other cellular functions. At higher H2O2 concentrations,
the process of sensing H2O2 and transferring oxidative equivalents via a redox relay
can collapse and H2O2 will accumulate, diffuse, and oxidize less reactive targets
located further away (Travasso et al. 2017). Posttranslational modifications such as
phosphorylations can inactivate PRDXs, thereby permitting local accumulation of
H2O2 that induces cysteine oxidation (Woo et al. 2010). These scenarios were
modeled as outside-in H2O2 flux, but they may also be accurate for intracellular
release of H2O2 from redoxosomes or other compartments (Oakley et al. 2009; Zana
et al. 2018). In plants and model organisms coordinated calcium and H2O2 waves
have been postulated as communication system, transmitting information inside the
cell or between cells (Gilroy et al. 2016; Vestergaard et al. 2012), but this has not
been demonstrated convincingly in mammalian systems.

This model cannot account for gradient disturbances by concomitant or sequential
H2O2 generation by multiple ROS sources. In those conditions H2O2 levels will
dynamically fluctuate, and localized gradients will be reinforced or collapse. PRDX
family members or other peroxidases in oxidized or non-oxidized form may associ-
ate with different signaling complexes, thereby inducing, stabilizing, or hindering
translocation of signaling platforms. Posttranslational modifications that rely not
only on oxidation but also on reactive nitrogen or sulfur species will likely be altered
in such complex systems, and oxidation of suitable targets by highly reactive O2

•�

and/or •OHmay take place simultaneously. Cells in tissues will also integrate signals
generated by cell-cell contact, by stimulated or apoptotic cells nearby, as well as
signals transmitted by the physical microenvironment such as changes in the extra-
cellular matrix or shear stress. The overall reaction to multiple stimuli in a complex
system will necessitate the seamless integration of various oxygen species and other
signaling modifiers. The robustness of such complex systems is usually ensured by
redundancy and compensation. Perturbations of this system will not be tolerated if
they occur persistently or exceed a certain threshold of physiological tolerability. In
a first scenario, disturbances will have detrimental outcome for cellular integrity,
viability, or both and will result in cell death, tissue injury, and disease. In other
circumstances the response to vital signaling inputs will be muted or enhanced on a
permanent basis, yet again leading to compromised cell function and disease. This
second scenario occurs when inherited or de novo mutations in primary
ROS-generating or ROS-degrading enzymes are present. Examples are loss-of-
function or reduced function variants in NADPH oxidase isoforms (see 3.1–3.3).
While gain-of-function variants in ROS sources are not yet identified, variants in
other genes are coupled to continuously augmented primary ROS production.
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Examples are CCM1 linked to cerebral cavernous malformations, and PTPN22 or
PTPN11, which are associated with autoimmune disease and myeloproliferative
disorders, respectively (Bayley et al. 2015; Xu et al. 2013; Li et al. 2015; Goitre
et al. 2014). Thus, ROS levels in a certain, predefined physiological range are
required to maintain health.

2.2 Redox Signaling Pathways

The first step in H2O2-elicited redox signaling involves oxidation of a thiol group to
a disulfide group on the target protein, which will often change the function of the
protein (Winterbourn 2008; Finkel 2011). The reaction of H2O2 with cysteines is
dependent on the overall microenvironment of the thiol and on the pKa, as the
reaction occurs exclusively with the thiolate anion (Fig. 2). These parameters
together with accessibility and reaction rate contribute to the specificity of modifying
particular thiols. The initially formed product is usually sulfenic acid (or in some
cases thiyl radical), which can react with glutathione (GSH) to form disulfide bonds
or can modify proteins by glutathionylation or sulfenylamide formation. The revers-
ibility of thiol modifications is accomplished by PRDX, GPX, or thioredoxin
reductase (TRX). While direct oxidation of protein thiols by high concentrations

Fig. 2 Redox-dependent cysteine modifications as cellular signal transducers. Reversible and
irreversible (red glow) cysteine modifications by hydrogen peroxide or nitric oxide, leading to
sulfoxidation, S-nitrosylation, S-glutathionylation, and disulfide bond formation of target proteins.
Modified from J. Cell Biol. 2011, 194:7
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of H2O2 can occur, the favored model for physiological signaling is the redox relay,
whereby H2O2 reacts readily with cytosolic 2-Cys peroxiredoxins, which transmit
oxidizing equivalents to target proteins (Stocker et al. 2018a; Travasso et al. 2017).
The reaction rate of H2O2 with the active site cysteine in PRDX2 is a million-fold
higher than with the phosphatase PTP1B, a target in oxidant signaling pathways
(Paulsen and Carroll 2013). This indirect PRDX-mediated thiol oxidation was also
reported for the oxidation of the apoptosis signal-regulating kinase 1 (ASK1) and the
transcription factor STAT3 (Jarvis et al. 2012; Sobotta et al. 2015). Similarly,
oxidation of a redox-sensitive cysteine close to the phosphate binding P-loop of
RAC1 might be mediated by PRDX6, which binds to the NOX2 complex and
enhances its catalytic activity (Hobbs et al. 2014; Ambruso et al. 2012).

A well-known example for H2O2 redox signaling is oxidation of the active site
thiol in protein tyrosine phosphatases, which will inhibit their activity and thereby
increase tyrosine phosphorylation on target receptors, protein kinases, and other
proteins (Tonks 2013). Typically, such deactivation of phosphatases is transient and
facilitates phosphorylation/dephosphorylation switches that trigger spatiotemporally
controlled signaling. For epidermal growth factor receptor, vascular endothelial
growth factor receptor, fibroblast growth factor receptor, protein kinase B (PKB,
Akt), ASK1, c-Src, and inhibitory κB kinase (IKK), all receptor and non-receptor
tyrosine kinases with redox-sensitive cysteine residues, activity depends on redox
regulation (Truong and Carroll 2013). All of these kinases are subject to many
regulatory inputs that control their context-dependent activation state. For example,
H2O2-induced oxidation of specific c-Src cysteine residues promotes sulfenylation,
glutathionylation, and disulfide bond formation, which will alter c-Src conformation,
tyrosine phosphorylation, and kinase activity (Heppner et al. 2018; Zhang and
Forman 2014; Giannoni et al. 2005). The redox activation of ASK1 is a multistep
process that depends on oxidation of cysteines in TRX1 and ASK1, leading to
dissociation of the inactive TRX1-ASK1 complex and conformational changes in
ASK1 (Liu et al. 2000; Nadeau et al. 2007). Thiol oxidation will alter not only
protein folding and interfere with protein-protein interactions of protein kinase
cascades, but will modify also the activity of transcription factors or ion channels
(Brigelius-Flohe and Flohe 2011; Bogeski and Niemeyer 2014).

3 Contribution of Physiological ROS to Health

Adequate generation of H2O2 for redox signaling and specialized biological pro-
cesses is essential for maintaining cellular functions and, when disrupted perma-
nently, will cause disease or greatly increase susceptibility for disease. We outline
here only cell functions that when disturbed by permanently altered O2

•�/H2O2

generation cause clearly defined, clinical human disease phenotypes or are
associated with increased susceptibility for human disease. These examples are
based on genetic variants in the NADPH oxidase family of proteins, as variants in
other ROS sources have not yet been identified in patients.
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3.1 Innate Immune Response

Innate immune cells such as neutrophils, macrophages, and dendritic cells are critical
for host defense. These cells exert antimicrobial effects, connect to other immune
cell types, and are required for resolution of infectious and inflammatory events.
Many activities of innate immune cells are redox-regulated, but in contrast to other
cell types, ROS fulfill also specialized functions such as killing of microbes by
products of stimulated NOX2. Mutational inactivation of NOX2 (CYBB; X-linked
CGD) or in genes required for NOX2 complex formation (CYBA, NCF1, NCF2,
NCF4; Autosomal Recessive-CGD) causes chronic granulomatous disease (CGD),
an inherited immunodeficiency that leads to recurrent life-threatening fungal and
bacterial infections in patients due to superoxide deficiency in innate immune cells
(Roos 2016). The primary function of the NOX2-dependent phagocyte oxidative
burst is pathogen control, in particular toward certain fungi and bacteria
(A. fumigatus, S. aureus, S. marcescens, Nocardia spp., B. cepacia). In addition,
NOX2-generated H2O2 participates in redox signaling, serving a protective, anti-
inflammatory role that is essential for resolution of inflammation (Campbell et al.
2014). The immune cells of CGD patients produce significantly increased levels of
chemokines and pro-inflammatory cytokines (IL-8, IL-6, TNF-α), resulting in
inflammatory conditions such as granulomas and colitis (O’Neill et al. 2015;
Nauseef 2019; Dinauer 2019). Lack of infection control, hyperinflammation, and
development of skin granulomas are also present in Nox2-deficient mice. How
NOX2-derived O2

•�/H2O2 alters specific transcriptional pathways, dampens inflam-
mation, and contributes to resolution of inflammatory processes is not yet
completely defined.

Current therapy includes aggressive diagnostic evaluation of clinical complaints,
antibacterial and antifungal prophylaxis, and IFNγ-1b (ACTIMMUNE®). Curative
treatment such as allogeneic hematopoietic stem cell transplantation (HSCT) has
been used for certain CGD patients. Gene therapy trials with improved lentiviral
vectors show promising results, and targeted repair studies using CRISPR gene
editing technology on iPSC have commenced (De Ravin et al. 2017; Merling et al.
2017; Sweeney et al. 2019; Kohn et al. 2020). Finding new avenues for adjunctive
CGD therapy may include activating a distinct primary ROS source which can
partially compensate for NOX2 complex inactivation. A modest increase in primary
ROS levels is likely sufficient to reach the threshold required for increased patient
survival, because female X-CGD carriers retaining at least 10% of neutrophils
oxidase functional are phenotypically normal (Kuhns et al. 2010; Marciano et al.
2018). Increasing primary ROS in CGD was recently undertaken by using the
PPARγ agonist pioglitazone, a drug approved for Type 2 diabetes, in an animal
model of CGD (Cybb�/� mice). Pioglitazone enhanced the oxidative environment in
neutrophils, monocytes, and macrophages by increasing mtROS generation,
enabling the killing of Staphylococcus aureus ex vivo and in vivo (Fernandez-
Boyanapalli et al. 2015b). Pioglitazone treatment improved also efferocytosis, the
engulfment and removal of dying cells, in monocytes derived from CGD patients
and may thus suppress the enhanced production of pro-inflammatory mediators
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observed in CGD macrophages (Fernandez-Boyanapalli et al. 2015a). In Nox2-
deficient mice, pioglitazone reversed sterile inflammation by enhancing clearance
of neutrophils and reducing cytokine production (Fernandez-Boyanapalli et al.
2010). A Phase1/2 clinical trial investigating efficacy and safety of pioglitazone in
children with CGD will be completed in 2020. Even if the frequency of infections
declines, it will be too early to assess if pioglitazone or other PPARγ agonists will
provide long-term benefit in CGD, but the overall approach seems feasible and
promising.

3.2 Gastrointestinal Homeostasis

Effective homeostasis in the intestine provides the initial host defense against
intestinal pathogens; this includes colonization resistance provided by microbiota,
the physical epithelial barrier reinforced by selective permeability and mucus, and
epithelial secretions that include proteinaceous substances, organic substances, and
chemicals. One of these chemicals is H2O2 that is released into the intestinal lumen
by the epithelial NADPH oxidases NOX1 and DUOX2 after sensing pathogens,
pathogen attachment, or invasion (Aviello and Knaus 2018). These oxidases are less
efficient in primary ROS generation than the phagocyte oxidase NOX2, but their
activity is often sustained over a longer period. Even though the achievable H2O2

concentration in the intestine is too low to exert direct microbicidal activity, diffu-
sion of nanomolar H2O2 into bacteria triggers several antivirulence mechanisms
such as inhibiting transcription of the LEE pathogenicity island encoding the Type
3 secretion system of enteropathogenic E. coli or globally downregulating
phosphotyrosine signaling, which governs polysaccharide biosynthesis, metabolic
pathways, and virulence determinants (Corcionivoschi et al. 2012; Alvarez et al.
2016; Pircalabioru et al. 2016). Reducing virulence and weakening pathogen fitness
facilitates more efficient clearance of the invading microorganisms. In the low
oxygen environment of the colon (~3% oxygen at the tip of the villi), nanomolar
H2O2 concentrations seem to be sufficient to provide initial protection against certain
microorganisms.

In homeostatic conditions and, in particular, when the function of epithelial
NADPH oxidases is downregulated or disrupted by mutation (Hayes et al. 2015;
Parlato et al. 2017; Schwerd et al. 2018), supplementation with physiological
concentrations of H2O2 will provide host benefit in the gastrointestinal tract. One
can envision various approaches to provide H2O2 to the mucosa, but commonly
certain strains of commensal bacteria, in particular lactobacilli, have been used as
treatment for intestinal infections (Isolauri et al. 2002; Lievin-Le Moal and Servin
2014). Lactobacilli produce lactic acid, bacteriocins, and inorganic substances and
secrete H2O2. With such an array of bioactive compounds, it is difficult to assess
which of these compounds individually or in combination provides the observed
health benefits in infections. Antibacterial activity of Lactobacillus-generated H2O2

has been observed when using culture supernatants with or without catalase addition
(Reid 2008; Atassi and Servin 2010). Identification and deletion of the H2O2-
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generating enzymes in L. johnsoniiNCC533 linked H2O2 production conclusively to
anti-infective mechanisms in mice (Hertzberger et al. 2014; Pircalabioru et al. 2016;
Knaus et al. 2017). These observations further support the prophylactic intake of
lactobacilli to strengthen colonization resistance and antivirulence mechanisms.

Intestinal inflammatory diseases have long been associated with oxidative dam-
age, but substances with “antioxidant” activity show mixed performance in clinical
trials of inflammatory bowel diseases (IBD) (Moura et al. 2015). The notion of
increased superoxide levels initiating or perpetuating intestinal inflammation needs
to be reevaluated as 40–50% of CGD patients with loss-of-function mutations in the
NOX2 complex will develop CGD-IBD (Falcone and Holland 2019), and reduced
function of the NADPH oxidases NOX1, NOX2, or DUOX2 predisposes to very
early onset IBD (Huang et al. 2016; Hayes et al. 2015; Parlato et al. 2017; Dhillon
et al. 2014; Stenke et al. 2019; Schwerd et al. 2018). Physiological levels of H2O2 are
essential for epithelial barrier maintenance (e.g., mucus layer, autophagy, wound
healing) and for communication with the microbiota (Leoni et al. 2013; Aviello and
Knaus 2018; Aviello et al. 2019). Hence, enhancing luminal H2O2 concentrations
provides not only benefit in intestinal infections, but also in inflammatory disease.
Administration of Lactobacillus reuteri increased mucus thickness in mice by an
unidentified mechanism (Ahl et al. 2016), while Lactobacillus johnsonii-derived
H2O2 was required for accelerated tissue restitution and recovery from chemically
induced colitis (Singh et al. 2018). However, lactobacilli have not always performed
well in clinical studies, possibly due to the changes in mucus quantity and quality
triggered by active inflammation, thereby decreasing mucus-associated attachment
sites required for colonization. Additionally, in immunocompromised patients or UC
patients with increased intestinal barrier permeability, high doses of lactobacilli have
been connected to bacteremia (Vahabnezhad et al. 2013; Sherid et al. 2016). Another
pro-oxidant therapeutic approach in IBD is administering the cytokine GM-CSF,
which will stimulate and strengthen the host’s immune system (Bilsborough et al.
2016). GM-CSF promotes differentiation and proliferation of myeloid cells, but also
acts as priming agent for neutrophils, enhancing their oxidative burst (Egea et al.
2010; El-Benna et al. 2016). Secondary ROS generation by neutrophils is often
considered destructive by leading to tissue injury, but neutrophils perform also
protective and restitutive functions (Parkos 2016). Further, as mentioned earlier,
40–50% of CGD patients suffer from intestinal inflammation due to reduced super-
oxide production. These conflicting observations clearly indicate that more mecha-
nistic insight is needed.

3.3 Thyroid Hormone Synthesis

Thyroid hormone synthesis is dependent on iodine availability, basolateral iodide
uptake by active transport via the sodium/iodide symporter (NIS), thyroperoxidase
(TPO), H2O2, and the iodine acceptor protein thyroglobulin (TG). The production
and storage of thyroid hormones take place in thyroid follicles, with TPO reducing
H2O2 to H2O, thereby oxidizing iodide to an iodinating form and attaching it to
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tyrosyl residues in TG. Initial iodination of TG leads to monoiodotyrosine (MIT) and
diiodotyrosine (DIT), which then react with each other in a second TPO-H2O2-
catalyzed coupling reaction to form T3 (triiodothyronine, MIT + DIT) and T4
(thyroxine, DIT+DIT). TG-bound T3 and T4 are stored and released into the
bloodstream after TG cleavage. The essential H2O2 for iodide oxidation steps is
provided by the calcium-activated NADPH oxidase DUOX2, which co-localizes
with TPO. Apical thyrocyte membrane localization and catalytic activity of DUOX2
is dependent on dimerization with DUOXA2, glycosylation, and other posttransla-
tional modifications (Rousset et al. 2000; Carre et al. 2015).

Loss-of-function variants in TPO or DUOX2 cause transient or permanent con-
genital hypothyroidism (CH), confirming the requirement of these enzymes in
catalyzing thyroid hormone synthesis. A well-defined CH phenotype-genotype
correlation, as suggested by initial characterization of DUOX2 variants (Moreno
et al. 2002), has not been observed after additional homozygous, heterozygous, and
compound heterozygous mutations were identified and characterized (Ohye and
Sugawara 2010; O’Neill et al. 2015; De Deken and Miot 2019; Peters et al. 2019;
Dufort et al. 2019). The variety of clinical phenotypes associated with DUOX2 (and
rarely with DUOXA2) mutations suggests that the related, thyrocyte-expressed
DUOX1/DUOXA1 oxidase may compensate in some circumstances and that possi-
bly other environmental factors modify the outcome. Mutational inactivation of
Duox2 in mice (Duox2thyd) or deletion of both dimerization partners (Duoxa�/�

mice) caused severe CH with undetectable serum T4 levels (Grasberger et al. 2012;
Donko et al. 2014), reinforcing the critical role of DUOX2 in thyroid hormone
production. Recently, retrospective analysis of CH patients revealed a higher overall
IBD prevalence, especially when transient CH was present, which may correlate
with the presence of DUOX2 mutations (Grasberger et al. 2018). In contrast, very
early onset IBD patients with rare inactivating DUOX2 variants had normal thyroid
hormone levels at birth (Hayes et al. 2015; Parlato et al. 2017), suggesting incom-
plete penetrance or tissue-specific factors that regulate DUOX2 expression.

4 Outlook

Cells in tissues exist in context with several primary ROS sources being triggered, in
parallel or sequentially, by chemical, biological, and physical inputs. In these
circumstances multiple H2O2 signals of different strength and duration will be
generated, transmitted, received, converted, and removed. One can assume that
physiological levels of H2O2 will persist in this cellular environment, not in a
steady-state but fluctuating across a homeostatic range (Fig. 3). We propose that
persistent ROS over- or underproduction permits homeostatic fluctuations only
across a confined range. Short exposure to high ROS levels will be tolerated due
to the actions of various protection, removal, and repair systems, but persistent
exposure will trigger inappropriate signals and conversion to more damaging sec-
ondary ROS. In permanent low ROS scenarios, some redox signals will be sustained
due to proximity or high affinity of targets, while others are disrupted. As the
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remaining H2O2 still fulfills certain signaling functions, the system will have less
pressure for counter regulation and compensation. Hence, persistently low ROS
levels will result in deficiencies and physiological stress responses that may give rise
to damaging long-term effects. Therapeutic intervention in diseases with a well-
defined ROS over-/underproduction will necessitate strategies that safeguard physi-
ological ROS generation and redox signaling. In certain diseases the identification of
a critical enzymatic ROS source generating a particular unwanted signal will be
required for therapeutic targeting, but in other settings the activation of alternative
primary ROS-generating enzymes may compensate when H2O2 signaling is perma-
nently downregulated. We propose that therapeutics for certain disease conditions in
the future will include not only specific enzyme inhibitors but also drugs or
biologicals that induce or supply H2O2 at physiological concentrations.
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Abstract

Most diseases are defined by a symptom, not a mechanism. Consequently,
therapies remain symptomatic. In reverse, many potential disease mechanisms
remain in arbitrary search for clinical relevance. Reactive oxygen species (ROS)
are such an example. It is an attractive hypothesis that dysregulation of ROS can
become a disease trigger. Indeed, elevated ROS levels of various biomarkers have
been correlated with almost every disease, yet after decades of research without
any therapeutic application. We here present a first systematic, non-hypothesis-
based approach to transform this field as a proof of concept for biomedical research
in general. We selected as seed proteins 9 families with 42 members of clinically
researched ROS-generating enzymes, ROS-metabolizing enzymes or ROS targets.
Applying an unbiased network medicine approach, their first neighbours were
connected, and, based on a stringent subnet participation degree (SPD) of 0.4,
hub nodes excluded. This resulted in 12 distinct human interactome-based ROS
signalling modules, while 8 proteins remaining unconnected. This ROSome is in
sharp contrast to commonly used highly curated and integrated KEGG, HMDB or
WikiPathways. These latter serve more as mind maps of possible ROS signalling
events but may lack important interactions and often do not take different cellular
and subcellular localization into account. Moreover, novel non-ROS-related
proteins were part of these forming functional hybrids, such as the NOX5/sGC,
NOX1,2/NOS2, NRF2/ENC-1 and MPO/SP-A modules. Thus, ROS sources are
not interchangeable but associated with distinct disease processes or not at all.
Module members represent leads for precision diagnostics to stratify patients with
specific ROSopathies for precision intervention.
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The upper panel shows the classical approach to generate hypotheses for a role of
ROS in a given disease by focusing on ROS levels and to some degree the ROS type
or metabolite. Low levels are considered physiological; higher amounts are thought
to cause a redox imbalance, oxidative stress and eventually disease. The source of
ROS is less relevant; there is also ROS-induced ROS formation, i.e. by secondary
sources (see upwards arrow). The non-hypothesis-based network medicine approach
uses genetically or otherwise validated risk genes to construct disease-relevant
signalling modules, which will contain also ROS targets. Not all ROS sources will
be relevant for a given disease; some may not be disease relevant at all. The three
examples show (from left to right) the disease-relevant appearance of an
unphysiological ROS modifier/toxifier protein, ROS target or ROS source.

Keywords

ROS · Systems medicine · Network pharmacology · Precision medicine ·
Precision diagnostics

There is a conceptual problem with the way most diseases are defined and conse-
quently treated. Taxonomies are based on either (1) organs, e.g. heart failure
diseases, chronic kidney disease or polyneuropathy; (2) the name of a doctor,
e.g. Parkinson’s disease, Alzheimer’s disease or Crohn’s disease; or (3) a symptom,
e.g. hypertension, hyperthyroidism or asthma. One reason for this is that most
diseases are mechanistically not understood. One result is that we have to treat
symptoms, often chronically and not curative, and with low precision (i.e. high
numbers needed to treat) when it comes to patient-relevant outcomes (i.e. mortality).

Having a closer look at hypertension, i.e. a blood pressure above a certain
threshold level, one could even argue that it is not a disease but a risk factor. It is
associated with 60% of all strokes and 50% of all cases of coronary heart disease, the
primary cause of death and the second of disability worldwide (He and MacGregor
2007). Nevertheless, antihypertensive drugs, even if they normalize blood pressure –
or remove the symptom – need high numbers needed to treat (NNT), namely, up to
81, to prevent a stroke or myocardial infarction. Thus, none of pharmacotherapeutic
options are curative, effective or precise (Ogden et al. 2000). Moreover, some of the
most popular antihypertensive drugs have a race bias. Hypertensive blacks treated
with angiotensin-converting enzyme (ACE) inhibitors have poorer cardiovascular
outcomes than whites (Ogedegbe et al. 2015). Precision medicine instead focuses on
the response to therapy of the individual, not the group, reducing NNT by under-
standing and treating the precise pathological mechanisms (Schork 2015). Conse-
quently current disease definitions will need to be replaced by mechanistic ones.
Hypertension, like many other current “disease” definitions, will most likely be split
up according to different mechanistic endotypes.
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1 ROSopathies

One such possible mechanism involves reactive oxygen species (ROS). They are
important for the maintenance of cellular homeostasis. If endogenous redox signal-
ling is changed in an unphysiological manner, e.g. with respect quantity or type of
ROS or its subcellular location, cellular and bodily dysfunctions can result (Frijhoff
et al. 2015; Casas et al. 2015). Such ROS-associated disease states (ROSopathies)
may range from hypertension and other cardiovascular pathologies (Gracia et al.
2017) to neurological disorders (Gray et al. 2013; Jha et al. 2014; Wilkinson-Berka
et al. 2014) and chronic inflammation and cancer (Dröge 2002; Thanan et al. 2014),
to name a few. These diverse diseases have in common aberrant redox signalling as a
component in their development. However, correlation means not necessarily cau-
sality and establishing specific and the search for predictive ROS-associated
biomarkers with clinical and therapeutic relevance has proven a fruitless endeavour
(Frijhoff et al. 2015). Furthermore, therapeutic approaches with antioxidants, based
on the concept that a little ROS is tolerable and above a certain threshold needs to be
scavenged, have failed to provide patient benefit (Schmidt et al. 2015; Lapchak
2010). The conceptual mistake here was to ignore the fact that ROS at all levels of
concentration can also have beneficial effects. Thus, in the ROS field, there is a
massive need for change in our understanding of the roles of ROS in health and
disease and how to treat ROS-associated conditions beyond the failed antioxidant
approach.

A precision medicine approach to ROSopathies would be to identify more
classical pharmacological protein targets, e.g. different enzymatic sources of ROS,
to validate which of these is in a given condition a disease trigger, treat it but leave all
other ROS sources untouched. Thereby dysfunctional ROS signalling would be
cured, and physiological signalling could continue (Casas et al. 2015). In line with
most recent therapeutic concepts are increasingly mechanistically orientated and
target-specific ROS-forming, ROS-toxifying or ROS target enzymes (Altenhöfer
et al. 2012; Hochman et al. 2007).

2 From Single Therapeutic Targets to Biased Pathways
to Unbiased Modules

Another emerging concept in defining disease mechanisms is that with the exception
of monogenic diseases, most common and chronic diseases are not caused by a
single protein but a network around one or more candidates. Pathways, however, are
currently defined in a highly curated manner resembling more mind maps than
actually validated subcellular entities. Even though they are perpetuated from one
review article to the next or because of that, they are biased, are highly curated, lack
important interactions and do not integrate sufficient information about subcellular
localizations of molecules. In general, biological networks can suffer from two types
of biases: technical biases and study biases (Schaefer et al. 2015). Some technical
biases are caused by experimental procedures which tend to detect interactions
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between highly abundant proteins (Björklund et al. 2008; von Mering et al. 2002;
Ivanic et al. 2009), while others are inclined to detect interaction between proteins
located in the nucleus (Jensen and Bork 2008). Study biases stem from overlapping
interests of researchers, meaning that some proteins are studied more than others
since they have shown higher biomedical and pharmaceutical relevance (Alanis-
Lobato and Andrade-Navarro 2017; Schaefer et al. 2015). In line with this, it is
becoming increasingly evident that high node degree (interaction partners) of,
e.g. disease proteins is caused by study biases and not caused by them being essential
elements in the interactome (Alanis-Lobato and Andrade-Navarro 2017). A recent
study showed that a strong correlation exists between human protein-protein inter-
action (PPI) network centrality (number of physical interactions, betweenness,
closeness) and number of times scientific publications mention protein representing
genes (Alvarez-Ponce et al. 2017). Each protein can be regulated to suppress
unphysiological formation of ROS. However, it remains unknown which proteins
are relevant to target for the different ROSopathies and which of them are involved
in the development of the disease. To locate potential drug targets, or combinations
of drug targets, in an unbiased manner and to assess the impact of drug effects on
molecular pathways, biological networks that accurately reflect cellular and patho-
logical signalling are needed.

3 Hybrid Modules and Not All ROS-Related Proteins Will Be
Disease Relevant

Moreover, pathways have again an artificial taxonomy, i.e. ROS signalling, cAMP
signalling, Ca2+ signalling and tyrosine kinase signalling, as if they would exist in
isolation, hardly interacting with each other, and in that totality, i.e. all components
strictly interact with all other components. Typically, these sources, toxifiers and
targets are summarized in mind map-like ROS signalling pathways (Bigarella et al.
2014; Bickers and Athar 2006; Yang et al. 2018; Zhao et al. 2017; Moloney and
Cotter 2018) and databases such as KEGG, HMDB or WikiPathways. These often
consider more or less one common cellular ROS pool or a cellular redox balance (see
Fig. 1).

This assumption, however, is unlikely. Already, differential subcellular localiza-
tion or differential expression in different cells will result in the fact that many
protein components of one classical signalling pathway will never interact with
each other; in reverse co-expression in specific subcellular compartments will result
in the fact that signalling components from two or more pathways form a local
hybrid interaction module, not captured in any curated pathway but possibly key to
understand a disease mechanism. Thus, we need a new, unbiased manner how to
construct these signalling modules. Network medicine does so by constructing them
from the interactome, beginning with clinically highly validated seed proteins and
extending them by their first neighbours, but with a limit to not exclude highly
connected (unspecific) proteins, i.e. hubs. As a result, ROSopathy modules are
highly likely to contain components of other classical signalling pathways.
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Moreover, not all proteins qualify as disease proteins; some are too essential, and
some are not essential at all. According to the Pareto principle, all networks can be
modulated by 20% of its components, assuming that 20% of all proteins are critical
and qualify as disease proteins. In reverse, we hypothesize that approximately 80%
of all ROS-related proteins will not appear in a module or will not be disease
relevant.

4 In Silico-Based Prediction of Modules for ROSopathies

To construct one or more ROS modules from protein-protein interaction (PPI)
networks of relevant interactions, we selected as seed proteins 9 families with
42 members of clinically trialled or, ideally, validated ROS-generating enzymes,
ROS-metabolizing enzymes or ROS target proteins. These included the
ROS-generating enzymes nitric oxide synthase (NOS), monoamine oxidase
(MAO), xanthine oxidase (XO), NADPH oxidase (NOX) and the ROS toxifier
myeloperoxidase (MPO) (see Table 1). Because of lack of therapeutic relevance,
mitochondria, for example, were excluded.

PPI experimental information was extracted from the Integrative Interaction
Database (IID), which integrates human interaction data from different sources
(Kotlyar et al. 2019). Selected disease-relevant ROS enzymes were used as seeds
and all first neighbour interacting proteins in IID added to build an initial network
with 765 nodes or proteins and 12,193 edges or PPIs. In order to extract disease-
relevant signalling modules, a subnet participation degree (SPD) score was calcu-
lated for each protein in the network. The SPD score measures how enriched and
specific are the interactions of a protein for the given subnetwork; it is defined as the
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Fig. 1 Classical ROS signalling pathway. Perpetuated schematic representation of ROS signalling
pathways. ROS enzymatic sources and targets are usually drawn interacting next to each other
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degree or number of interactions of the protein nodes within the subnetwork
normalized by the number of interactions of the node in the full interactome,
i.e. IID. A stringent SPD cut-off value of 0.4 was selected, corresponding to 95%
of the cumulative sum of the percentage of the protein nodes. Proteins nodes with a
SPD score below 0.4 were excluded from the final subnetwork, isolating most
module-specific interactions while excluding non-specific proteins. The final

Table 1 List of seed
proteins selected from
9 families with 42 members
of clinically relevant
researched ROS-generating
enzymes,
ROS-metabolizing
enzymes or ROS targets

ROS-forming enzyme UniProt entry name

NRF2 NF2L2_HUMAN

NOX1
NOX2
NOX3
NOX4
NOX5

NOX1_HUMAN
CY24B_HUMAN
NOX3_HUMAN
NOX4_HUMAN
NOX5_HUMAN

NOS1
NOS2
NOS3

NOS1_HUMAN
NOS2_HUMAN
NOS3_HUMAN

XO XDH_HUMAN

MAOA
MAOB

AOFA_HUMAN
AOFB_HUMAN

MPO PERM_HUMAN

ThR1
ThR2
ThR3

TRXR1_HUMAN
TRXR2_HUMAN
TRXR3_HUMAN

sGC GCYA1_HUMAN
GCYB1_HUMAN
GCYA2_HUMAN
GCYB2_HUMAN

GSTA1
GSTA2
GSTA3
GSTA4
GSTA5
GSTK1
GSTM1
GSTM2
GSTM3
GSTM4
GSTM5
GSTO1
GSTO2
GSTP1
GSTT1
GSTT2
GSTT2B?
GSTT4
GSTZ1
MGST1
MGST2
MGST3

GSTA1_HUMAN
GSTA2_HUMAN
GSTA3_HUMAN
GSTA4_HUMAN
GSTA5_HUMAN
GSTK1_HUMAN
GSTM1_HUMAN
GSTM2_HUMAN
GSTM3_HUMAN
GSTM4_HUMAN
GSTM5_HUMAN
GSTO1_HUMAN
GSTO2_HUMAN
GSTP1_HUMAN
GSTT1_HUMAN
GST2_HUMAN
GSTT2_HUMAN
GSTT4_HUMAN
MAAI_HUMAN
MGST1_HUMAN
MGST2_HUMAN
MGST3_HUMAN
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subnetwork (Fig. 2) includes 88 nodes or proteins and 86 edges or PPIs; 12 different
ROS-related disease modules were isolated, and 8 proteins appeared without any
connections (Table 2).

Fig. 2 PPI network and isolated ROS disease-relevant modules. 42 clinically researched
ROS-generating enzymes, ROS-metabolizing enzymes or ROS targets were used as seeds to start
building the PPI network. After pruning the network using a 0.4 SPD cut-off, 12 potential ROS
disease-relevant modules were extracted, and 8 proteins remained isolated with no interactions.
First neighbour proteins appear coloured green, and different seed proteins are coloured grey,
yellow, blue or red, following the previous colour scheme in Fig. 1
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Table 2 Disease-relevant ROS modules extracted from the PPI network shown in Fig. 2

UniProt name Gene name Common name

Module 1

CY24B_HUMAN CYBB NADPH oxidase 2*

PYR1_HUMAN CAD CAD protein

HKDC1_HUMAN HKDC1 Hexokinase HKDC1*

NOX1_HUMAN NOX1 NADPH oxidase 1*

ADRM1_HUMAN ADRM1 Proteasomal ubiquitin receptor ADRM1*

NOS2_HUMAN NOS2 Nitric oxide synthase, inducible*

NOXA1_HUMAN NOXA1 NADPH oxidase activator 1*

TNAP2_HUMAN TNFAIP2 Tumour necrosis factor alpha-induced protein 2*

LT4R1_HUMAN LTB4R Leukotriene B4 receptor 1*

PA24A_HUMAN PLA2G4A Cytosolic phospholipase A2*

SPSB4_HUMAN SPSB4 SPRY domain-containing SOCS box protein 4*

NCF4_HUMAN NCF4 Neutrophil cytosol factor 4*

PSA7_HUMAN PSMA7 Proteasome subunit alpha type-7*

NCF2_HUMAN NCF2 Neutrophil cytosol factor 2*

CY24A_HUMAN CYBA Cytochrome b-245 light chain*

S10A8_HUMAN S100A8 Protein S100-A8*

Module 2

ATG4C_HUMAN ATG4C Cysteine protease ATG4C*

CAN9_HUMAN CAPN9 Calpain-9*

GSTA2_HUMAN GSTA2 Glutathione S-transferase A2*

GSTT1_HUMAN GSTT1 Glutathione S-transferase theta-1*

GSTA1_HUMAN GSTA1 Glutathione S-transferase A1*

GGTL1_HUMAN GGTLC1 Glutathione hydrolase light chain 1*

GSTO1_HUMAN GSTO1 Glutathione S-transferase omega-1*

CB050_HUMAN C2orf50 Uncharacterized protein C2orf50

GSTA5_HUMAN GSTA5 Glutathione S-transferase A5*

TAGL3_HUMAN TAGLN3 Transgelin-3*

GSTA4_HUMAN GSTA4 Glutathione S-transferase A4*

GSTA3_HUMAN GSTA3 Glutathione S-transferase A3*

MYLK2_HUMAN MYLK2 Myosin light chain kinase 2*

Module 3

GCDH_HUMAN GCDH Glutaryl-CoA dehydrogenase*

ELAV3_HUMAN ELAVL3 ELAV-like protein 3 *

GCYB1_HUMAN GUCY1B1 Guanylate cyclase soluble subunit beta-1*

GCYA2_HUMAN GUCY1A2 Guanylate cyclase soluble subunit alpha-2*

MXRA7_HUMAN MXRA7 Matrix-remodeling-associated protein 7

GCYA1_HUMAN GUCY1A1 Guanylate cyclase soluble subunit alpha-1*

NOSTN_HUMAN NOSTRIN Nostrin*

NOS3_HUMAN NOS3 Nitric oxide synthase, endothelial*

MAST1_HUMAN MAST1 Microtubule-associated serine/threonine-protein kinase
1*

NOX5_HUMAN NOX5 NADPH oxidase 5

(continued)
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Table 2 (continued)

UniProt name Gene name Common name

Module 4

GSTM4_HUMAN GSTM4 Glutathione S-transferase Mu 4*

GSTM3_HUMAN GSTM3 Glutathione S-transferase Mu 3*

GSTM5_HUMAN GSTM5 Glutathione S-transferase Mu 5*

GSTM1_HUMAN GSTM1 Glutathione S-transferase Mu 1*

GSTM2_HUMAN GSTM2 Glutathione S-transferase Mu 2*

ECT2L_HUMAN ECT2L Epithelial cell-transforming sequence 2 oncogene-like*

OXDA_HUMAN DAO D-amino-acid oxidase*

GNB1L_HUMAN GNB1L Guanine nucleotide-binding protein subunit beta-like
protein 1*

Module 5

NF2L3_HUMAN NFE2L3 Nuclear factor erythroid 2-related factor 3*

MAFK_HUMAN MAFK Transcription factor MafK*

NQO1_HUMAN NQO1 NAD(P)H dehydrogenase [quinone] 1*

NF2L2_HUMAN NFE2L2 Nuclear factor erythroid 2-related factor 2*

NFE2_HUMAN NFE2 Transcription factor NF-E2 45 kDa subunit*

PAQR3_HUMAN PAQR3 Progestin and adipoQ receptor family member*

ENC1_HUMAN ENC1 Ectoderm-neural cortex protein 1*

Module 6

GPX4_HUMAN GPX4 Phospholipid hydroperoxide glutathione peroxidase *

DMRTD_HUMAN DMRTC2 Doublesex- and mab-3-related transcription factor C2

TRXR2_HUMAN TXNRD2 Thioredoxin reductase 2*

GLRX2_HUMAN GLRX2 Glutaredoxin-2, mitochondrial

GSTO2_HUMAN GSTO2 Glutathione S-transferase omega-2*

TRXR1_HUMAN TXNRD1 Thioredoxin reductase 1*

PWP3A_HUMAN PWWP3A PWWP domain-containing DNA repair factor 3A*

Module 7

GSTK1_HUMAN GSTK1 Glutathione S-transferase kappa 1*

RBGPR_HUMAN RAB3GAP2 Rab3 GTPase-activating protein non-catalytic subunit*

DHB11_HUMAN HSD17B11 Estradiol 17-beta-dehydrogenase 11*

DCXR_HUMAN DCXR L-xylulose reductase*

MIC10_HUMAN MICOS10 MICOS complex subunit MIC10 *

Module 8

KPCD1_HUMAN PRKD1 Serine/threonine-protein kinase D1*

ZDH23_HUMAN ZDHHC23 Palmitoyltransferase ZDHHC23

NOS1_HUMAN NOS1 Nitric oxide synthase, brain*

DLGP2_HUMAN DLGAP2 Disks large-associated protein 2*

Module 9

XDH_HUMAN XDH Xanthine dehydrogenase/oxidase

BT1A1_HUMAN BTN1A1 Butyrophilin subfamily 1 member A1, BT

CC110_HUMAN CCDC110 Coiled-coil domain-containing protein 110*

Module 10

GST2_HUMAN GSTT2 Glutathione S-transferase theta-2*

(continued)
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5 Protein-Metabolite Interactions and Metabolic Databases

PPIs are a powerful tool when investigating therapeutic approaches to ROSopathies,
but they cannot be used in isolation, and certainly not with respect to ROS, as some
effects of ROS are not due to PPI but indirectly by protein-metabolite-protein
interaction. Thus, when scrutinizing ROS signalling, protein-metabolite interactions
should also be considered. However, many databases with information on the
interactivity of proteins and metabolites are somewhat patchy and lack important
ROS-protein interactions. In Table 3, important substrates and ROS or toxic
products of some essential ROS-generating and ROS-toxifying enzymes are
shown. The connections between the enzymes and the listed substrates and products
should be a minimum in databases when applied for ROS disease module
identification.

When analysing the connections of pathways in highly curated databases like
Kyoto Encyclopedia of Genes and Genomes (KEGG) (Ogata et al. 1999) and
WikiPathways (Slenter et al. 2018), it becomes evident that essential information
for systems medicine approaches to ROSopathies is missing. We located pathways
from KEGG and WikiPathways that included the enzymes listed in the first column
of Table 3. To do this, several search queries were made for each protein as an

Table 2 (continued)

UniProt name Gene name Common name

GSTT2_HUMAN GSTT2B Glutathione S-transferase theta-2B*

GSTP1_HUMAN GSTP1 Glutathione S-transferase P*

Module 11

AOFA_HUMAN MAOA Monoamine oxidase type A*

AOFB_HUMAN MAOB Monoamine oxidase type B*

Module 12

PERM_HUMAN MPO Myeloperoxidase

SFTA1_HUMAN SFTPA1 Pulmonary surfactant-associated protein A1*

Isolated Proteins

TRXR3_HUMAN TXNRD3 Thioredoxin reductase 3*

MGST1_HUMAN MGST1 Microsomal glutathione S-transferase 1*

MAAI_HUMAN GSTZ1 Maleylacetoacetate isomerase*

GCYB2_HUMAN GUCY1B2 Guanylate cyclase soluble subunit beta-2*

NOX4_HUMAN NOX4 NADPH oxidase 4*

NOX3_HUMAN NOX3 NADPH oxidase 3*

MGST2_HUMAN MGST2 Microsomal glutathione S-transferase 2*

MGST3_HUMAN MGST3 Microsomal glutathione S-transferase 3 *

Clinically validated seed proteins selected to start building the network have been highlighted in
grey. The table includes the UniProt name (shown in the network), Gene name and most common
name of each node or protein in the network. Proteins highlighted (*) have more than one name in
the literature but only one was kept for simplicity
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attempt to cover the possible names the proteins go by. The used search terms and
resulting pathways can be found in Table 4.

Some pathways of WikiPathways have captured all the listed substrates and
products of the NOS proteins of Table 3 [n6, n8, n13]. Pathways in KEGG also
show important substrates and products of NOS proteins in their pathways; however,
NADPH and NADP+ are missing (see Table 4).

For both, KEGG and WikiPathways, the connectivity data of NOX proteins is
even more lacking. NOX1,2 in KEGG’s pathways are connected to superoxide and
hydrogen peroxide [hsa04380, hsa05418, hsa04216, hsa04066], but NOX3 and
NOX5 are not in any pathways and therefore connected to nothing. NOX4 is only
in a single pathway where it is simply linked to “ROS” (see Table 4). WikiPathways
includes all NOX isoforms in their pathways and has, in some of their pathways
maps, incorporated all important substrates and products except for hydrogen per-
oxide, which is never connected to any NOX protein [n3, n8, n18].

In quite a few pathways, KEGG and WikiPathways do not distinguish between
the type of ROS produced by the different NOX’es [hsa04933, hsa04621, hsa04933,
n2, n40]. Also, in some pathways from both databases, NOX and NOS isoforms are
treated as functionally identical units, respectively, having close to or same role in
the signalling map [hsa04933, hsa00220, hsa00330, hsa04371, n3, n6, n8, n13].
While this might be true in certain scenarios, evidence suggests that NOX isoforms
are distributed differently with respect to subcellular localizations and expression in
various tissue types (Hilenski et al. 2004). The same goes for the NOS proteins
(Villanueva and Giulivi 2010). Thus, it is unlikely that the NOX and NOS isoforms,
respectively, simultaneously participate in the same signalling events as identical
functional entities. The isoforms are different and will most likely bring about their
own unique touch to inter- and intracellular signalling.

Table 3 The substrates and products of ROS-generating and ROS-toxifying enzymes

Enzyme
Important
substrates ROS or toxic products Literature

NOS1,2,3 L-Arginine,
NADPH, O2

L-Citrulline, NO, NADP+ Knowles and Moncada
(1994)

NOX1,2,3,5 NADPH, O2,
NADPH

O�
2 mainlyð Þ, H2O2, NADPþ Casas et al. (2015)

NOX4 NADPH, O2,
NADPH

O�
2 , H2O2 mainlyð Þ, NADPþ Casas et al. (2015),

Nisimoto et al. (2014)

MPO H2O2, Cl
�, Br� HOBr, HOCl, HOSCN Casas et al. (2015); Lane

et al. (2010)

XO/XDH (Hypo)Xanthine,
H2O, O2

O�
2 , H2O2 Casas et al. (2015)

MAO A,B amines�, O2 H2O2, aldehydes
� Casas et al. (2015),

Edmondson (2014)

NOS nitric oxide synthase, NOX NADPH oxidase, MPO myeloperoxidase, XO/xanthine oxidase/
xanthine dehydrogenase, MAO monoamine oxidase
Amines, based on tyrosine or tryptophan; aldehydes, corresponding aldehyde of the given amine
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KEGG and WikiPathways show that MPO catalyses formation of various
compounds [hsa00983, hsa04145, n22, n63] including hypochlorous acid and the
highly oxidizing compound hydrogen peroxide. Only in WikiPathways is the
enzyme interacting with a chlorine ion. In none of the databases, it is linked to
hypobromous acid or hypothiocyanous acid nor the bromide ion. Though the latter
acids are not types of ROS, these connections might still be important for systems
medicine approaches as they still are powerful oxidizers (Lane et al. 2010; Casas

Table 4 Literature-based ROS metabolic signalling pathways in KEGG and WikiPathways

Search queries KEGG WikiPathways

Nitric oxide synthase
1, NOS1, bNOS,
nNOS

hsa00220, hsa00330, hsa01100,
hsa04020, hsa04145, hsa04371,
hsa04713, hsa04730, hsa04926,
hsa04970, hsa05010, hsa05014

n6, n7, n8, n9, n10, n11, n12,
n13, n27, n28, n29, n30, n31,
n32, n33, n52, n58

Nitric oxide synthase
2, NOS2, iNOS

hsa04066, hsa04146, hsa05132,
hsa05133, hsa05140, hsa05142,
hsa05145, hsa05146, hsa05152,
hsa05200, hsa05222

n6, n8, n13, n29, n31, n32,
n33, n34, n35, n36, n37, n38,
n39, n40, n41, n42, n52, n56,
n57

Nitric oxide synthase
3, NOS3, eNOS

hsa04022, hsa04066, hsa04151,
hsa04370, hsa04611, hsa04915,
hsa04921, hsa04931, hsa04933,
hsa05418

n6, n8, n11, n13, n16, n31,
n32, n40, n43, n15, n44, n45,
n46, n47, n48, n49, n50, n51,
n52, n53, n54, n55

NADPH oxidase
1, NOX1

hsa04380, hsa04933, hsa05418 n2, n3, n14, n25, n26, n40

NADPH oxidase
2, NOX2, CYBB

hsa04066, hsa04145, hsa04216,
hsa04217, hsa04621, hsa04670,
hsa05140

n8, n2, n3, n17, n18, n19, n15,
n40, n51, n59, n60, n61, n62

NADPH oxidase
3, NOX3

– n2, n3, n40

NADPH oxidase
4, NOX4

hsa04933 n2, n15, n18, n33, n40

NADPH oxidase
5, NOX5

– n2, n18

Myeloperoxidase,
MPO

hsa00983, hsa04145, hsa05202,
hsa05221

n20, n21, n22, n62, n63

Xanthine
dehydrogenase,
xanthine oxidase,
XO, XDH

hsa00230, hsa00232, hsa00983,
hsa04146

n2, n23, n24, n6, n64, n65

Monoamine
oxidase A, MAOA

hsa00260, hsa00330, hsa00340,
hsa00350, hsa00360, hsa00380,
hsa00982, hsa04726, hsa04728,
hsa05030, hsa05031, hsa05034

n1, n2, n3, n4, n5, n42, n58,
n66, n67, n68, n69, n70

Monoamine
oxidase B, MAOB

(same as MAOA) n3, n5, n71

Different ROS-forming enzymes and isoforms were considered, i.e. (1) NOS1-2-3, (2) NOX1-2-3-
4-5, (3) MPO, (4) XO and (5) MAOA-B. Several search queries were used for each enzyme in order
to include all the possible names that these enzymes are known as. Output resulting pathways in
KEGG and WikiPathways have been collected
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et al. 2015). XO interacts with xanthine and hypoxanthine in both KEGG and
WikiPathways. But it is only in WikiPathways that XO is involved in ROS signal-
ling as a producer of hydrogen peroxide and ROS [n24, n2]. MAO A,B catalyse
formation of hydrogen peroxide in both KEGG and WikiPathways [hsa05030,
hsa05034, n3, n5]. But they are treated as identical enzymes in KEGG with respect
to function and site of action. WikiPathways distinguishes between the two isoforms
as they are represented individually in certain pathways [n2, n71]. However, when
looking at KEGG’s chemical reactions of proteins, you find a very extensive list of
substrates and products. These connections cannot be found in the pathways where
they would add invaluable information to signalling pathways and, consequently, to
systems medicine approaches.

Essential information on ROS signalling is also missing in the curated Human
Metabolome Database (HMDB) (Wishart et al. 2007), which is considered the
standard metabolomic resource for human metabolic studies (Wishart et al. 2018).
Here, there are no connections between superoxide and the human NOX1,2,3,4,5
proteins (version 4.0).

6 Non-canonical ROS and Hybrid Signalling Modules

In systems medicine, diseases are viewed as perturbations in biological networks
(Langhauser et al. 2018; Menche et al. 2015). Drug targeting the mechanism that
creates such perturbations restores the physiological status of signalling pathways,
thereby treating the disease (Casas et al. 2019a, b). Reliable biological networks are
crucial for this type of approach for medicine and treatment development. In Fig. 2,
we isolated 12 potential disease-relevant modules for ROSopathies using PPI exper-
imental data from IID. Consequently, the classical ROS signalling pathway shown in
Fig. 1 has been redrawn to show, in a more physiologically relevant manner, how
these ROS disease signalling modules might actually behave (Fig. 3).

Different proteins appeared to be isolated and without any connections to the
other modules in the network. This does not mean that they do not interact with
anything but rather that they might not form signalling modules with other ROS
enzymes. Not only that, for instance, IID has prediction interaction data for NOX3
and TRXR3 but neither of them nor GCYB2 have any experimental interaction data,
hence why they appear isolated in the network. Here we show a clear example of
study biases previously discussed. Further research needs to be done on these targets
to link these enzymes to the extracted disease modules or perhaps to raise new ones.

On the other hand, PPI methods do not consider possible interactions between the
proteins and enzymes through metabolites. Casas et al. have linked and validated
NOX4 connection to NOS enzymes through metabolites using a guilt-by-association
analysis (Casas et al. 2019a, b). Consequently, NOX4 could be linked to NOS
enzymes emerging a clinically relevant ROS-cGMP (ROCG) disease module for
network pharmacology and synergistic drug treatment. This emerged ROCG disease
signalling cluster has previously been described, linked and validated to cerebro-
cardiovascular metabolic disease phenotypes such as ischemic stroke (Kleinschnitz
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et al. 2016; Casas et al. 2017, 2019b), diabetes (Jha et al. 2014), atherosclerosis
(Gray et al. 2013, 2016) and heart failure (Paulus and Tschöpe 2013; Takimoto et al.
2005) among others.

The hybrid NOX1,2/NOS2 signalling module could potentially be playing a joint
role in the immune defence response in the gastrointestinal (GI) track. NOX1 loss-
of-function has been observed in patients with inflammatory bowel disease, and it is
expressed in the membrane of the epithelial cells of the intestines where NOX1-
dependent superoxide production appears to be essential (Schwerd et al. 2018).

NOX5 NOS3

sGCB1

GSTZGSTMu GSTK MGST

NOX1 NOX2 NOS2

GSTO2

O2.- NO

NRF2

O2.- NO

MPO

HOCl-

H2O2

NOS1

NO

XDH
XO

O2.-

MAOA MAOB

H2O2

TR3

H2O2H2O

PRX

TRX1

TR1 TR2

sGCB2

NOX4

GSTT1

GSTA GSTO1

GSTPGSTT2

NOX5 NOS3

sGCB1

GSTZGSTMu GSTK MGST

NOX1 NOX2 NOS2

GSTO2

O2.- NO

NRF2

O2.- NO

MPO

HOCl-

H2O2

NOS1

NO

XDH
XO

O2.-

MAOA MAOB

H2O2 H2O2H2O2

TR3

H2O2H2O

PRX

TRX1

TR1 TR2

sGCB2

NOX4

GSTT1

GSTA GSTO1

GSTPGSTT2

Fig. 3 ROS signalling pathway revisited. Classical ROS signalling pathways have been rearranged
according to the potential ROS disease-relevant modules. Further research and metabolic
interactions need to be included to further refine the signalling modules, e.g. NOX4 and NOS
have already been linked to the NOX5/sGC module (Casas et al. 2019a)
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Together with NOS2, NOX1 function in the GI track appears to be linked to
maintaining the homeostasis of the gut microbiome through the production of
physiologically relevant ROS (Matziouridou et al. 2018; Aviello and Knaus 2018).
Here, NOS-derived NO may toxify superoxide through intermediate reactive nitro-
gen species such as peroxynitrite.

In a similar manner, MPO/SP-A interaction in the MPO disease module has
already been studied. Surfactant proteins (SP) SP-A and SP-D are involved in
apoptotic cell recognition and clearance, and in vitro studies have shown that they
interact with neutrophils through MPO (Jäkel et al. 2010).

Moreover, the NRF2/ENC-1 (Fig. 2) signalling module has also been described,
where ENC1 interacts with NRF2 supressing protein translation (Wang and Zhang
2009). Mechanistic approaches to target NRF2-associated diseases have been
explored due to NRF2 role in regulating several cellular processes such as mainte-
nance of redox balance and inflammation (Cuadrado et al. 2018, 2019; Pajares et al.
2017).

7 Conclusion

In conclusion, we extracted 12 disease-relevant signalling modules for ROSopathies
and showed how some of them have already been explored therapeutically. Others
need to be further studied and associated to diseases. Nevertheless, not all of them
will be relevant for disease. Disease-relevant signalling modules represent the
beginning of a journey to map disease phenotypes to clinically relevant mechanisms
for network pharmacology, moving away from symptomatic treatment of diseases,
i.e. from phenotypic to mechanotypic therapy. Once a mechanism is understood and
validated, it will be possible to stratify and map patients to specific ROSopathies
leading to precise disease interventions. Moreover, not all ROS (related proteins) are
equal. Some will be associated to some diseases; others, despite forming the same
product (e.g. superoxide), will be associated to different diseases. Fruitless
hypothesis-driven discovery projects can be prevented, drug repurposing enabled,
and translational speed of basic science into the clinic enhanced. ROSopathies can be
one of the first disease mechanisms providing proof of concept for a new era of
precision medicine.
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Abstract

Glutathione S-transferase P (GSTP) is a component of a complex series of
pathways that provide cellular redox homeostasis. It is an abundant protein in
certain tumors and is over-expressed in cancer drug resistance. It has diverse
cellular functions that include, thiolase activities with small electrophilic agents
or susceptible cysteine residues on the protein to mediate S-glutathionylation, and
chaperone binding with select protein kinases. Preclinical and clinical testing of a
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nanomolar inhibitor of GSTP, TLK199 (Telintra; Ezatiostat) has indicated a role
for the enzyme in hematopoiesis and utility for the drug in the treatment of
patients with myelodysplastic syndrome.
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1 Historical Perspectives

In the 1980s and 1990s, there was a great deal of emphasis on understanding those
mechanistic aspects of cancer cell drug resistance that characteristically caused
failure of chemotherapeutic response and patient relapse. Numerous conferences
and books were dedicated to the subject, and while the term multidrug resistance
(MDR) was primarily judged to be synonymous with overexpression of the
P-glycoprotein (now called ABCB1), there were a few investigators with interests
in glutathione pathways and their impact on cancer drug resistance. Since drug
combination therapies were de rigueur for clinical treatments, much interest was
focused on modulating existing cancer drugs with non-toxic agents that might serve
to reverse resistance or, at worst, enhance a therapeutic index. Out of this discipline
came the principle that resistance that resulted as a consequence of overexpression of
various thiol-based enzyme pathways might be combatted through concomitant
inhibition of certain redox-active enzymes. For example, increased levels of intra-
cellular glutathione (GSH) were combatted by treatment with buthionine
sulfoximine (BSO) (Griffith and Meister 1979), an inhibitor of γ-glutamylcysteine
synthetase (now called glutamate-cysteine ligase), the rate-limiting enzyme in de
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novo GSH synthesis. Clinical trials with BSO proved to be of limited value (Bailey
et al. 1994; O’Dwyer et al. 1992), but were a forerunner of efforts to modulate
various GSH pathways linked with drug resistance. The early observation that GST
isozymes were overexpressed in drug-resistant cells (Wang and Tew 1985) created
an opportunity for a similar modulatory approach. While ethacrynic acid (EA) was
first tried, the clinical toxicity associated with its diuretic properties limited its utility
(O’Dwyer et al. 1991). Nevertheless, around this time, under the leadership of
Dr. Larry Kauvar, Terrapin Technologies of South San Francisco was developing
patented technologies that focused on the development of GSH analogs and paralog
panels comprising GSH mimics. From this work, TLK199 was identified and
became the lead agent that progressed through preclinical studies to eventual clinical
testing and is the focus of the remainder of this chapter. Starting life as TER199
(reflecting the original name of Terrapin Technologies), preclinical studies are
described in this chapter under the TLK199 moniker. As the drug moved through
preclinical development, the name was changed to Telintra and finally Ezatiostat. In
each case the essentially chemical entity of the drug is the same, although GLP/GMP
manufacturing altered formulation.

2 Why Target GSTP?

When GST isozymes were first described (Boyland and Chasseaud 1969), most
early publications detailed their catalytic functions in catalyzing the thioether conju-
gation of small molecule agents with GSH, usually accommodating a diverse range
of electrophilic substrates. For GSTP, these reactions have proved to be quite
restricted, and in subsequent decades, more and different biological functions have
been ascribed to this GST isozyme family. These additional functions take on direct
relevance to understanding why a GSTP inhibitor such as Telintra has translatable
utility and has been tested in early stage clinical trials. The fact that GSTP is so
highly expressed in certain solid tumors and in cancer cells that have acquired
resistance to various anticancer drugs provided the initial rationale for inhibiting
GSTP (Tew 1994). In principle, modulating GSTP in these setting could carry
therapeutic benefit. Since these studies, the disparate roles of GSTP in cellular
growth and stress response pathways have broadened the interest base for this
GST isozyme. In particular, its role in regulating stress response pathways of various
kinds and its catalytic functions in facilitating the forward reaction of the
S-glutathionylation cycle (Townsend et al. 2009) have added to the potential impor-
tance of inhibiting such pathways. The following sections detail much of the
material.

3 Stress Signaling Pathways

c-Jun N-terminal kinases (JNKs) are a family of stress kinases subject to transient
activation in response to a variety of cellular stresses, including reactive oxygen or
nitrogen species, heat shock, and perhaps of particular interest in terms of
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myeloproliferation, growth factors, or inflammatory cytokines (Davis 2000).
JNK-mediated phosphorylation of the transcription factors c-Jun and activating
transcription factor 2 (ATF2) can effectively facilitate the stress response. Because
there would be few advantages in cells existing in a constant stressed condition, by
necessity, basal JNK activity is maintained at a low level, and it is at this nexus that
GSTP can act as an endogenous negative regulatory switch for the kinase. GSTP has
ligand-binding properties that manifest as protein complexes where JNK activity can
be regulated through a series of protein:protein interactions. In unstressed cells, low
JNK activity is maintained through sequestration of the kinase in a multiprotein
complex that includes GSTP-JNK. In this regard, treatment with Telintra has been
shown to cause GSTP to dissociate from this complex, accumulating GSTP
oligomers, with resultant activation of JNK impacting downstream events as diver-
gent as proliferation or apoptosis (Yin et al. 2000). JNK-dependent stress-induced
apoptosis may be suppressed during tumor development, and in this regard, the high
levels of GSTP found in many solid tumors, or in drug-resistant cells, may act to
sequester JNK in an inactive state, perhaps explaining why elevated GSTP levels can
be found even when the selecting drug is not a substrate for GSH conjugation (Tew
1994). Recent studies confirm that for GSTP, binding to other protein partners is
quite common. While these events might initially appear promiscuous, they are
likely driven by the propensity for GSTP to act as a protein thiolase (see later
discussion on S-glutathionylation). However, for the kinase regulatory effects,
homology between GSTA and P family members may explain why GSTA1 by a
similar mechanism can also suppress JNK signaling caused by inflammatory
cytokines or ROS (Romero et al. 2006). Moreover, GSTP also regulates tumor
necrosis factor alpha (TNFα) signaling through a protein ligand interaction with
tumor necrosis factor receptor-associated factor 2 (TRAF2; Wu et al. 2006).

GSTP inhibits TRAF2-induced activation of both JNK and p38 (but not NFkB)
attenuates TRAF2-enhanced apoptosis signal-regulating kinase 1 (ASK1)
autophosphorylation and inhibits TRAF2-ASK1-induced apoptosis by suppressing
the interaction of these two proteins. When GSTP interacts, its catalytic activity is
unaffected, implicating sites distant to those involved in GSH or substrate binding.
This would be in agreement with the principle that the interaction occurs in the first
place as a conduit to the thiolase activity, i.e., that GSTP interacts as a prelude to
S-glutathionylating the adjacent protein. A further example of functional redundancy
within the GST family is afforded by the fact that GSTM1 binds to, and inhibits, the
activity of ASK1 (Cho et al. 2001). Similar to GSTP:JNK, the interaction of the
GSTM1:ASK1 complex is dissociated under stress conditions, leading to GSTM
oligomerization and subsequent activation of ASK1 (Dorion et al. 2002). Because
ASK1 can activate the JNK and p38 pathways, this disassociation could also serve to
activate cytokine- and stress-induced apoptosis (Ichijo et al. 1997). A general
conclusion from all these studies is that GST isozymes are not acting in a detoxifi-
cation fashion, rather they serve to augment intermediary kinase regulation. In this
regard, an inhibitor such as Telintra can potentially impact these stress kinase
pathways through interference with this regulation.
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4 GSTP and S-Glutathionylation

In previous reviews, we have drawn parallels between the processes of phosphory-
lation and S-glutathionylation (Ye et al. 2017). Each exact critical regulatory control
functions on target proteins susceptible to these post-translational modifications.
However, S-glutathionylation of either kinases or phosphatases (7) can be critical in
maintaining the cyclical nature of phosphorylation/dephosphorylation and
demonstrates the layered nature of how sulfur-based post-translational modifications
may actually supersede those of phosphorus. S-glutathionylation generally occurs on
cysteines in basic environments within the protein (e.g., vicinal to Arg, His, or Lys
residues). GSTP can lower the pKa of the cysteine thiol of GSH, producing a
nucleophilic thiolate anion (Graminski et al. 1989). Under the right conditions,
cysteines on the surfaces of proteins may undergo spontaneous S-glutathionylation
(Ghezzi 2005); nevertheless GSTP can influence the rate and extent of the process in
a catalytic manner. In this regard, Telintra has been shown to interfere with
S-glutathionylation, with subsequent influence on the structure and function of a
variety of target proteins (McMillan et al. 2016; Jones et al. 2016).

Relative to the proteome, the number of S-glutathionylated proteins is not
proportionally large, and those can be categorized into functional clusters. These
include enzymes with catalytically important cysteines especially those involved
with protein folding/stability, nitric oxide regulation, and redox homeostasis; cyto-
skeletal; signaling – particularly kinases and phosphatases; transcription factors; ras
proteins; heat shock proteins; ion channels, calcium homeostasis; and energy metab-
olism and glycolysis. Under stress conditions, the half-life of S-glutathionylation
approximates 4 h (Townsend et al. 2009), although this value is contingent upon
both stress-induced conditions and cell type. However, relevant to the utility of
Telintra, there are instances (as described in this chapter) where interference with
S-glutathionylation can have a plausible therapeutic effect. In this regard, the
enhanced myeloproliferative phenotype of the GSTP knockout mouse (Gate et al.
2004), together with the other indications where pharmacological inhibition of
GSTP influences bone marrow proliferation and migration (Zhang et al. 2014),
dictates that S-glutathionylation is an important factor in regulating
myeloproliferation in the bone marrow. In this regard, the next two sections detail
how preclinical studies with Telintra have created opportunities for its use in either
myeloproliferative or lung diseases.

5 Modulation of Drug Resistance

Elevated levels of GSTs, especially GSTP1-1, are often associated with an increased
resistance of tumors to a variety of anticancer drugs (Tew 1994; Tew et al. 1997;
Townsend and Tew 2003). Potentiation of the cytotoxicity by GST inhibitors, e.g.,
ethacrynic acid, has been observed both in vitro and in vivo (O’Dwyer et al. 1991;
Petrini et al. 1993; Tew et al. 1988). EA inhibits GSTs by binding to the H-site
(substrate-binding site) of the isozyme, as well as by depleting its cofactor, GSH, via
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covalent binding (Michael addition), with Ki (μM) of 4.6–6.0, 0.3–1.9, and 3.3–4.8
for GSTA1-1, GSTM1-1, and GSTP1-1, respectively (Ploemen et al. 1993). EA was
shown to potentiate the toxicity of chlorambucil in several cancer cell lines (Tew
et al. 1988) and increase the sensitivity of melphalan in xenograft models in SCID
mice. The therapeutic value of EA as a chemosensitizer has also been reported in
patients (O’Dwyer et al. 1991; Petrini et al. 1993). However, EA is not GST isozyme
specific (Ploemen et al. 1993) and causes extreme diuresis (O’Dwyer et al. 1991), a
side effect that proved to be an important dose-limiting toxicity, making it less
suitable for clinical modulation. Partly as a consequence, further attempts at selective
inhibition of GST isozymes focused on synthesis of a number of GSH (γ-Glu-Cys-
Gly) analogs (Flatgaard et al. 1993; Lyttle et al. 1994). The GSH analogs were
designed and synthesized based on the observations that the γ-glutamyl residue of
GSH was absolutely critical for binding (Adang et al. 1990), whereas substituting the
C-terminal glycine of GSH and functionalizing the sulfur of the cysteine residue of
GSH with different alkyl and aryl groups only affected the potency and selectivity of
the GSH analogs as GST inhibitors (Adang et al. 1990; Askelof et al. 1975). Among
those GSH analogs, TLK117 (γ-glutamyl-S-(benzyl)cysteinyl-R(�)-phenylglycine),
which contains substituents at both the glycine α-carbon and cysteine thiol group,
was produced as a specific GSTP1-1 inhibitor (Ki ¼ 0.4 μM). Its binding affinity to
the G-site of GSTP1-1 is greater than that of GSH, and its selectivity for GSTP1-1 is
over 50-fold higher compared with GSTA1-1, GSTM1-1, and GSTM2-2 (Flatgaard
et al. 1993; Lyttle et al. 1994). The high-resolution (2.0 Å) crystal structure of
GSTP1-1 in complex with TLK117 provides an explanation as to why this com-
pound inhibits the pi-class GST much better than the other GST classes. The phenyl
moiety of TLK117 is stacked against the benzyl moiety and interacts with Phe8 and
Trp38 in a lipophilic region of GSTP1-1. However, in the case of GSTA1-1, the
phenyl substitution would clash with Phe220 and Phe222, while in the case of
GSTM1-1, it would clash with Trp7, Met34, and Arg42 (Oakley et al. 1997).
TLK117 was designed for efficient inhibition of the most abundant allelic variant
GSTP1*A (Ile105, Ala114), but it also competitively inhibits GSTP1*B (Val105,
Ala114) with similar potency (Johansson et al. 2000). The inhibitory effects of
TLK117 on GSTP1*C (Val105, Val114) and GSTP1*D (Ile105, Ala114) have not
been determined. Such considerations are quite relevant since there is evidence that
of the four allelic variants of GST, the wild type GSTP*1A has the highest catalytic
efficiency for the forward S-glutathionylation reaction (Manevich et al. 2013), and
there is significant evidence that racial differences in expression of the polymorphic
variants exist (Zhang et al. 2019a).

However, since TLK117 has two free carboxyl groups, the resulting charge was
expected to inhibit cell uptake of the compound. Indeed, when tested in tumor cells
which express GSTP1-1 as the predominant GST isozyme, TLK117 had neither
toxicity nor potentiation. However, the diethyl ester form, TLK199 (γ-glutamyl-S-
(benzyl)cysteinyl-R(�)-phenylglycine diethyl ester) did. The IC50 values were
>200 μM for TLK117 compared with 22 μM for TLK199 in HT29 human colon
adenocarcinoma cells line that express high levels of GSTP1-1 (Morgan et al. 1996).
Similar IC50 values (26–28 μM) for TLK199 were obtained with other human colon
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adenocarcinoma cell lines, e.g., SW620, LoVo, and Caco2 (Beaumont et al. 1998).
TLK199 is easily taken up by the cells, rapidly converted to phenylglycine
monoethyl ester TLK236, and then gradually converted to TLK117. TLK199
undergoes deesterification to glutamyl monoethyl ester TLK235 as well, but this
metabolite is only produced in very limited quantities (Figs. 1 and 2) (Morgan et al.
1996). The absorption, distribution, metabolism, and elimination properties of
TLK199 were characterized in rat and dog. The primary metabolites are TLK236
and TLK117. Unchanged TLK199 was not detected in the blood, although the
metabolites TLK117 and TLK236 were, indicating that the systemic clearance of
the parent compound was both rapid and extensive (Raza et al. 2009a). TLK199 has
a half-life in rodents of <1 min and in monkeys of ~15 min (Kauvar et al. 1998).

Since GSTP1-1 is frequently overexpressed in tumors and correlates with the
development of drug resistance, combinations of TLK199 with several chemothera-
peutic agents has been tested to determine whether TLK199 would act as a
chemosensitizer. In human cancer cell lines overexpressing GSTP1-1, e.g., HT29
colon adenocarcinoma, HT4-1 (HT29 subclone), SKOV3 ovarian carcinoma, and
SK VLB (vinblastine-resistant variant of SKOV3), TLK199 (12.5 or 25 μM) was
found to potentiate the toxicity of chlorambucil and doxorubicin by up to 2.5-fold
(Morgan et al. 1996). In a separate study, the GSTP1-1 antisense cDNA construct
was shown to sensitize the human colon cancer cells to doxorubicin about as well as
TLK199 (Ban et al. 1996). Furthermore, increased sensitivity of melphalan (5 mg/
kg), measured by human colon tumor growth in SCID mice, was achieved by
TLK199 (60 mg/kg). No tumor growth inhibition was observed with TLK199 as a
single agent (Morgan et al. 1996). As a chemosensitizer, TLK199’s activity seemed
easy to understand. TLK199 inhibits GSTP1-1, thus interferes with cellular phase II

Fig. 1 Structures of Telintra (TLK199) and its metabolites
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detoxification, leaving a cell susceptible to chemotherapeutic agents such as
chlorambucil or melphalan. However, it was not immediately clear why TLK199
potentiated such a wide variety of drugs, including doxorubicin, which is not a
specific GSTP1-1 substrate. We have posited at least one possible explanation in that
TLK199 interfered with the GSTP1-1 and JNK interaction, leading to JNK activa-
tion (Bailey et al. 1994) and subsequent promotion of cancer cell apoptosis (Adler
et al. 1999). In addition to GSTP1-1 inhibition, TLK199 has been implicated as an
effective inhibitor (O’Brien et al. 1999) of multidrug resistance-associated protein
1 (MRP1 coded by the ABCC1 gene). MRP1 is an ATP-binding cassette transporter
protein that plays an active role in multidrug resistance by its ability to efflux a vast
array of anticancer drugs to sub-lethal levels (Cole et al. 1992). Using MRP1-
transfected NIH3T3 mouse fibroblast cells with little detectable GSTP1-1 levels,
TLK199 significantly inhibited the ATP-dependent transport, enhanced the accumu-
lation, and subsequently reversed the resistance of numerous anticancer reagents,
e.g., vincristine, etoposide, doxorubicin, daunorubicin, and mitoxantrone (O’Brien
et al. 1999). Moreover, information now available indicates that a variety of genes,
e.g., dihydrodiol dehydrogenase and γ-glutamylcysteine synthetase (rate-limiting
enzyme in glutathione biosynthesis), are induced by TLK199 in cultured tumor
cells (O’Dwyer et al. 1995). Modulation of expression of some of these genes might
occur through the drug-induced perturbation of redox sensitive transcription factors
such as Nrf2 and contribute further to the pharmacological actions of TLK199.

To elucidate how tumor cells may acquire resistance to TLK199, resistant cell
lines were established. A human promyelocytic leukemia cell line (HL-60), which
expresses GSTP1-1 as the predominant isozyme, was made tenfold resistant to
TLK199. Both mRNA and protein levels of MRP1 were significantly increased by

Fig. 2 Schematic of the influence of TLK199 on myeloproliferation
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approximately 52- and 10-fold in the resistant cell line (HL60/TLK199). In addition,
the HL60/TLK199 cells exhibited a drug resistance profile commensurate with a
MRP1 overexpressing phenotype, with resistance to vinca alkaloids,
epipodophyllotoxins, and anthracyclines (O’Brien et al. 1999). Further analysis of
these cells revealed that TLK199 resistance was also associated with increased
kinase activities of JNK1 (with threefold increase of basal expression levels) and
ERK1/ERK2 (without modification of basal protein levels) (Ruscoe et al. 2001). The
increased ERK1/ERK2 activities were suggested to protect the HL60/TLK199 cells
against UV-induced apoptosis (Ruscoe et al. 2001) and PMA (phorbol 12-myristate
13-acetate)-induced cell growth arrest during monocyte/macrophage cytodifferenti-
ation (Gate et al. 2003).

6 Hematopoiesis

Although TLK199 acted as a moderately effective chemosensitizer, the potentiation
of therapeutic index was generally modest, a reflection of the state of the field at that
time (Kauvar et al. 1998). Therefore, its effect on sensitizing normal cells to
cytotoxins was examined, particularly in the case of the bone marrow where dose-
limiting toxicity can sometimes predominate. Surprisingly, TLK199 showed a
striking hematopoietic stimulatory effect.

In normal Gstp1/p2+/+ mice, treatment with TLK199 (75 mg/kg i.p.) caused a
twofold increase of circulating white blood cells, whereas no increase in white blood
cell count was observed in Gstp1/p2�/� mice (Ruscoe et al. 2001). In addition,
TLK199 administration caused significant increases in neutrophil levels in rodents
and dogs (Hamilton and Batist 2005). Moreover, using a granulocyte/macrophage
colony forming unit (CFU-GM) assay, direct effects of TLK199 on mouse bone
marrow progenitor cell proliferation were found by in vivo (75 mg/kg i.p.) or in vitro
(10 μM) treatments, and in each case, TLK199 induced a proliferative response,
approximately twofold above vehicle control. Similar effects were also found in
human bone marrow progenitor cells with TLK199 (1–10 μM) treatment. Further-
more, increased mobilization of the GM progenitors from mouse bone marrow to the
spleen and peripheral blood was observed following treatment with TLK199. In
contrast, the bone marrow from Gstp1/p2�/� mice did not respond to TLK199
(Kauvar et al. 1998; Ruscoe et al. 2001). These data are consistent with the results
that Gstp1/p2�/� mice had higher basal levels of white blood cells compared with
Gstp1/p2+/+ mice, and cytokines (IL-3, GM-CSF, G-CSF, SCF, TPO, and Flt3L)
were more effective at stimulating hematopoietic cell proliferation in Gstp1/p2�/�

than in Gstp1/p2+/+ mice (Gate et al. 2004; Zhang et al. 2014; Ruscoe et al. 2001). In
addition, Gstp1/p2�/� mouse embryo fibroblast (MEF) cells doubled faster than
Gstp1/p2+/+ cells (26.2 versus 33.6 h) (Ruscoe et al. 2001).

Taken together, such evidence suggests that the presence, as well as the
subsequent inhibition of GSTP1-1, is critical for the proliferative effects of
TLK199. However, the mechanism underlying TLK199’s hematopoietic stimulatory
effects is not fully understood. These effects might be explainable by the ability of
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TLK199 to disrupt the GSTP1-1 and JNK interaction (Adler et al. 1999), resulting in
the activation of the JNK pathway that regulates proliferation, differentiation, and
survival of hematopoietic cells (Geest and Coffer 2009) (Fig. 2). Indeed, treatment of
TLK199 led to twofold increase in basal JNK activity in Gstp1/p2+/+ cells (Adler
et al. 1999), and the JNK inhibitor SP600125 completely inhibited the
myelostimulant effects of TLK199 (Gate et al. 2004). Consistently, Gstp1/p2�/�

cells exhibited higher basal levels of JNK activity (Adler et al. 1999), and SP600125
abrogated the differential myeloproliferation between Gstp1/p2�/� and Gstp1/p2�/�

cells (Gate et al. 2004). Sustained activation of STAT proteins has been associated
with increased proliferation of Gstp1/p2�/� bone marrow and mast cells (Gate et al.
2004). GSTP1-1 has been shown to be a negative regulator of STAT3. It binds to
STAT3 and protects cells against EGF and angiotensin II-induced proliferation and
migration through inhibition of STAT3 phosphorylation (Chen et al. 2014; Kou et al.
2013). However, whether TLK199 could interrupt the interaction between GSTP1-1
and STAT and in this way regulate myeloproliferation needs further investigation.
Moreover, GSTP1-1 has the potential to mediate the S-glutathionylation of a number
of proteins that may be involved in myeloproliferative events (Townsend et al.
2009), and this may provide a framework for explaining the myelostimulatory
effects of TLK199.

The impact of TLK199 on normal animals and human bone marrow certainly
provides opportunities for clinical application; however, the drug’s effects on
myelosuppressed subjects may also prove to be clinically relevant. Therefore,
several preclinical studies have been performed in which TLK-199 was administered
following chemotherapy. Data on the use of TLK199 in rodents demonstrated that
TLK199 accelerated the recovery of circulating neutrophil levels following
5-fluorouracil treatment. Mice treated with TLK199 in addition to cisplatin or
5-fluorouracil demonstrated 60 or 100% of normal CFU-GM, respectively, com-
pared with <10% observed when the cytotoxins were administered alone. In murine
experiments, comparable results with TLK199 were also obtained following
carboplatin and cyclophosphamide treatment. Overall, preclinical studies have
demonstrated that (1) TLK199 reduces the severity of the cell count nadir in some
animals; (2) cell count recovery to normal levels is accelerated by at least the same
margin as that provided by G-CSF; and (3) the effects observed apply to both
neutrophils and platelets, an advantage over G-CSF, which generally increases
neutrophil numbers only (Kauvar et al. 1998; Hamilton and Batist 2005). TLK199
was non-toxic when parenterally administered daily for 7 days to both rats and dogs
at doses up to 480 mg/m2 and 800 mg/m2, respectively (Hamilton and Batist 2005).
No significant toxicities were observed in rats and dogs following daily oral admin-
istration of TLK199 for 14 days at doses up to 1,000 mg/kg and 20 mg/kg,
respectively (Raza et al. 2009a). The collective preclinical results have been trans-
lated into phase I and phase II clinical trials in patients with myelodysplastic
syndromes (MDS).
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7 Use in Myelodysplastic Syndrome

Myelodysplastic syndromes represent a diverse group of bone marrow stem cell
disorders predominantly affecting older individuals, with a median age at diagnosis
of 65–70 years. The syndromes are characterized by ineffective hematopoiesis
leading to cytopenia and in a third of patients, by progression to acute myeloid
leukemia (AML) (Ades et al. 2014). The treatment options available are largely
based on the patient’s age and their prognosis as determined by the International
Prognostic Scoring System (IPSS) (Greenberg et al. 1997, 2012). For patients in the
IPSS low/intermediate [Int]-1 risk categories, the goal of the treatment is to improve
infective hematopoiesis while providing the appropriate supportive care, including
RBC and platelet transfusions, use of hematopoietic growth factors, antibiotics, and
use of iron chelation therapy as appropriate. In higher-risk patients, the goal is to
extend survival and delay transformation to AML. Currently, there are three
FDA-approved drugs: the hypomethylating agents (HMAs) azacitidine and
decitabine beneficial for higher-risk MDS patients and lenalidomide specific for
lower-risk transfusion-dependent patients with del(5q) cytogenetic abnormalities.
These agents, in addition to supportive care, immunosuppressive therapies, and
allogeneic stem cell transplantation (allo-SCT), constitute the most commonly
used therapeutic interventions (Zeidan et al. 2013). Overall, outside of a curative
intent allo-SCT, the rest of the treatment modalities are palliative (Mahadevan and
Sutton 2015). Even for those patients who proceed to allo-SCT, significant
treatment-related mortality and morbidity and high relapse rates compromise long-
term disease-free survival (Luger et al. 2012). There remains a clear need for new
treatment options.

In this regard, TLK199, Telintra in its FDA-approved formulation, ezatiostat
hydrochloride, was employed to treat MDS patients with low to intermediate risk.
The drug company utilized the preclinical results and claimed that the promotion of
proliferation and differentiation in normal hematopoietic cells and apoptosis of
malignant cells was a sound rationale for phase I/II trials. Such a molecular mecha-
nism was further supported by MDS patient pretreatment genomic data. Pathway
analysis of the response profiles revealed that the genes comprising the JNK
pathway, which is known to be activated by TLK199, are underexpressed in patients
who were responders and overexpressed in patients who were non-responders to
TLK199, suggesting that both the biology of the disease and the molecular
mechanisms of action of the drug are positively correlated (Galili et al. 2012).
There have been several clinical trials with MDS patients showing the safety and
ezatiostat alone and in combination with lenalidomide (Table 1). In these trials,
efficacy was based on the International Working Group (IWG) 2000 or 2006 criteria
for hematologic improvement (HI) in the erythroid (HI-E), platelet (HI-P), or
neutrophil (HI-N) lineages (Cheson et al. 2000, 2006). Adverse events (AEs) were
graded by the National Cancer Institute Common Toxicity Criteria for Adverse
Events (NCI-CTCAE) version 3.0.

The first-in-human phase I-IIa study of the intravenous (IV) formulation of
ezatiostat was designed on the basis of safety demonstrated in multidose toxicity
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Table 1 Summary of clinical trials with ezatiostat

Phase Formulation Dose Patient Response rate Ref.

I Tablet,
orally

200, 400, 1,000,
1,400, 200, 2,400,
3,000, 4,000, 5,000,
or 6,000 mg divided
into two oral doses
twice daily on days
1–7 of a 21-day
treatment cycle

All WHO
classification
types of MDS
with IPSS low
to intermediate-
2 risk

IWG 2000:
HI-E: 6/29
(21%)
HI-N: 4/19
(21%)
HI-P: 7/21
(33%)
Unilineage:
3/14 (21%)
Bilineage:
3/25 (12%)
IWG 2006:
RBC
transfusion
reduction:
14/23 (61%)
RBC
transfusion
independence:
8/23 (35%)

Raza
et al.
(2009a)

I Tablet,
orally

2000 mg divided into
two oral doses twice
daily in combination
with lenalidomide
10 mg oral dose once
daily on days 1–21 of
a 28-day treatment
cycle

All WHO
classification
types of MDS
with IPSS low
to intermediate-
1 risk

IWG 2006:
HI-E: 4/10
(40%)
HI-N: 1/3
(33%)
HI-P: 3/5
(60%)
Bilineage:
5/11 (45%)
Trilineage: 1/3
(33%)
RBC
transfusion
independence:
3/7 (43%)

Raza
et al.
(2012b)

2,500 mg divided
into two oral doses
twice daily in
combination with
lenalidomide 10 mg
oral dose once daily
on days 1–21 of a
28-day treatment
cycle

IWG 2006:
HI-E: 1/4
(25%)
HI-N: 0/2 (0%)
HI-P: 0/2 (0%)
Bilineage: 0/5
(0%)
Trilineage: 0/1
(0%)
RBC
transfusion
independence:
0/2 (0%)

(continued)
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Table 1 (continued)

Phase Formulation Dose Patient Response rate Ref.

I Liposomes,
intravenous
injection

50, 100, 200,
400, and 600 mg/m2
daily at a constant
rate infusion over
60 min on days 1–5
of a 14-day treatment
cycle

All FAB
classification
types of MDS
with IPSS low
to high risk

IWG 2000:
HI-E: 9/38
(24%)
HI-N: 11/26
(42%)
HI-P: 12/24
(50%)
Unilineage:
7/14 (50%)
Bilineage:
1/13 (8%)
Trilineage:
4/16 (25%)
RBC
transfusion
reduction: 5/31
(16%)

Raza
et al.
(2009b)

IIa 600 mg/m2 daily on
days 1–5 or days 1–3
of a 21-day treatment
cycle

II Tablet,
orally

3,000 mg divided
into two oral doses
twice daily on days
1–14 of a 21-day
treatment cycle

All WHO
classification
types of MDS
with IPSS low
to intermediate-
1 risk

IWG 2006:
HI-E: 7/29
(24%)
HI-N: 1/10
(10%)
HI-P: 1/14
(7%)
Bilineage: 1/9
(11%)
Trilineage: 1/6
(17%)
RBC
transfusion
reduction: 6/20
(30%)
RBC
transfusion
independence:
1/20 (5%)

Raza
et al.
(2012a)

2000 mg divided into
two oral doses twice
daily on days 1–21 of
a 28-day treatment
cycle

IWG 2006:
HI-E: 6/32
(19%)
HI-N: 3/11
(27%)
HI-P: 0/0 (0%)
Bilineage:
3/11 (27%)
Trilineage: 0/0
(0%)
RBC
transfusion
reduction: 5/18
(28%)

(continued)
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studies and efficacy reported in animal models. Fifty-four MDS patients were
enrolled. Phase I patients received liposomal ezatiostat at five dose levels (50, 100,
200, 400, and 600 mg/m2) intravenously on days 1–5 of a 14-day cycle until MDS
progression or unacceptable toxicity. In phase IIa, ezatiostat was administered on
two dose schedules (DSs): 600 mg/m2 IV on days 1–5 or days 1–3 of a 21-day
treatment cycle. The most common AEs were grades 1 or 2 and non-hematologic,
including chills, back pain, flushing, nausea, bone pain, fatigue, extremity pain,
dyspnea, and diarrhea related to acute infusion hypersensitivity reactions. Pharma-
cokinetic parameters were estimated and derived for TLK199, TLK236, and
TLK117. The ezatiostat elimination half-life was 0.20 h, an AUC/dose of 0.008 h/
L, and a distribution half-life of 0.03 h. The active metabolite TLK236 had a half-life
of 2.65 h, with an AUC/dose of 0.341 h/L, and TLK117 had a half-life of
0.24–0.60 h with an AUC/dose of 0.0116 h/L. Overall, trilineage responses were
observed in 25% patients with trilineage cytopenia. HI-E, HI-N, and HI-P were
observed in 24%, 42%, and 50% patients, respectively. These responses were
accompanied by improvement in clinical symptoms and independence or reduction
in red blood cell (RBC) and platelet transfusion requirements (Raza et al. 2009b).

Based on the promising clinical results obtained from the intravenous formulation
of ezatiostat, a phase I study with an oral formulation (ezatiostat tablets) was
initiated. Forty-five patients with low to Int-2 risk MDS were enrolled and received
ten dose levels (200, 400, 1,000, 1,400, 2000, 2,400, 3,000, 4,000, 5,000, and
6,000 mg) of ezatiostat tablets divided into two oral doses twice daily on days 1–7
of a 21-day cycle. No dose-limiting toxicities were observed. The most common
treatment-related AEs were non-hematologic and mild or moderate in grade (1 or 2),
including nausea, diarrhea, vomiting, abdominal pain, constipation, anorexia, and
dyspepsia. Levels of the major metabolite TLK236 increased proportionate to
ezatiostat dosage. Eleven of the seventeen HI responses were observed at doses of
4,000–6,000 mg/day, reflecting a dose response. HI responses occurred in all
lineages including three bilineage and one complete cytogenetic response.
Decreased numbers of RBC and platelet transfusions and in some cases transfusion
independence were attained (Raza et al. 2009a). These findings supported the further
development of extended dose schedules of ezatiostat tablets in MDS.

Subsequently, a phase II study was conducted to evaluate two extended dose
schedules of oral ezatiostat in 89 heavily pretreated patients with low to Int-1 risk
MDS. In DS1, patients received 3,000 mg of ezatiostat tablets divided into two oral

Table 1 (continued)

Phase Formulation Dose Patient Response rate Ref.

RBC
transfusion
independence:
3/18 (17%)

FAB French-American-British, IPSS International Prognostic Scoring System, IWG International
Working Group, MDS myelodysplastic syndromes, RBC red blood cells, WHO World Health
Organization
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doses twice daily for 14 days of a 21-day cycle, and in DS2, patients received
2000 mg of ezatiostat tablets divided into two oral doses twice daily for 21 days of a
28-day cycle. Most common ezatiostat-related AEs were grade 1 and 2 gastrointesti-
nal, including nausea, diarrhea, and vomiting. Overall, 29% of the RBC transfusion-
dependent patients had transfusion reduction, with 11% achieving transfusion inde-
pendence. The median duration of HI-E response was 34 weeks. Multilineage
responses were observed. There was one cytogenetic complete response in a del
(5q) MDS patient. An important trend was the effect of prior therapy on response. A
40% HI-E rate was observed in patients who had prior lenalidomide and were HMA
naive, with 45% patients achieving significant RBC transfusion reduction and 27%
achieving transfusion independence. In contrast, a 28% HI-E rate was observed in
patients who were both lenalidomide and HMA naive, with 50% patients achieving
clinically significant RBC transfusion reductions. The higher responses of ezatiostat
in the subsets of patients previously treated with lenalidomide suggested a potential
role for combining the two drugs. In addition, DS2 was selected for further ezatiostat
studies due to its longer median duration of HI-E response (46 weeks), better
tolerability of the lower daily dose and the greater convenience for patients of dosing
with two tablets twice a day (Raza et al. 2012a).

Therefore, a phase I study was conducted to determine the safety and efficacy of
ezatiostat in combination with lenalidomide. Nineteen patients with non-del(5q)
MDS received one of two doses of ezatiostat (2000 mg or 2,500 mg/day) in
combination with 10 mg of lenalidomide on days 1–21 of a 28-day cycle. No
unexpected toxicities occurred, and the incidence and severity of AEs were consis-
tent with those expected for each drug alone. All multilineage responses were
observed in the 2000/10 mg doses, recommended for future studies. In the 2000/
10 mg dose group, 4 of 10, 1 of 3, and 3 of 5 evaluable patients experienced an HI-E,
HI-N, and HI-P response, respectively. Bilineage responses, HI-E/HI-P, HI-E/HI-N,
and HI-N and HI-P, occurred in 3 of 5, 1 of 3, and 1 of 3 patients, respectively. One
of three patients with pancytopenia experienced a complete trilineage response. In
addition, three of seven RBC transfusion-dependent patients became RBC transfu-
sion independent, including one patient for whom prior lenalidomide monotherapy
was ineffective (Raza et al. 2012b).

Additionally, there are two case reports of MDS patients who responded unex-
pected well to ezatiostat (Quddus et al. 2010; Lyons et al. 2011). Both patients
participated in the phase II study comparing two DSs of ezatiostat tablets for low to
intermediate-1 risk MDS. The first patient was a 77-year-old male who relapsed after
a short course of lenalidomide, with the disappearance of the del(5q) but the
appearance of a new clonal abnormality t(2; 3) upon relapse. The patient
discontinued lenalidomide and was randomized to receive ezatiostat tablets at
3000 mg/day for 14 days of a 21-day cycle. Five days into his second treatment
cycle, he was withdrawn from the study due to intolerable side effects. However,
striking improvement in all three blood counts had been observed since the initiation
of the study and continued to remain high a year post-therapy, suggesting a role of
ezatiostat in the treatment of patients who are resistant to lenalidomide (Quddus et al.
2010). Another patient was a 64-year-old female who suffered from longstanding
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idiopathic chronic neutropenia (ICN) with frequent episodes of sepsis, and had an
inadequate response to G-CSF. She was randomized to receive ezatiostat tablets at
2000 mg/day for 21 days of a 28-day cycle. She responded by the end of the first
cycle of treatment with stabilization of her absolute neutrophil count (ANC), clear-
ing of fever and healing of areas of infection. Following eight cycles of treatment,
she had continued to show remarkable improvement of ANC, suggesting a potential
role of ezatiostat in the treatment of patients with ICN who are not responsive to
G-CSF (Lyons et al. 2011).

Overall, the available clinical data have shown favorable tolerability and
hematopoietic-promoting activity profiles for ezatiostat in MDS patients and
indicated that the drug was worthy of further evaluation in randomized phase II
and phase III trials. Missing from all of these clinical efforts was any type of
“precision medicine” approach to patient selection. Given the time period that
these drugs emerged and the subsequent trial design, there were no efforts to
strategize patient selection on the basis of GST polymorphisms and no trial
components to use possible biomarkers to assess drug efficacy. Given the variable
catalytic efficiencies for GSTP variants (Manevich et al. 2013) and the recent
indications of the utility of S-glutathionylated serum biomarkers in predicting
response to electrophilic stress in patients (Zhang et al. 2019b), the absence of any
pharmacogenetics approach to trial design may have restricted the chances for
positive outcomes.

8 Lung Diseases

One of us (Y.J.) has specialized in studying lung pathologies such as idiopathic
pulmonary fibrosis (IPF) and chronic obstructive pulmonary disease (COPD). The
former is characterized by excessive collagen production and fibrogenesis and the
latter by airway wall thickening and/or emphysema. Obviously, the lung is exposed
to high oxygen concentrations, and aberrant GSH homeostasis has also been
implicated in the presentation of each of these two disease states. As a consequence,
various evidence have been generated to identify that GSTP-mediating
S-glutathionylation is involved in these pathologies and that, by extension, Telintra
may have relevance in their management.

As a first example, pro-inflammatory signaling cascades frequently begin with
stimulation of the transcription factor nuclear factor kappa B (NfκB). To this end,
S-glutathionylation has been shown to regulate the activity of inhibitory kappa B
kinase beta (IKKβ), and GSTP also interacts with the adaptor protein TRAF2, a
known regulator of NfκB (Jones et al. 2016). In mouse lung alveolar epithelial cells,
a constitutive association between GSTP and IκBα was reported in unstimulated
cells, rapidly lost when treated with LPS, but at a time that preceded IκBα degrada-
tion. In principle, this GSTP/IκBα interaction could prevent the phosphorylation and
ubiquitination of IκBα, thereby preventing NFκB activation. LPS-induced nuclear
contents of RelA and RelA phosphorylation were increased in cells following
siRNA-mediated GSTP knockdown. In this regard, both GSTP knockdown and
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TLK117 (active metabolite see Fig. 1) treatments mediated GSTP inhibition and
enhanced LPS-induced NF-κB luciferase activity and cytokine production,
suggesting a potential regulatory function of GSTP in preventing IκBα phosphory-
lation and/or degradation. Cysteine189 of IκBα is the site of S-glutathionylation
causing a decrease in phosphorylation by IKK that can attenuate ubiquitination (Kil
et al. 2008), limiting its degradation and subsequent activation of NF-κB (Seidel
et al. 2011). There are reasons to believe that the protein interaction(s) between
GSTP and IκBα may be stabilized in some manner by the process of
S-glutathionylating the target cysteine residue. In context, these events may then
control activation and/or assembly of the IKK signalsome. Since GSTP does not
affect IKKβ S-glutathionylation until 6 h after LPS exposure (a time at which NF-κB
transcriptional activity is beginning to subside (Jones et al. 2016)),
S-glutathionylation of IKK proteins may represent a mechanism whereby GSTP
can attenuate NF-κB. This possible model predicts that in the absence of stimulus,
GSTP prevents degradation of endogenous IκBα and that GSTP-mediated
S-glutathionylation shuts down IKK activity providing a versatile mechanism for
regulation of NFκB by GSTP. Overall, in light of the reported relevance of GSTP
polymorphisms in allergic asthma (McCunney 2005), pharmacological manipula-
tion of GSTP by drugs like Telintra may prove, in the future, to be a useful
therapeutic approach to regulate pro-inflammatory signaling in these types of lung
diseases.

Lung tissue remodeling in chronic obstructive pulmonary disease (COPD) is
characterized by airway wall thickening and/or emphysema. Surfactant protein C
(SPC)-TNF-α mice showed remodeling in alveolar and airway walls similar to those
observed in patients with COPD. Epithelial cells are able to undergo a phenotypic
shift, gaining mesenchymal properties, a process in which JNK signaling is
involved. Consequently, TNF-α induces JNK-dependent epithelial plasticity,
contributing to lung matrix remodeling. A pharmacological inhibitor of JNK
attenuated this phenotypic shift, indicating the role of JNK signaling in this process.
Activation of JNK signaling was also present in the lungs of SPC-TNF-α mice and
patients with COPD. Together, these studies provide evidence for the involvement
of the TNF-alpha-JNK axis in extracellular matrix remodeling. In light of the known
connections between JNK and GSTP, this may also indicate a role for Telintra in
impacting JNK activity, particularly since the drug is known to interfere with the
interactions between the two proteins.

IPF is a debilitating disease characterized by the development of excess fibrous
tissue that causes thickening of alveolar walls and diminished lung function (Lomas
et al. 2012). It is the most common subtype of interstitial lung disease, impacting
>120,000 Americans with 40,000 deaths each year (Blackwell et al. 2014; Raghu
et al. 2006). Apoptosis in lung epithelial cells is a critical determinant for the extent
of disease progression, since increased loss of these cells promotes fibroblast
activation and remodeling. Changes in glutathione and GST expression patterns
have been reported in IPF patients (Anathy et al. 2012), and this provided an
opportunity to consider a therapeutic intervention strategy with Telintra (McMillan
et al. 2016). GSTP mediates lung fibrogenesis in part through FAS
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S-glutathionylation, a critical event in epithelial cell apoptosis. GSTP expression
(as well as the FAS-GSTP interaction) is increased in the lungs of IPF patients,
mostly within type II epithelial cells. Bleomycin- and AdTGFβ-induced increases in
collagen content, α-SMA, FAS S-glutathionylation, and total protein
S-glutathionylation were strongly attenuated in GSTP knockout mice (McMillan
et al. 2016). Oropharyngeal administration of TLK117, at a time when fibrosis was
already apparent, attenuated bleomycin- and AdTGFβ-induced remodeling, α-SMA,
caspase activation, FAS S-glutathionylation, and total protein S-glutathionylation.
GSTP is an important driver of protein S-glutathionylation and lung fibrosis, and
GSTP inhibition via inhalation of the Telintra active moiety may prove to be a novel
therapeutic strategy for the future management of IPF.

9 Future Perspectives

In general terms the clinical success of drugs designed to target redox homeostasis
have had limited success. There are many potential reasons for this, highlighted
perhaps by the necessary redundancy inherent in maintaining cellular redox homeo-
stasis (Zhang et al. 2018) and the evolutionary importance of oxidative regulation of
a variety of transcription factors that control critical cell function (Hayes et al. 2020).
Although clinical trials in MDS indicate that the drug has activity, the present
absence of a corporate sponsor and supply of available GMP drug suggests that
instigation of further clinical studies may be limited by these exigencies. When Telik,
Inc. was reverse merged into privately heldMabVax Therapeutics Inc. in May 2014,
Telintra development was deemphasized, and this year, this company filed for
bankruptcy. Patent coverage of the drug has expired, perhaps contributing to the
reduction of corporate interest, but should remove limitations in further academic
developments. In moving forward, the fact that the time-consuming components of
formulation and initial IND application have already been accomplished does
provide opportunities for more rapid clinical development. It should be noted though
that positive preclinical results in lung disorders made use of a nasopharangeal
administration route. Moreover, there are emerging examples of where
S-glutathionylated proteins are critical in regulating important pathways. Since
inhibition of GSTP limits this post-translational modification, there may prove to
be a role for the drug in this area. We and others have discussed previously the
importance of sulfur amino acid homeostasis to the bone marrow environment (Gate
et al. 2004). Indeed, many leukemias, including CLL, rely upon cystine transporters
from the surrounding marrow stromal environment to provide sufficient cystine as a
precursor of cysteine (Zhang et al. 2012). Since both qualitative and quantitative
aspects of protein S-glutathionylation will depend upon a balanced supply of GSH
and GSTP, drugs like Telintra may hold promise in delineating the physiological
importance of these pathways in both normal and malignant marrow tissues.
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Abstract

The transcription factor NRF2 (nuclear factor erythroid 2-related factor 2) triggers
homeostatic responses against a plethora of environmental or endogenous
deviations in redox metabolism, inflammation, proteostasis, etc. Therefore, phar-
macological activation of NRF2 is a promising therapeutic strategy for several
chronic diseases that are underlined by low-grade oxidative inflammation and
dysregulation of redox metabolism, such as neurodegenerative, cardiovascular,
and metabolic diseases. While NRF2 activation is useful in inhibiting carcinogen-
esis, its inhibition is needed in constituted tumors where NRF2 provides a survival
advantage in the challenging tumor niche. This review describes the electrophilic
and non-electrophilic NRF2 activators with clinical projection in various chronic
diseases. We also analyze the status of NRF2 inhibitors, which are for the moment
in a proof-of-concept stage. Advanced in silico screening and medicinal chemistry
are expected to provide new or repurposing small molecules with increased
potential for fostering the development of targeted NRF2 modulators.

Graphical Abstract
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The nuclear factor erythroid 2 (NFE2)-related factor 2 (NRF2) is rapidly degraded
by proteasomes under a basal condition in a Keap1-dependent manner. ROS oxida-
tively modifies Keap1 to release NRF2 and allow its nuclear translocation. Here it
binds to the antioxidant response element to regulate gene transcription. An alterna-
tive mechanism controlling NRF2 stability is glycogen synthase kinase 3 (GSK-3)-
induced phosphorylation. Indicated in blue are NRF2-activating and NRF2-
inhibiting drugs.

Keywords

Chronic diseases · Cytoprotection · Inflammation

Abbreviations

AD Alzheimer’s disease
AHR Aryl hydrocarbon receptor
BACH1 BTB domain and CNC homolog 1
BTB Broad complex, tramtrack, bric-a-brac
CUL3 Cullin 3
DMF Dimethyl fumarate
DRG Double glycine repeat
GSH Glutathione
GSK-3 Glycogen synthase kinase
IVR Intervening region
KEAP1 Kelch-like ECH-associated protein 1
MMF Monomethyl fumarate
MS Multiple sclerosis
NFE2L2 Gene encoding NRF2
NRF2 Nuclear factor erythroid 2-related factor 2
PD Parkinson’s disease
PPI Protein-protein interaction
RBX1 RING-box protein 1
ROS Reactive oxygen species
SFN Sulforaphane
SQSTM1 Sequestosome 1
XRE Xenobiotic response element
β-TrCP Beta-transducin repeat containing E3 ubiquitin protein ligase

1 Introduction

Chronic low-grade ROS formation and inflammation are underlining various chronic
diseases (cardiovascular, neurodegenerative, and metabolic disorders) as well as
cancer, being active long before disease-specific symptoms become clinically
overt. Of note, aging and its abovementioned comorbidities share common patho-
logical mechanisms that converge to persistent inflammation. In fact, the
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“inflammaging” theory proposes that aging is a consequence of the loss of homeo-
static responses to inflammation and dysregulation of redox metabolism (Franceschi
et al. 2018). One possible cause of uncontrolled and persistent inflammation is a
chronically deregulated redox balance which exacerbates inflammatory reactions. In
turn, inflammatory reactions accentuate redox alterations, hence generating a feed-
forward loop (Biswas 2016). The origin of the persistent alterations in redox
metabolism is still unknown (Schmidlin et al. 2019).

Chronic treatment with antioxidant supplements (beta carotene, vitamin A,
vitamin C, vitamin E, and selenium) did not show long-term efficacy, excepting
the case when a deficiency of micronutrients occurs due to inadequate intakes or
malnutrition (Biesalski et al. 2010). The study of Myung et al. (2013) concluded that
there is no evidence to support the use of vitamin and antioxidant supplements for
prevention of chronic cardiovascular diseases (Myung et al. 2013). Additionally, the
meta-analysis performed by Bjelakovic et al. (2006) on 17 randomized trials with
620 participants could not provide convincing evidence that antioxidant
supplements have significant beneficial effects on primary or secondary prevention
of colorectal adenoma. Of note, the meta-analysis performed by Bjelakovic et al.
(2007) on 68 randomized trials with 232,606 participants (385 publications) has
shown that beta carotene, vitamin A, and vitamin E may even increase all-cause
mortality (Bjelakovic et al. 2007). Accordingly, pharmacological modulation of the
endogenous antioxidant system, performed in a personalized way, could be a more
targeted and safer therapeutic option for controlling redox homeostasis in chronic
diseases and cancer.

One promising pharmacological option for addressing deregulated redox metab-
olism chronic diseases is to target the nuclear factor erythroid 2-related factor
2 (NRF2) transcription factor (Cuadrado et al. 2018, 2019). NRF2, a member of
the cap0n0collar transcription factor family, regulates the transcription of more than
250 genes exhibiting antioxidant response elements (ARE; 50-TGACNNNGC-30) in
their promoter region that are involved in a broad array of homeostatic mechanisms
related to redox metabolism and signaling, inflammation, and proteostasis (Pajares
et al. 2015, 2016, 2017; de la Vega et al. 2016; Raghunath et al. 2018). A wealth of
NRF2 activators, with different mechanisms of action and outcomes in chronic
diseases, are being described in the literature. This review will describe first the
mechanism of NRF2 regulation with a pharmacological projection, then on the
NRF2 activators that are under clinical development, and finally on the promising
results obtained so far in preclinical cancer models with candidate NRF2 inhibitors.

2 Physiologic Regulation of NRF2

2.1 NRF2 in Non-stressed Conditions

The primary structure of NRF2 and its main regulator, KEAP1, are described in
Fig. 1. NRF2 is continuously produced by the NFE2L2 gene and is immediately
degraded through the ubiquitin-proteasome system. This apparently futile
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mechanism is extremely useful for allowing cells to respond rapidly to potentially
harmful oxidative and electrophilic challenges.

Under non-stressed conditions, NRF2 is targeted for ubiquitin-proteasome deg-
radation through the interaction with a KEAP1 homodimer. KEAP1 contains a broad
complex, tramtrack, bric-a-brac (BTB) homodimerization domain, an intervening
region (IVR), and a C terminal Kelch domain with a double glycine repeat (DGR).
This Kelch domain binds to the Neh2 domain of NRF2 at two amino acid sequences,
DLG and ETGE, the ETGE exhibiting about 100 times higher affinity for KEAP1
than the DLG motif (Tong et al. 2006). KEAP1 presents NRF2 for ubiquitination by
the E3 ligase complex formed by Cullin3 and RBX1 proteins (CUL3/RBX1) (Tong
et al. 2007), resulting in NRF2 degradation by the proteasome 26S (Hayes and
Dinkova-Kostova 2014; Suzuki et al. 2013). An alternative mechanism controlling
NRF2 stability is related to the glycogen synthase kinase 3 (GSK-3) and the E3
ligase adapter β-TrCP. The serine/threonine protein kinases GSK-3α and β are
maintained in an inactive form under normal conditions by AKT-mediated phos-
phorylation at their N-terminal pseudosubstrate domain, as well as by sequestration

Fig. 1 Protein structure of the transcription factor NRF2 and its main modulator KEAP1. (a) NRF2
contains seven conserved domains called Neh1–Neh7. Mainly, Neh1 serves as the DNA binding
and heterodimerization domain with sMAF proteins. Neh2 and Neh6 target NRF2 to degradation by
the proteasome. Within the Neh2 domain, the ETGE (high-affinity) and DLG (low-affinity) motifs
are zoomed in. Within the Neh6 domain, the positions of the DSGIS and DSAPGS motifs necessary
for binding to β-TrCP are specified. The transactivation activity of NRF2 lies in Neh4 and Neh5. (b)
Domain structure of a KEAP1 monomer. KEAP1 possesses four characteristic domains: the
N-terminal broad complex, tramtrack, and bric-a-brac (BTB) domain that participates in
homodimerization and binding to CUL3/RBX1; the C-terminal DGR (double glycine repeat) or
Kelch repeat that binds NRF2-Neh2 domain; and the intervening region (IVR) that connects BTB
and DGR domains and is particularly rich in redox-sensitive cysteine residues. Red cysteine
residues in KEAP1 are the most relevant for electrophile reactivity
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in protein complexes. In absence of receptor signaling, active GSK-3 phosphorylates
directly NRF2 at the Neh6 domain (DSGIS). GSK-mediated NRF2 phosphorylation
then triggers the recruitment of β-TrCP and favors the interaction with pSGIpS and
the CUL1/RBX1 complex for ubiquitin-proteasome degradation of NRF2
(Cuadrado 2015). β-TrCP also recognizes the DSAPGS motif in the Neh6 domain
of NRF2 which is constitutively phosphorylated in a GSK-3-independent manner
(Chowdhry et al. 2013).

Of note is that several proteins contain an (E/S)TGE motif that resembles the
high-affinity ETGE motif of NRF2, such as dipeptidyl peptidase 3, partner and
localizer of BRCA2, and SQSTM1/p62. Accordingly, these proteins have the ability
to compete with NRF2 for KEAP1 binding, leading to a non-canonical mechanism
of NRF2 stabilization (Hast et al. 2013).

Additional degradation mechanisms are proposed for NRF2, such as the inositol-
requiring enzyme (IRE1)/E3 ubiquitin ligase synoviolin (HRD1) present in the
endoplasmic reticulum (ER) (Wu et al. 2014a), whose expression is enhanced by
the activation of the XBP1-HRD1 arm of the ER stress pathway, as demonstrated in
cirrhosis to be a protective mechanism (Wu et al. 2014a). The interaction of HRD1
with the Neh4 and Neh5 domains of NRF2 mediates its degradation, independently
of KEAP1, leading to enhanced NRF2 activity and consequent transcription of
cytoprotective genes.

2.2 Activation of NRF2 Transcriptional Activity

KEAP1 is not only the main repressor of NRF2 but also a highly reactive redox
sensor through its 27 cysteine residues (found in humans) (Sihvola and Levonen
2017). Excessive ROS oxidize thiols and induce glutathionylation and alkylation of
macromolecules. Of utmost importance for the pharmacological activation of NRF2
are electrophile reactions with particular KEAP1 cysteines (Cys151, Cys273, and
Cys288), leading to adduct formation and consequent inhibition of NRF2
ubiquitination (Taguchi et al. 2011). Altogether, KEAP1 cysteines are modified
under redox challenging conditions (Holland et al. 2008), and the resulting confor-
mational alteration compromises the interaction between NRF2 and KEAP1, leading
to NRF2 stabilization and activation of its transcriptional activity (Cuadrado et al.
2018, 2019), as we will describe below.

NRF2 molecules escaping proteasomal degradation translocate specifically to the
nucleus through a nuclear localization signal contained in NRF2 and/or phosphory-
lation mediated by several kinases such as protein kinase C (Huang et al. 2000) and
mitogen-activated protein kinases (Yu et al. 2000). In the nucleus, the dimerization
of NRF2 with the cognate bZip partners MAF G, K, and F and maybe JUN or ATF
proteins favors the binding of NRF2 to the ARE sequence and recruitment of the
transcriptional co-activator CBP/p300, leading to a complex array of transcriptional
events. Resolution of NRF2 transcriptional activity occurs through the late induction
of FOS proteins or oxidative modification of BACH proteins, leading to their nuclear
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accumulation and consequent competition with NRF2 for binding to ARE (Reddy
2008).

NRF2 itself can be regulated at transcriptional level, which is of utmost impor-
tance for maintaining a critical NRF2 pool. For instance, NRF2 can regulate its own
expression through an ARE-like element located in the proximal region of its
promoter (Kwak et al. 2002). The NFE2L2 gene promoter presents several other
regulatory sequences: (a) the xenobiotic response element (XRE) and two XRE-like
sequences that are recognized by the transcription factor aryl hydrocarbon receptor
(AHR) (Miao et al. 2005); (b) the 12-O-tetradecanoylphorbol-13-acetate-response
element (TRE) (TGCGTCA) that is activated by the oncogenic KRAS (Tao et al.
2014), BRAF, and MYC (DeNicola et al. 2011) which are critically involved in
carcinogenesis; and (c) NF-κB binding sites that respond to various inflammatory
stimuli (Rushworth et al. 2012). Moreover, epigenetic changes encompassing pro-
moter methylation, microRNAs (e.g., miR-144 (Sangokoya et al. 2010), miR-28
(Yang et al. 2011), miR93 (Wang et al. 2016), and miR-98-5p (Sun et al. 2018)), as
well as long noncoding RNA deregulation (Fabrizio et al. 2018) contribute to
expression changes in the NFE2L2 gene.

Besides complex mechanisms of gene regulation, the analysis of the NRF2
interactome evidenced biological functions in close correlation with NRF2
(Cuadrado et al. 2018), sustaining the key role of NRF2 in far many more chronic
pathologies than initially expected. This perspective also fosters the development of
novel therapeutic strategies that specifically target the KEAP1-NRF2 system and
guide the biological consequences.

Of utmost importance for designing innovative therapeutic strategies in chronic
diseases underlined by low-grade inflammation and dysregulation of redox metabo-
lism is the crosstalk between the transcription factor NRF2 which controls important
antioxidant responses and the transcription factor NF-kB which regulates inflamma-
tory processes (Wardyn et al. 2015). Heme oxygenase 1 (HO-1) encoded by a NRF2
target gene (HMOX1) is partly responsible for the NRF2-mediated NF-κB inhibition.
In turn, the canonical NF-κB subunit p65 can exert a negative effect on ARE-linked
gene expression through competition with NRF2 for the transcriptional co-activator
CBP/p300 protein complex (Liu et al. 2008). Moreover, it was found that NRF2
contains κB sites in its proximal promoter, which are targeted by p65 for transcrip-
tion initiation (Smale 2011). Inflammatory responses, such as those triggered by
lipopolysaccharide, can be resolved by the generation of the small GTPase RAC1
(Ras-related C3 botulinum toxin substrate 1) which activates NRF2 and dampens
therefore NF-kB-mediated pro-inflammatory responses (Cuadrado et al. 2014).
Moreover, it was demonstrated that NRF2 can act as an upstream inhibitor of
pro-inflammatory cytokine production, such as IL-6 and IL-1β (Kobayashi et al.
2016), in addition to the redox control that it exerts on inflammatory networks. Of
note is also the observation that the E3 ubiquitin ligase β-TrCP that is involved in
proteasomal degradation of NRF2 mediates also the degradation of IκB, the main
cytoplasmic repressor of the pro-inflammatory NF-KB transcription factor,
evidencing the inverse regulation for these transcription factors (Kanarek and
Ben-Neriah 2012).
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3 Pharmacologic Activators of NRF2

NRF2 activators address mainly KEAP1 (Magesh et al. 2012), the main cytoplasmic
NRF2 repressor which impedes on its transcriptional activity by targeting NRF2 for
proteasomal degradation. According to their specific interaction mechanisms with
KEAP1, NRF2 activators can be classified as electrophiles and protein-protein
interaction (PPI) inhibitors, as well as multi-target compounds (Fig. 2).

3.1 Electrophilic Compounds

Electrophilic molecules modify covalently, by oxidation or alkylation, critical cys-
teine residues (Cys) within the thiol-rich KEAP1 repressor, such as Cys-151,
Cys-273, and Cys-288 (Levonen et al. 2004; Wakabayashi et al. 2004) that are
highly susceptible to electrophilic reactions (Yamamoto et al. 2008; Saito et al.
2015), but also Cys-226, Cys-434, and Cys-613 in particular cases. Changes of the
“Cys code” in NRF2 lead to a dysfunctional state of KEAP1 that is no longer able of
targeting NRF2 for ubiquitination, despite its interaction with both of the critical
Neh2 motifs of NRF2 (DLG and ETGE). Accordingly, there is a loss of free KEAP1
molecules for further interaction with the newly synthesized NRF2 which avoids in
this way KEAP1-mediated proteolytic degradation (Baird et al. 2013). An alternative
mechanism for pharmacological NRF2 activation addresses the interaction of
KEAP1 with the CUL3/RBX1 complex that is required for NRF2 ubiquitination.
It was found that adduct formation of electrophiles with Cys-151 in the BTB domain

Fig. 2 Summary of the main pharmacological strategies to increase NRF2 activity
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of KEAP1 most likely disrupts the interaction with CUL3 (Cleasby et al. 2014; Iso
et al. 2016; Dayalan Naidu et al. 2018). A NRF2-bound conformation of KEAP1 is
induced, that is, unable to drive NRF2 ubiquitination, and the newly formed NRF2
molecules consequently escape proteasomal degradation. Selected electrophilic
activators of NRF2 that are in various stages of clinical development are presented
in Table 1.

The most clinically developed NRF2 activator is dimethyl fumarate (DMF), a
fumaric acid ester that has been authorized for the treatment of psoriasis
(Hoxtermann et al. 1998). Under the trade name of Tecfidera (Biogen), DMF has
been approved later by the Food and Drug Administration (FDA) and the European
Medicines Agency (EMA) also for relapsing-remitting multiple sclerosis (MS), an
autoimmune inflammatory demyelinating disease that may result in sustained neu-
rologic damage (Xu et al. 2015; Schimrigk et al. 2006; Gold et al. 2012; Fox et al.
2012). Upon ingestion, DMF is rapidly metabolized by intestinal esterases into the
biologically active form of the agent, mono methyl fumarate (MMF). Of note is that
the direct biological actions of DMF and MMF in vitro are not identical (Booth et al.
2016).

DMF is an alkylating agent which non-specifically and covalently modifies
nucleophilic groups in proteins, including cysteine thiols (Albrecht et al. 2012; Li
et al. 2007; Lin et al. 2011) in KEAP1. DMF was also shown to induce in MS a
prominent reduction of inflammatory events (Havrdova et al. 2013), such as the
number of peripheral T cells, especially CD8+ T cells (Mills et al. 2018a; Ghadiri
et al. 2017); total B lymphocytes counts, especially due to the decrease of memory B
cells; and a decrease in the levels of pro-inflammatory factors such as IL-6, TNFα,
and granulocyte-macrophage colony-stimulating factor (Li et al. 2017; Smith et al.
2017). It is noteworthy that these effects may be exerted both through NRF2-
dependent and NRF2-independent mechanisms, as we will explain later in this
review (Schulze-Topphoff et al. 2016). Recently, DMF was shown to induce
mitochondrial biogenesis in a NRF2-dependent manner (increase of mtDNA copy
number and mitochondrial complex mRNA expression) in preclinical models and
humans, without having mitochondrial complex inhibition activity. This newly
evidenced mechanism of action may explain, at least partly, the efficacy of DMF
in MS and opens new avenues for the treatment of mitochondriopathies (Hayashi
et al. 2017). Using the MS mice model of experimental allergic encephalomyelitis
(EAE), DMF was shown to induce the activation of NRF2 in the central nervous
system (Linker et al. 2011), which correlated well with the observed improvement in
the clinical course of MS, favored axon preservation, and increased astrocyte
activation. The fact that these beneficial DMF effects did not occur in NRF2-null
mice clearly indicated that DMF is acting mainly by targeting the NRF2 pathway
which further modulates local inflammatory reactions (Mills et al. 2018a; Ghadiri
et al. 2017; Li et al. 2017; Smith et al. 2017).

DMF is mostly converted to MMF by intestinal esterases, but only a small
fraction is found in blood conjugated with glutathione (Dibbert et al. 2013). There-
fore, an oral formulation of a MMF derivative, diroximel fumarate (2-(2,5-dioxo-1-
pyrrolidinyl)ethyl ester; ALKS-8700; Alkermes), was designed for improving
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bioavailability and efficacy and is currently under phase III trial for MS (Sun et al.
2017; Zeidan et al. 2014). The therapeutic effects of fumaric acid esters are not fully
characterized, and KEAP1/NRF2-independent effects were highlighted. For
instance, the study of Schulze-Topphoff et al. (2016) showed that DMF can protect
both “wild-type” and Nrf2�/� mice against the development of inflammation in
acute EAE through the reduction of Th1 and Th17 cells as well as through the
induction of anti-inflammatory M2 monocytes, indicating that Nrf2 may not be
required for many of the observed beneficial effects of DMF (Schulze-Topphoff
et al. 2016). Moreover, it was shown that DMF and MMF can activate the nicotinic
receptor hydroxycarboxylic acid receptor 2 (HCAR2) which is expressed in immune
cells and gut epithelial cells, resulting in NRF2-independent anti-inflammatory
responses (von Glehn et al. 2018).

Synthetic triterpenoids were developed as electrophilic NRF2 activators. For
instance, promising compounds have been derived from natural oleanolic acid by
addition of enone and ciano groups to the A ring and another enone group to the C
ring (Dinkova-Kostova et al. 2005; Liby and Sporn 2012), aiming to endow these
derivatives with stronger Michael acceptor reactivity. Such a compound,
bardoxolone methyl (CDDO-Me or RTA 402), reached clinical trials for the treat-
ment of advanced chronic kidney disease (CKD), type 2 diabetes mellitus (DM), and
cancer (Pergola et al. 2011). Clinical studies provided promising results in terms of
efficacy; CDDO-Me was discontinued at phase III trial due to cardiovascular side
effects (Zhang 2013). A new phase II clinical trial on patients with rare chronic
kidney diseases has recently started for better defining the safety and efficacy profiles
of CDDO-Me. Moreover, a phase II/III trial (NCT03019185) on the efficacy and
safety of CDDO-Me in patients with Alport syndrome is ongoing. A second-
generation difluoromethyl acetamide derivative of bardoxolone methyl (RTA-408,
Omaveloxone) was designed for improving the safety profile and is now under phase
II trial for Friedreich’s ataxia, ocular inflammation, and pain after ocular surgery
(Lynch et al. 2019). Recently, a preclinical study evaluating RTA-408 for diabetic
wounds emphasized that upregulation of NRF2 is responsible for the reinforcement
of regenerative processes (Rabbani et al. 2018).

Some other compounds target NRF2 at the level of other cysteine residues
Cys-151, the cysteine residue generally targeted by most NRF2 activators (Kansanen
et al. 2011). For instance, 9-nitro-octadec-9-enoic acid (OA-NO2) is a nitro-fatty acid
with anti-inflammatory properties that reacts with Cys-273 and Cys-288 of KEAP1,
and its activity seems to be independent of CXA-10 (10-nitro-9(E)-octadec-9-enoic
acid), an isomer of OA-NO2, has proven efficacy in the uni-nephrectomized
deoxycorticosterone acetate-high salt mouse model of CKD (Arbeeny et al. 2019),
and is under several phase I clinical trial for the treatment of this disease (Batthyany
and Lopez 2015). Moreover, CXA-10 is under phase II trials for the treatment of
pulmonary arterial hypertension (NCT03449524) and primary focal segmental
glomerulosclerosis (NCT03422510). Other NRF2 activators, such as 15-deoxy-
Δ12,14-prostaglandin J2, were also shown to interact with Cys-273 and Cys-288
of the KEAP1 homodimer (Yamamoto et al. 2008), resulting in increased NRF2
activity in models of ureteral obstruction (Nilsson et al. 2017), hepatic ischemia-
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reperfusion injury (Chen et al. 2017), and atherosclerosis (Lu et al. 2017). In a recent
study (Mills et al. 2018b), the metabolite itaconate was described as a NRF2
activator that alkylates many cysteine residues in KEAP1 (Cys-151, Cys-257,
Cys-288, Cys-273, and Cys-297). A cell-permeable itaconate derivate, 4-octyl
itaconate, that triggers stronger NRF2 activation than DMF was shown to exert
important anti-inflammatory effects that protect against lipopolysaccharide toxicity
(Mills et al. 2018b).

Electrophilic drugs that are rendered active by the very same ROS that they have
to counteract (pathologically activated therapeutics) were shown to exhibit increased
specificity for the diseased tissues and less side effects due to the lack of reaction
with other thiols that can result in lowering the glutathione pool and inducing ROS
dysregulation in normal cells (Satoh et al. 2013). One example is carnosic acid found
in Rosmarinus officinalis (with adjacent or “ortho-” position hydroxyl groups) which
proved efficacy against AD and other neurologic conditions in rodent models
(Lipton et al. 2016; Liu et al. 2016).

Some natural compounds have been identified as electrophilic NRF2 inducers,
including sulforaphane, curcumin, resveratrol, quercetin, genistein, and more
recently andrographolide (Wong et al. 2018). Extensive evidence was gathered
regarding the beneficial effects of sulforaphane (SFN), an isothiocyanate found in
cruciferous vegetables under the inactive form of glucoraphanin which is further
processed enzymatically to the biologically active form (Abdull Razis and Noor
2013). SFN is rapidly entering into cells where it is conjugated with glutathione
through a reaction mediated by glutathione-S-transferase, which greatly contributes
to its accumulation (Kolm et al. 1995) SFN efficacy has been attributed, at least
partly, to its capacity to activate the KEAP1-NRF2 system and trigger the expression
of phase II detoxifying enzymes such as NQO1 (Boddupalli et al. 2012), hence being
therapeutically active in preventing chemically induced carcinogenesis (Watanabe
et al. 1997). Additional activities have been evidenced, such as the inhibition of
histone deacetylase 6 (HDAC6) activity and cell cycle progression (Myzak and
Dashwood 2006). SFN exerts anti-inflammatory effects by directly attenuating the
production of IκB-α and by inhibiting NF-kB translocation, besides impairing its
redox-sensitive DNA binding and transactivation (Heiss et al. 2001). SFN has been
successfully used for the treatment of type II DM (Bahadoran et al. 2012; Axelsson
et al. 2017). It has been also found that SFN can exert also beneficial effects in
hypoxic-ischemic injury in rats (Ping et al. 2010; Zhao et al. 2006). Moreover, being
able to cross the blood-brain barrier, SFN can provide protection in neurodegenera-
tive disorders, as demonstrated in preclinical models of disease. Thus, SFN was
shown to protect against the neurotoxicity of Aβ1–42 peptides in neuronal cells (Park
et al. 2009) and ameliorated cognitive impairment in an acute mouse model of
Alzheimer’s disease (AD) (Kim et al. 2013). In Parkinson’s disease (PD), SFN
protected dopaminergic cells against the cytotoxic effects of 6-hydroxydopamine
(Han et al. 2007), counteracted astrogliosis and microgliosis, and significantly
reduced dopaminergic neuron death in a mouse model of PD (Jazwa et al. 2011;
Tarozzi et al. 2013; Houghton et al. 2016). Evgen Pharma has developed a cyclo-
dextrin formulation, SFX-01, with improved stability, which is under phase II
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clinical trial (safety, tolerability, pharmacokinetic, and pharmacodynamic study) for
the treatment of subarachnoid hemorrhage (NCT02614742). Moreover, a hybrid
molecule of SFN and melatonin (ITH12674) was designed for a dual “drug-prodrug”
mechanism of action in the treatment of brain ischemia (Egea et al. 2015). ITH12674
(Egea et al. 2015) proved to exert concentration-dependent neuroprotective effects in
cortical neurons subjected to increasing ROS production, increasing GSH
concentrations, and enhancing the NRF2-triggered antioxidant response. Moreover,
it protected organotypic cultures of hippocampal slices subjected to oxygen and
glucose deprivation and re-oxygenation from stress by increasing the expression of
HO-1, one of the main targets of NRF2.

The list of electrophilic compounds that are able to interact with KEAP1 and
modulate thereby the transcriptional activity of NRF2 is continuously growing, but
most of these compounds have not evolved beyond preclinical experiments. More-
over, electrophiles, such as DMF, also produce considerable systemic side effects, in
part due to non-specific S-alkylation of cysteine thiols, resulting in the depletion of
the antioxidant glutathione pool. A long way needs to be covered to characterize the
pharmacodynamic properties, the clinical safety profile, and the efficacy of candidate
electrophilic drugs.

3.2 Protein-Protein Interaction Inhibitors of the KEAP1-NRF2
System

Protein-protein interaction (PPI) inhibitors can activate NRF2 by hindering its
interaction with the Kelch propeller of KEAP1 through non-covalent interactions
(Cuadrado et al. 2019). Therefore, they exhibit a higher selectivity for KEAP1 than
electrophilic compounds, avoiding the formation of unwanted adducts with other
cysteines than those contained in KEAP1 (Richardson et al. 2015) and consequently
uncontrollable side effects like the deleterious depletion of the anti-inflammatory
glutathione pool.

Based on the crystal structure of KEAP1 (Padmanabhan et al. 2006), small PPI
inhibitors have been designed to hinder the binding to KEAP1 of either the high-
affinity ETGEmotif (Lo et al. 2006) or the low-affinity DLGmotif (Tong et al. 2007)
contained in NRF2. The first PPI inhibitors were designed from a series of truncated
NRF2 peptides (Inoyama et al. 2012; Chen et al. 2011) and evidenced that the 9-mer
sequence LDEETGEFL is the minimal binding sequence of NRF2 required for
docking to KEAP1 (Inoyama et al. 2012; Chen et al. 2011; Hancock et al. 2012).
The following peptides were found to act as PPI inhibitors (Robledinos-Anton et al.
2019): LDEETGEFL-NH2 (Inoyama et al. 2012) (Chen et al. 2011); DEETGE-
CAL-Tat (NH2-RKKRRQRRR-PLFAERLDEETGEFLPNH2) (Tu et al. 2015);
Ac-DPETGEL-OH, FITCβ-DEETGEF-OH, FITC-β-LDEETGEFL-OH,
Ac-DEETGEF-OH, and Ac-DPETGEL-OH (Hancock et al. 2012); FITC-
LDEETGEFL-NH2 (Inoyama et al. 2012); FAM-LDEETGEFL-NH2 (Jiang et al.
2014); LQLDEETGEFLPIQGK(MR121)-OH (Marcotte et al. 2013);
Ac-LDEETGEFL-NH2 (Inoyama et al. 2012) (Chen et al. 2011); Ac-DPETGEL-
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NH2, Ac-NPETGEL-OH, and St-DPETGEL-OH (Hancock et al. 2013);
YGRKKRRQRRRLQLDEETGEFLPIQ (Steel et al. 2012); and c
[GQLDPETGEFL] (Lu et al. 2018). A customized peptide was designed for increas-
ing cellular uptake by adding the cleavage sequence of calpain and the Tat sequence
of the human immunodeficiency virus (-Cal-Tat). It was shown to provide
neuroprotection and cognition-preserving effects in a mouse model of cerebral
ischemia (Tu et al. 2015). Moreover, hybrid peptides based on the interaction
regions between KEAP1 and NRF2 at the level of the ETGE motif and between
KEAP1 and p62/SQSTM1 exhibited superior binding activity (Hancock et al. 2013).
A major drawback of peptides as therapeutic agents is their low oral bioavailability
and cellular permeability. This is the reason why research has been lately focused on
the development of small molecules as PPI inhibitors, comprising
tetrahydroisoquinoline (Richardson et al. 2015; Jnoff et al. 2014), thiopyrimidine
(Marcotte et al. 2013), naphthalene (Jiang et al. 2014), carbazone (Ranjan et al.
2014), and urea derivatives (Sato et al. 2013).

Several PPI inhibitors with improved selectivity over electrophiles have been
identified in silico through screening of small molecule libraries, such as SRS-5,
benzenesulfonyl-pyrimidone 2, N-phenyl-benzenesulfonamide, and a series of
1,4-diphenyl-1,2,3-triazole (Jnoff et al. 2014; Hu et al. 2013; Wen et al. 2015;
Bertrand et al. 2015; Nasiri et al. 2016). The first KEAP1-NRF2 inhibitor that was
identified using molecular binding determinant analysis and proved efficacy at
nanomolar concentrations is CPUY192002 (Jiang et al. 2014). The compound was
further developed by optimizing solubility using medicinal chemistry methods. The
new PPI inhibitor, CPUY192018, showed potent NRF2 activation effects both
in vitro and in vivo. The compound proved efficacy in the dextran sodium sulfate-
induced experimental colitis model (Lu et al. 2016) and in LPS-induced chronic
renal inflammation (Lu et al. 2019) by activating the NRF2-dependent antioxidative
pathways and by inhibiting inflammatory responses mediated by the transcription
factor NF-κB (Lu et al. 2019).

Huge promises in developing small molecules as PPI inhibitors may derive also
from the complex biochemical protocol that lately was designed for better
identifying reversible modifiers of the NRF2-KEAP1 interaction. This protocol
puts together time-resolved fluorescence resonance energy transfer as primary
screening tool, combined with surface plasmon resonance for evaluating the affinity
of KEAP1 binders, and the 1H-15N heteronuclear single quantum coherence nuclear
magnetic resonance assay for further analyzing the binding mode (Bresciani et al.
2017).

3.3 Other Mechanisms for Pharmacological NRF2 Activation

As described at point 2.1, NRF2 phosphorylation by GSK-3 leads to its
ubiquitination by the E3 ligase β-TrCP and subsequent proteasomal degradation.
Considering that an aberrant activity of GSK-3 is linked with several pathologies
such as AD, cardiovascular diseases, or cancer (Hooper et al. 2008; Silva et al. 2014;
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Luo 2009; Lal et al. 2015), several clinical trials are now being focused on GSK-3
inhibitors (Saraswati et al. 2018). For instance, the GSK-3-inhibitor tideglusib, a
thiadiazolidinone compound, was studied in phase II trials for AD in the ARGO
study (Lovestone et al. 2015). The study evidenced that short-term (26 weeks)
tideglusib had an acceptable safety profile but produced no clinical benefit. How-
ever, given the non-linear dose response, especially in mildly affected patients,
further dose finding studies in early disease stages and for longer duration are
warranted to examine GSK-3 inhibition in AD patients. Another GSK-3 inhibitor,
enzastaurin, intended for the treatment of various types of cancers, including lym-
phoma, showed promising results at preclinical level, but phase II and III trials
involving more than 3,000 patients evidenced poor efficacy (Bourhill et al. 2017;
Lombardi et al. 2017). According to the analysis performed by Bourhill et al. (2017),
inappropriate end point analysis, limited standards in phase I clinical trials, insuffi-
cient use of biomarker analysis, and also patient stratification apparently contributed
to the failure to achieve approval of enzastaurin as an anticancer therapeutic
(Bourhill et al. 2017). GSK-3-dependent NRF2 phosphorylation was also shown
to be inhibited by nordihydroguaiaretic acid (Rojo et al. 2012) and its derivative
terameprocol (Kimura and Huang 2016; Chao et al. 2018) which is in phase I and II
clinical trials for the treatment of several types of cancers, such as gliomas and
leukemias (Table 1) (Palomo and Martinez 2017).

Taking advantage of the consistent knowledge gains in the mechanisms of NRF2
stabilization, new strategies may be developed to modulate therapeutically the
activation of the NRF2 system. A new strategy for developing KEAP1-independent
NRF2 activators is to develop small molecules for disrupting the docking of NRF2 to
β-TrCP (Rada et al. 2012). Besides the E3 ubiquitin ligases KEAP1 and β-TrCP,
HRD1 is a E3 ubiquitin ligase linked to KEAP1-independent NRF2 degradation.
That crosstalk between NRF2 and HRD1 was investigated by Wu et al. (2014) in the
context of cirrhotic liver (Wu et al. 2014a). HRD1 is a transcriptional target of XBP1
that is upregulated upon activation of IRE1 during endoplasmic reticulum
(ER) stress related to cirrhotic conditions. The study evidenced that NRF2 is a
bona fide substrate of HRD1 through the direct binding of the cytosolic C-terminal
domain of HRD1 and the Neh4–5 domains of NRF2. This inverse correlation in the
expression of NRF2 and HRD1 was observed in both human and mouse cirrhotic
livers, and inhibitors of HRD1 and IRE1 were able to restore NRF2-mediated
responses in liver cirrhosis (Wu et al. 2014a).

Proteins containing (E/S)TGE motifs similar to NRF2 were shown to compete
with NRF2 for binding to KEAP1 and induce therefore NRF2 stabilization and its
translocation to the nucleus (Jain et al. 2010; Lau et al. 2010; Komatsu et al. 2010).
Such a NRF2 competitor is SQSTM1/p62, a protein that transports specific cargos to
the autophagosome, including KEAP1. Compounds that increase SQSTM1/p62
levels, like rapamycin (Sarkar and Rubinsztein 2008) and trehalose (Mizunoe et al.
2018), are under investigation in several phase II and III trials in connection with
DM, systemic lupus erythematosus, and autosomal dominant polycystic kidney
disease.
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The transcriptional activity of NRF2 can be pharmacologically manipulated by
impeding its interaction with critical partners in the nucleus. The BTB domain and
CNC homolog 1 (BACH1) is a transcriptional repressor of NRF2 which belongs to
the cap0n0collar, b-Zip family. BACH1 competes with NRF2 in the nucleus to form
heterodimers with small MAF proteins and blocks therefore the expression of ARE
genes (Dhakshinamoorthy et al. 2005). A recent study characterized the HPP-4382
compound as an inhibitor of BACH1 repressive activity in vitro (Attucks et al. 2014)
which favors the transcriptional activity of NRF2.

Another therapeutic approach for increasing NRF2 accumulation is to address
more closely its proteasomal degradation by modulating the Cul3-based E3 ligase
which selectively binds protein substrates intended to be degraded (Kobayashi et al.
2004). One option is to inhibit the process of cullin 3 neddylation through which
NEDD8 (neural precursor cell expressed developmentally downregulated 8) tags
cullin 3 and regulates its ubiquitin ligase activity (Duda et al. 2008), hence inhibiting
NRF2 ubiquitylation and degradation of NRF2. This has been achieved with the
small molecule MLN4924 (pevonedistat) which is a selective inhibitor of the
NEDD8-activating enzyme (NAE) involved in the first step of neddylation (Soucy
et al. 2009) that was shown to induce NRF2 accumulation (Zhao et al. 2014) with
various biological consequences. For instance, it has been shown that MLN4924
exerts neuroprotective effects by increasing NRF2 accumulation in the cytoplasm
and nucleus in primary cultures of cerebellar granule neurons exposed to hydrogen
peroxide (Anderica-Romero et al. 2016). Interestingly, although cancer cells are
“addicted” to NRF2 (Kitamura and Motohashi 2018) and inhibition of its
proteasomal degradation results in NRF2 accumulation, consequently favoring
tumorigenesis, MLN4924 was shown to inhibit in vitro and in mice xenografts the
proliferation of head and neck squamous cell carcinoma cells, as well as to increase
their radio-sensitivity (Vanderdys et al. 2018). Moreover, MLN4924 can induce
apoptosis in acute myelogenous leukemia cell lines and clinical samples, but this was
apparently independent of ROS production (Knorr et al. 2015). Various phase I
clinical trials of MLN9424 (NCT00677170, NCT00722488, NCT00911066,
NCT01011530, NCT01814826, NCT01862328) indicated that its safety profile
was acceptable, with hepatotoxicity and sepsis as main adverse effects (Swords
et al. 2017). The hepatotoxicity in patients with acute myeloid leukemia may be
partly due to the therapy-induced decrease of the activation threshold for tumor
necrosis factor-mediated cell death (Wolenski et al. 2015). In turn, this immuno-
modulatory activity of MLN4924 might be also responsible for its therapeutic
anticancer activity, as MLN4924 was shown to exert NF-κB-mediated cytotoxicity
against a subset of diffuse large B cell lymphoma and multiple myeloma cells
(Milhollen et al. 2010). The clinical pharmacokinetic profile of MLN4924 was
comparable in patients with solid tumors or hematological malignancies, and partic-
ular cytostatic drugs were shown to decrease its clearance (Faessel et al. 2019). A
phase I study of MLN4924 suggests therapeutic activity of MLN4924 in lymphoma
and evidenced a tolerable safety profile in patients with relapsed/refractory multiple
myeloma or lymphoma (Shah et al. 2016). In 2019 was launched a clinical trial of the
NAE inhibitor MLN4924 combined with an inhibitor of the chymotrypsin-like
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proteolytic (β5) site of the 20S proteasome (MLN9708, ixazomib) in treating
patients with multiple myeloma (NCT03770260). Possibly, the anticancer effect of
MLN4924 relies on the inhibition of the proteasomal degradation of other Cul3-
based E3 ligase targets than NRF2, or other cullins might be concurrently inhibited
by MLN4924 that stabilize proteins involved in DNA replication such as CDT1 in
colon and lung cancer (Lin et al. 2010), c-myc-mediated apoptosis of acute myelog-
enous leukemia cells (Knorr et al. 2015), or Redd1-mediated suppression of AKT
and mTOR pro-survival and proliferative signaling in multiple myeloma (Gu et al.
2014). Further clinical studies are needed for defining the therapeutic and safety
profiles of MLN4924, as well as its action mechanism in various hematological and
non-hematological malignancies. Through structure-based design and extensive
medicinal chemistry optimization, DI-591 was found to be a high-affinity, cell-
permeable, drug-like small molecule inhibitor of the DCN1-UBC12 interaction
that is critical in specific neddylation of cullin 3. Treatment of cells with DI-591
selectively converts cellular cullin 3 into an un-neddylated inactive form that leads to
NRF2 upregulation (Zhou et al. 2017).

All these alternative mechanisms and therapeutic tools for NRF2 stabilization and
activation in various pathological conditions suggest that a combinatorial pharma-
ceutical approach will be the best way to activate the cytoprotective responses
mediated by NRF2 while keeping off-target and side effects under control.

3.4 Dual Effects of NRF2 Activators

Knowing that cancer cells are NRF2 addicted, in-depth investigations have to be
performed for clarifying the intriguing anticancer activity of some NRF2 activators
at higher, still clinically acceptable concentrations, going beyond their chemo-
preventive action that impedes on the initial steps of carcinogenesis by antioxidant
and anti-inflammatory mechanisms (Hu et al. 2010). There is extensive preclinical
evidence indicating that SFN is a promising candidate as anticancer agent (Wu et al.
2020). For instance, it was shown that SFN can enhance cisplatin sensitivity of
ovarian carcinoma cells (DNA damage and accumulation of intracellular cisplatin)
through miR-30a-3p upregulation (Gong et al. 2020). Moreover, SFN can induce the
suppression of human prostate cancer cell growth (ROS-induced G2/M phase cell
cycle arrest and apoptosis) and slow tumor progression in a tumor-bearing mouse
model (Singh et al. 2009). The study also showed that SFN can boost the anti-tumor
immune response in vitro (enhanced cytotoxicity of natural killer cells and activation
of dendritic cells against prostate cancer cells), which was translated in the
investigated animal model by infiltration of T cells in the neoplastic lesions and
increased levels of interleukin-12 production by dendritic cells. In turn, the
pro-oxidative action of SFN was shown to induce the suppression of particular T
cell populations that may negatively impact the efficacy of T cell-based
immunotherapies in cancer (Liang et al. 2019). Recent studies also evidenced that
DMF can be repurposed as an anticancer agent, either as monotherapy or in
combination with other drugs (Booth et al. 2016). It is noteworthy that another
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anti-MS drug, fingolimod (Gilenya®), that acts through downregulation of sphingo-
sine-1-phosphate signaling also exhibits anticancer properties and can synergisti-
cally combine with MMF to kill many tumor cells types, including multiple
genetically diverse primary human glioblastoma cell isolates (Booth et al. 2016).
There is a high need for specifically addressing the dual effects of NRF2 activators in
various pathologic settings for better defining fit-to-purpose dosages and potential
off-target effects.

3.5 NRF2 Activators and COVID-19

A promising therapeutic application of NRF2 activators, including SFN, MMF is
related to their potential use in viral diseases, for counteracting the deleterious
oxidative burst triggered by the virus in the host tissues (Lee 2018; Sharma et al.
2020). Moreover, viruses are endowed with specific mechanisms for sustaining the
oxidative metabolism necessary for their replication, without killing the host cell,
and for taking away from the host the NRF2-mediated control of redox homeostasis
(Lee 2018). Pharmacologic NRF2 activation in viral diseases gains a higher impor-
tance in the context of the COVID-19 pandemics. PB125® (Pathways Bioscience),
designed as dietary supplement that contains carnosol, withaferin A, and luteolin,
proved to be a selective and potent NRF2 activator in vitro, as demonstrated by the
Ingenuity Pathway Analysis using HepG2 cells (Hybertson et al. 2019). It was
demonstrated recently that PB125 downregulates the mRNA expression of ACE2,
of the surface receptor recognizing the SARS-CoV-2 virus, and also of TMPRSS2
which activates the spike protein for virus entry into host cells in human liver-
derived HepG2 cells. Moreover, PB125 markedly downregulated 36 genes encoding
inflammatory factors, out of which IL-1β, IL-6, and TNFα have been specifically
identified in the “cytokine storm” observed in fatal cases of COVID-19 (McCord
et al. 2020). Extensive studies have to be performed for assessing the role of NRF2 in
viral replication and protection of the host.

4 Pharmacologic Inhibitors of NRF2

Inhibitors of NRF2 activity activators are a promising therapeutic strategy especially
for cancer treatment, but their clinical development is being slow due to poor
specificity of currently available molecules. Figure 3 shows some of the available
compounds and pharmacological strategies to inhibit NRF2.

The role of NRF2 in tumor development is still controversial. On the one hand,
some studies show how NRF2 is able to prevent the development of tumors in mice
models of chemically induced carcinogenesis due to its cytoprotective and
detoxifying effects (Ramos-Gomez et al. 2003; Xu et al. 2006). On the other hand,
many tumors exhibit an exacerbated activation of NRF2 which is associated with
poor disease prognosis, as NRF2 promotes a cell survival and growth advantage
while it also renders cells resistant to chemo- and radiotherapy (Solis et al. 2010;
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Shibata et al. 2008; Ohta et al. 2008). Taken together, these studies show that NRF2
plays a dual role in cancer progression: it prevents cancer development by acting as a
chemo-preventive agent, while, once disease is progressing, tumor cells become

Fig. 3 Summary of available compounds and pharmacological strategies to inhibit NRF2 activity
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“addicted” to NRF2 which provides a selective advantage to cancer cells for
surviving in the harsh tumor niche and for resisting to chemo- and radiotherapy
(Kitamura and Motohashi 2018; Milkovic et al. 2017). Consequently, it is expected
that molecules that inhibit NRF2 would sensitize tumor cells to conventional anti-
tumor treatments, being therefore a promising novel co-therapy in cancer.

4.1 NRF2 Natural Inhibitors

Small molecules of natural origin (especially those found in plants) have a huge
variety of functions and structures. Consequently, they are highly promising
candidates for drug discovery, including NRF2 inhibition, due to the relatively
uncomplicated isolation procedure and pharmaceutically relevant biological activity.
Selected NRF2 inhibitors are presented in Table 2.

Brusatol is a natural quassinoid obtained from the seeds of Brucea sumatrana.
Several studies have shown how brusatol treatment reduces NRF2 protein levels in a
variety of cancer cell lines, such as A549 (non-small-cell lung carcinoma);
MDA-MB 231 (human breast cancer); Ishikawa and SPEC-2 (human endometrial
carcinoma); PATU-8988, PANC1, and BxPC-3 (human pancreatic cancer); and
HCT116 and CT26 (human and murine colorectal cancer, respectively) (Zhu et al.
2016; Ren et al. 2011; Xiang et al. 2018; Evans et al. 2018). Brusatol also enhances
both in vivo and in vitro the anti-tumor effect of different drugs, such as cisplatin in
A549 cells; gemcitabine in PATU-8988, PANC1, and BxPC-3 cell lines; or
irinotecan in the CT26 cell line (Ren et al. 2011; Xiang et al. 2018; Evans et al.
2018). However, it was evidenced that brusatol is not a specific NRF2 inhibitor as it
inhibits cap-dependent and cap-independent protein translation, being therefore able
to inhibit not only NRF2 but many other short-lived proteins (Harder et al. 2017).
Due to the consequent off-target effects of brusatol, it has not been tested in clinical
trials. Nevertheless, the lack of effect of brusatol at nanomolar concentrations on the
levels of some proteins with short (cyclin A, HIF-1α, p53, and survivin) and long
(Keap1, p62, and actin) half-lives indicates that the brusatol-induced NRF2 deple-
tion might be in fact specific (Ren et al. 2011; Olayanju et al. 2015).

Other candidates for NRF2 inhibition are flavonoids, small molecules found in a
variety of plants, vegetables, and fruits that are well known for their antioxidant
effects and anti-tumor activity (Zhu et al. 2016; Ju et al. 2007). Among them, several
inhibit NRF2 activity, as follows. Luteolin was shown to reduce mRNA and protein
levels of NRF2 in non-small-cell lung carcinoma A549 cells or colorectal cancer
cells (HCT116 and SW620) (Tang et al. 2011; Chian et al. 2014). It also sensitized
A549 non-small-cell lung carcinoma cells to oxaliplatin, bleomycin, and doxorubi-
cin in vitro and to cisplatin in vivo and the human colon tumor cells HCT116 and
SW620 to oxaliplatin, cisplatin, and doxorubicin in vitro (Tang et al. 2011; Chian
et al. 2014). It seems that luteolin is able to discriminate between normal and tumor
cells. Thus, luteolin can arrest cells at the G1/S stage of the cell cycle, reduce
mitochondrial membrane potential, and trigger apoptosis of liver carcinoma cells,
while normal liver cells (HL-7702) were almost not affected (Ding et al. 2014).
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There are still gaps in understanding the mechanisms underlining the effects of
luteolin on NRF2, as several studies have shown that luteolin might inhibit or
activate NRF2 activity, depending on the concentration and context. Luteolin was
able to epigenetically induce NRF2 in human colon carcinoma cells HCT116 and
HT29 and to decrease cell proliferation, hence acting as an anti-tumor agent (Zuo
et al. 2018). In turn, intragastric treatment with luteolin protected diabetic rats
against ischemia-reperfusion injury due to NRF2 activation (Xiao et al. 2019).
More interestingly, a recent study has shown that luteolin can prevent malignant
transformation of human bronchial epithelial cells caused by the environmental
carcinogen Cr(VI) through NRF2 activation while decreasing constitutive NRF2
activation in already transformed cells (Son et al. 2017). Although the dual effect of
luteolin as chemo-preventive and anti-tumoral agent is quite promising, its precise
modulatory effect and mechanism over NRF2 are still unclear, and it seems to be
dependent of the transformation state of the cell.

Apigenin is another flavonoid with already known anti-tumoral effects, which
inhibits the growth of cancer cells but does not significantly affect normal cells,
being therefore a promising anti-tumoral drug (Gupta et al. 2001; Patel et al. 2007).
The inhibitory effects of apigenin over NRF2 were highlighted. Apigenin can
decrease the mRNA and protein levels of NRF2 in hepatocellular carcinoma
BEL-7402/ADM cells, hence reducing the expression of NRF2 targets and
sensitizing tumor cells to doxorubicin, both in vitro and in vivo, in a tumor xenograft
mice model. This inhibitory effect seems to be dependent on the inhibition of the
PI3K/AKT pathway (Gao et al. 2013). Meanwhile, a recent study suggests that
apigenin can inhibit NRF2 through the expression of miR-101 which targets the 3'-
UTR region of NFE2L2 (Gao et al. 2017). Nevertheless, as also shown for luteolin,
apigenin can activate NRF2 in human hepatoma HepG2 cells, through the PI3K/
AKT pathway. Moreover, apigenin was shown to prevent non-alcoholic fatty liver
disease by inducing NRF2 nuclear translocation and activation in a mouse model
(Paredes-Gonzalez et al. 2015; Feng et al. 2017).

Although the effect of flavonoids as anti-tumor and chemo-sensitizing drugs is
quite promising, their effects on NRF2 activity seem to be dependent on the cell type
and the transformation state of the cells. Therefore, the anti-tumor effects of NRF2
inhibition by flavonoids should be systematically addressed using standard investi-
gation protocols.

Malabaricone A is another plant natural product, obtained from Myristica
malabárica, which has anti-tumor properties in leukemic cells (U937, MOLT-3,
and CCRF CEM) by eliciting increased levels of ROS and consequent
ROS-mediated apoptosis (Manna et al. 2012, 2015). This redox imbalance has
been linked to the inhibitory effect of malabaricone A over NRF2, as it reduced
NRF2 and HO-1 protein levels (Lo et al. 2006). However, in vivo studies should be
done before considering its further development and potential clinical application.

Cryptotanshinone is a tanshinone obtained from Salvia miltiorrhiza, a traditional
Chinese medicinal herb. Cryptotanshinone has promising anti-tumoral effects by
reducing cell growth and apoptosis in several cancer cell lines such as colorectal
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cancer, breast cancer, squamous cell carcinoma, ovarian cancer, or leukemia cell
lines (Li et al. 2015a, 2015b; Wu et al. 2016; Jiang et al. 2017; Wang et al. 2017).
Cryptotanshinone has also been found to sensitize A549 cells to cisplatin by
reducing NRF2 protein levels and also its transcriptional activity, probably through
the MAPKs, Akt, and STAT3 pathway (Xia et al. 2015). Nevertheless, despite its
promising anti-tumoral action, the effect of cryptotanshinone over NRF2 has
become controversial recently, as some studies showed that cryptotanshinone can
also activate NRF2. For instance, cryptotanshinone reduced the inflammatory
response of microglia by activating NRF2 through the PI3K/Akt signaling pathway,
while it attenuated inflammation in mice with unilateral ureteral obstruction through
NRF2 and HO-1 activation (Wang et al. 2018; Zhou et al. 2019).

Triptolide is obtained from a Chinese traditional medicinal herb Tripterygium
wilfordii and proved anti-tumor activities in a wide variety of cancer types, including
acute myeloid leukemia, breast and ovarian cancer, osteosarcoma, lung cancer,
prostate cancer, neuroblastoma, as well as several gastrointestinal cancers (Noel
et al. 2019). However, its effect on NRF2 activation is ambiguous. There is increas-
ing evidence concerning its inhibitory effect, as triptolide was shown to increase the
sensitivity of AML leukemic stem-like KG1a cell line to idarubicin and of A549
cells to cisplatin, etoposide, and epirubicin, both in vitro and in vivo, by reducing the
mRNA and protein levels of NRF2 (Liu et al. 2013; Zhu et al. 2018). However,
another study indicated GSK3-β activation as the main mechanism of NRF2 inhibi-
tion (Pan et al. 2019). Meanwhile, some studies also evidenced a NRF2 activation
effect caused by triptolide. Triptolide protected rats from myocardial ischemia-
reperfusion injuries through the activation of NRF2 and HO-1 and induced NRF2
expression in the A549 cell line through increased ROS production (Kumar et al.
2016; Yu et al. 2016). These apparently controversial data require further research
for precisely assessing the effect of triptolide over NRF2 activation, in relation with
concentration and cell type. Triptolide is under investigation in a phase II clinical
trial in refractory pancreatic cancer as Minnelide (University of Minnesota), a water-
soluble pro-drug of triptolide that was designed to release triptolide in the blood-
stream faster.

Trigonelline is a coffee alkaloid natural derivative that was first found to reduce
NRF2 protein levels in HT29 colon carcinoma cells (Boettler et al. 2011). Since
then, several studies have revealed promising data about its inhibitory effects over
NRF2. It was found to reduce both basal and induced NRF2 activity in human
pancreatic carcinoma (Panc1, Colo357, and MiaPaca2 cells) and duct cells (H6c7),
by limiting NRF2 nuclear import as main mechanism. Moreover, trigonelline
sensitized tumor cells to TRAIL-induced apoptosis and blocked the NRF2-
dependent expression of proteasomal genes, both in vitro and in vivo in tumor-
bearing mice (Arlt et al. 2013). Trigonelline has also been found to reduce the
migratory activity of human hepatocarcinoma cells Hep3b through NRF2
downregulation (Liao et al. 2015). Moreover, it prevented artesunate resistance in
some head and neck cancer cell lines (HN3, HN4, and HN9) and sensitized them to
the inhibition of the antioxidant GSH and Trx systems, resulting in significant
growth suppression and cell death both in vitro and in vivo (Roh et al. 2017a,
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2017b). Even though the anti-tumoral effects of trigonelline are documented mostly
in vitro, more studies in animal models are needed, especially for characterizing its
bioavailability, dosage, and pharmacodynamics before starting clinical trials.

Taken altogether, in most of the cases, the mechanism of action of the currently
available NRF2 inhibitors is either poorly understood or not specific, and more
systematic work is needed for further development. Therefore, NRF2 natural
inhibitors are still far from a clinical use.

4.2 Synthetic NRF2 Inhibitors

Although natural products are showing an important therapeutic potential for NRF2
inhibition, their lack of specificity, potential side effects, and their controversial role
over NRF2 activity are still a major issue to overcome. Therefore, new approaches
have been used to design and develop targeted NRF2-inhibiting drugs. This is the
case of ML385, a first-in-class compound found through a quantitative high-
throughput screening on a library of 400,000 compounds. Specifically, ML385
interferes with NRF2 heterodimerization with MAF proteins, hence preventing
NRF2 binding to DNA that leads to an impairment of ARE-dependent gene tran-
scription. ML385 sensitizes to carboplatin and other chemotherapeutics the KEAP1-
deficient non-small cell lung cancer cell lines A549 and H460 both in vitro and
in vivo, as demonstrated in an orthotopic lung tumor model (Singh et al. 2016).
However, only few studies have tested ML385 activity in preclinical models,
including its potential off-target effects, and therefore its clinical application is still
difficult to plan.

Following a similar approach, the NRF2 inhibitor ARE expression modulator
1 (AEM1) was found through a quantitative high-throughput screening of a library
of 30,000 heterocyclic and biologically active compounds. AEM1 (27634172)
decreased NRF2-dependent gene transcription in cells with KEAP1 mutations that
activate NRF2, such as the non-small-cell lung cancer cells H838, H460, or A549.
Moreover, it increased the chemotherapeutic sensitivity and decreased the cell
growth of A549 tumor cells, both in vivo and in vitro. However, AEM1 can also
activate NRF2 in some cell types. As such, its action mechanism is still poorly
understood, and further studies in preclinical models should be done before starting
any clinical trial (Bollong et al. 2015).

Another NRF2 inhibitor found through high-throughput screening is K67. K67
inhibited phosphorylated p62-KEAP1 interaction and thus enabled KEAP1-
dependent NRF2 degradation in hepatocellular carcinoma cell lines. Moreover,
K67 reduced cell growth due to its sensitization effect against chemotherapeutic
drugs (Saito et al. 2016). Considering the particular action mechanism of K67, this
inhibitor could be of utmost importance in the treatment of tumors such as hepato-
cellular carcinoma, which accumulate phosphorylated p62 which is a KEAP1
inhibitor and therefore a NRF2 activator (Saito et al. 2016; Taguchi and Yamamoto
2017). Nevertheless, despite its promising effects, few preclinical studies have been
carried out to ascertain its anti-tumoral effects.
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Halofuginone is a less toxic synthetic derivative of febrifugine, a bioactive
component of Dichroa febrifuga (Tsuchida et al. 2017). Using a high-throughput
chemical library screening for NRF2 inhibitors, halofuginone was found to reduce
NRF2 protein levels and to decrease its transcriptional activity in “NRF2-addicted”
A549 and KYSE70 human esophageal cancer cells. Additionally, halofuginone
enhanced the anti-tumoral effect of cisplatin and doxorubicin in these cell lines,
while “non-NRF2-addicted” cancer cell lines were not responsive to halofuginone
(Tsuchida et al. 2017). Despite this apparently NRF2-selective effect, the mechanism
of action of halofuginone seems to be unspecific. Similar to the effect of febrifugine,
halofuginone inhibits global protein synthesis through a cellular amino acid starva-
tion response that derives from the inhibition of prolyl-tRNA synthetase (Tsuchida
et al. 2017; Keller et al. 2012). Halofuginone has been tested in several clinical trials,
including a phase I study for dose safety in solid tumor patients (NCT00064142) and
a phase II study in HIV-related Kaposi’s sarcoma patients NCT00064142).

4.3 Repurposed Drugs as NRF2 Inhibitors

Given the high cost and time needed to develop new drugs, repurposing already
approved compounds to treat different diseases is an emerging approach. This is the
case of the corticosteroids dexamethasone and clobetasol propionate that are actually
used as anti-inflammatory drugs. Dexamethasone was first found to inhibit NRF2-
dependent transcription through its binding to glucocorticoid receptor (GR),
although the exact mechanism of action is not completely elucidated (Kratschmar
et al. 2012; Jung et al. 2018). The generally accepted mechanism involves the
recruitment of the co-repressor silencing mediator for retinoid and thyroid hormone
receptors (SMRT) and NRF2 by GR, leading to reduced transcription of ARE genes.
Another mechanism is related to an impairment of NRF2 nuclear translocation (Jung
et al. 2018; Ki et al. 2005). Dexamethasone is already used in the treatment of
hematopoietic cancers, and its effects in solid tumors, such as prostate cancer, are
being tested in several clinical trials (Frankfurt and Rosen 2004). More recently,
clobetasol propionate, another synthetic glucocorticoid, has also been found to
inhibit NRF2, as demonstrated by a drug repositioning screening of 4,000 clinical
compounds. Clobetasol propionate reduced NRF2 nuclear accumulation, while it
increased β-TrCP-dependent NRF2 proteasomal degradation, hence inhibiting the
growth of non-small-cell lung cancer cell lines A549 and H2228 both in vitro and
in vivo (Choi et al. 2017). Despite these promising results, the effects of
glucocorticoids for cancer treatment should be further investigated in disease-
relevant preclinical models, before advancing to clinical trials.

All-trans-retinoic acid, also known as ATRA, is the physiologically active form
of vitamin A, and it is mainly used to treat acute promyelocytic leukemia, with a
complete remission in most cases (Schenk et al. 2014). Since then, the anti-tumoral
effect of ATRA and its analogues (such as bexarotene) has been tested in different
tumor types. ATRA inhibits NRF2 by binding to the retinoic acid receptor alpha
(RARα), which heterodimerizes with NRF2, hence inhibiting NRF2 binding to ARE
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elements (Wang et al. 2007). In addition, NRF2 inhibition by ATRA was described
as a possible mechanism through which ATRA sensitizes acute promyelocytic
leukemia cells to arsenic trioxide treatment (Valenzuela et al. 2014). Another
ATRA nuclear receptor, retinoid X receptor alpha (RXRα), is also able to inhibit
NRF2 by directly interacting with the Neh7 domain of NRF2 in absence of its
ligands (Wang et al. 2013). However, this inhibitory effect is dose-dependently
increased by the ATRA analogue bexarotene (Wu et al. 2014b). Finally, ATRA
has also been found to inhibit the NRF2 transcriptional activity in non-small-cell
lung cancer A549 cells by increasing ROS production and by reducing the expres-
sion of DNA repair proteins, consequently sensitizing cells to chemo-
pharmaceuticals such as cisplatin (de Miranda Ramos et al. 2019). Due to its quite
promising anti-tumoral effect which goes beyond the treatment of acute
promyelocytic leukemia, ATRA has been tested as a sensitizing agent for other
types of tumors in several clinical trials. These include a phase III study in non-
small-cell lung cancer in combination with platinum-based chemotherapy
(NCT01041833) and a phase I/II study in multiple myeloma in combination with
daratumumab (NCT02751255).

Ascorbic acid (vitamin C) is a well-known antioxidant found in a wide variety of
fruits and vegetables. Ascorbic acid was also shown to inhibit NRF2 transcriptional
activity in HUH7 liver cells and leukemia KCL22/SR cells through inhibition of
NRF2 nuclear translocation and through a reduction of the NRF2/ARE complex
levels. Besides, it sensitized KCL22/SR cells to imatinib (Tarumoto et al. 2004;
Wagner et al. 2011). However, ascorbic acid is also able to activate NRF2 in normal
cells, such as RAW 264.7 mice macrophages, through an enhancement of its nuclear
translocation. Further investigation is needed to determine the context-dependent
effect on NRF2 ascorbic acid. Ascorbic acid has been already tested in clinical trials
for cancer treatment, such as in prostatic and colorectal neoplasms, in order to
determine its potential anti-tumoral activity due to its antioxidant properties. How-
ever, its therapeutic effect is ambiguous, considering that high doses of vitamine C
may act as prooxidant rather than as antioxidant (Wilson et al. 2014). Consequently,
clinical trials testing the dose-effect connection should be performed, and further
investigation is needed to determine if the NRF2 inhibitory effect of vitamin C is its
main anti-tumoral activity.

Other repurposed compounds that are able to inhibit NRF2 are the antitubercular
drug isoniazid and its analogue ethionamide (Vilcheze and Jacobs Jr. 2014). In
3T3-L1 preadipocytes, isozianid was able to inhibit the transcriptional activity of
NRF2, producing a reduction in adipogenesis and adipogenic differentiation (Chen
et al. 2013). Moreover, isozianid prevented NRF2 nuclear translocation via ERK1
dephosphorylation in the hepatocellular carcinoma cell lines Hep3B and HepG2,
sustaining ROS production and apoptosis (Verma et al. 2015). In addition, both
isozianid and ethionamide reduced NRF2 transcriptional activity in acute monocytic
leukemia THP-1 cells, increasing their sensitivity to arsenic trioxide (Peng et al.
2016). Despite the promising chemo-sensitizing effects of isoniazid and ethion-
amide, only few in vitro studies have been done for testing their anti-tumoral
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activity, and further progression toward in vivo studies is highly needed before
clinical development.

Metformin is a first-line treatment for type 2 DM. Its antidiabetic effect is caused,
at least in part, by AMPK activation. Interestingly, some studies have shown that
metformin can exert also anti-tumoral effects. A systematic meta-analysis was
carried out to determine cancer incidence and mortality in DM patients. Those
diabetes patients treated with metformin showed a reduced risk of cancer develop-
ment, compared to patients that were treated with other antidiabetic drugs (Decensi
et al. 2010). Additionally, metformin’s anti-tumoral effect was demonstrated both
in vitro and in vivo in several cancer types such as breast, liver, or endometrial
cancer (Morales and Morris 2015). Metformin-induced inhibitory effects on NRF2
were evidenced in several cancer cell lines (human hepatic carcinoma HepG2 cells,
cervical HeLa cells, and non-small-cell lung cancer A549 cells) and comprised the
decrease of both NRF2 mRNA and protein levels that probably occurred through
Raf-ERK inhibition. Metformin also sensitized A549 tumor cells to
epigallocatechin-3-gallate in vitro and in vivo (Do et al. 2013; Yu et al. 2017).
However, another study suggested that metformin can inhibit NRF2 through
microRNA-34a induction, hence increasing ROS production and apoptosis in the
breast cancer cell line MCF-7 (Do et al. 2014). Taken together, all these data suggest
that the anti-tumoral effect of metformin is partially dependent on NRF2. Interest-
ingly, metformin has been tested in cancer treatment in several clinical trials, such as
phase II studies in advanced prostate (NCT03137186) and colon cancer
(NCT03359681) as well as in stage/II breast cancer (NCT00984490).

5 Conclusions

Comprehensive evidence, obtained mostly at preclinical level, argues for the thera-
peutic benefits of pharmacological modulation of the NRF2-KEAP1 system for
controlling redox metabolism and hence a broad array of derived pathological events
in various chronic diseases and cancer. While a plethora of NRF2 activators reached
clinical trials, with DMF already put on the market, NRF2 inhibitors are far behind in
the drug development pipeline. In-depth knowledge regarding NRF2 biology,
complemented by sophisticated in silico methods, will for sure advance in the near
future promising drug candidates, especially small molecules that would be able to
specifically inhibit NRF2 in “addicted” tumor cells for inducing their death and for
raising their responsivity to conventional anticancer therapies. Additionally, drug
repurposing provides a valuable strategy for speeding up clinical translation and also
for reducing the economic burden of drug development. Important issues regarding
the pharmacologic modulation of NRF2 are also related to unwanted side effects that
are apparently arising from insufficient specificity of the selected compounds and/or
the complex signaling networks that were shown to be more or less affected by
changes in NRF2 activity. To solve this problem, the existing drug candidates are
modified using the tools of medicinal chemistry, and a system medicine approach
started to be applied for smartly designing therapeutic approaches addressing the

Perspectives on the Clinical Development of NRF2-Targeting Drugs 129



NRF2-KEAP1 system. Another challenging issue is related that the effects of NRF2
modulators are dose- and context-dependent, encompassing both NRF2 activation
and inhibition. Therefore, extensive pharmacokinetic and pharmacodynamic studies
have to be performed for precisely establishing dosage in specific therapeutic
applications. Finally, there is an urgent need to join forces for developing a system-
atic and comprehensive strategy aiming to boost preclinical and clinical research in
the field of NRF2 medicine and therapeutics.
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Abstract

Reactive oxygen species (ROS) are ubiquitous metabolic products and important
cellular signaling molecules that contribute to several biological functions.
Pathophysiology arises when ROS are generated either in excess or in cell types
or subcellular locations that normally do not produce ROS or when
non-physiological types of ROS (e.g., superoxide instead of hydrogen peroxide)
are formed. In the latter scenario, antioxidants were considered as the apparent
remedy but, clinically, have consistently failed and even sometimes induced harm.
The obvious reason for that is the non-selective ROS scavenging effects of
antioxidants which interfere with both qualities of ROS, physiological and patho-
logical. Therefore, it is essential to overcome this “antidote or neutralizer” strategy.
We here review the most promising alternative approach by identifying the disease-
relevant enzymatic sources of ROS, target these selectively, but leave physiological
ROS signaling through other sources intact. Among all ROS sources, NADPH
oxidases (NOX1-5 and DUOX1-2) stand out as their sole function is to produce
ROS, whereas most other enzymatic sources only produce ROS as a by-product or
upon biochemical uncoupling or damage. This qualifies NOXs as the main potential
drug-target candidates in diseases associated with dysfunction in ROS signaling. As
a reflection of this, the development of several NOX inhibitors has taken place.
Recently, theWHO approved a new stem, “naxib,”which refers toNADPH oxidase
inhibitors, and thereby recognized NOX inhibitors as a new therapeutic class. This
has been announced while clinical trials with the first-in-class compound, setanaxib
(initially known as GKT137831) had been initiated. We also review the differences
between the sevenNOX family members in terms of structure and function in health
and disease and then focus on the most advanced NOX inhibitors with an exclusive
focus on clinically relevant validations and applications.
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Therapeutically relevant NADPH oxidase isoforms type 1, 2, 4, and 5 (NOX1,
NOX2, NOX4, NOX5). Of note, NOX5 is not present in mice and rats and thus
pre-clinically less studied. NOX2, formerly termed gp91phox, has been correlated
with many, too many, diseases and is rather relevant as genetic deficiency in chronic
granulomatous disease (CGD), treated by gene therapy. Overproduction of ROS
through NOX1, NOX4, and NOX5 leads to the indicated diseases states including
atherosclerosis (red), a condition where NOX4 is surprisingly protective.

Keywords

Mechanism-based redox therapeutics · NADPH oxidases · NOX inhibitors ·
Setanaxib · Reactive oxygen species

1 The NADPH Oxidase Family of Enzymes

NADPH oxidases (NOXs) are transmembrane enzymes that transfer electrons from
NADPH in the cytoplasm across the cell membrane resulting in the formation of
reactive oxygen species (ROS) (Cross and Segal 2004; Panday et al. 2015). The
NOX family consists of seven members, NOX1–5 and the dual oxidases DUOX1–2.
These enzymes are different in terms of enzyme complex composition, tissue and
cellular distributions, subcellular localizations, mechanisms of activation, and the
ROS type they produce. Thus, they are implicated in diverse physiological functions
and disease conditions (Altenhofer et al. 2015; Casas et al. 2015; Elbatreek et al.
2019).

NOX2 (formerly known as gp91phox) was the first NOX family member to be
discovered (Rossi and Zatti 1964; Segal and Jones 1978). Other NOXs were
discovered later and share certain sequence homology with this isoform, 56% for
NOX1(aka Mox1), 58% for NOX3 (aka MOX2), 39% for NOX4 (aka Renox), 27%
for NOX5, 57% for DUOX1 (aka ThOX1), and 43% for DUOX2 (aka ThOX2)
(Cheng et al. 2001; De Deken et al. 2000; Suh et al. 1999). With respect to structure,
all the family members possess a catalytic subunit, NOX, which is formed of six- or
seven-transmembrane helices in NOX1–5 and DUOX1–2, respectively. NOX sub-
unit binds two heme cofactors and allows for NADPH oxidation through a FAD/
NADPH-binding domain in the cytosolic C-terminus (Cheng et al. 2001; Meitzler
and Ortiz de Montellano 2009, 2011). In the case of NOX5 and DUOX1–2, NOX
also binds to an intracellular Ca2+-binding EF-hand region (Banfi et al. 2001, 2004b;
Rigutto et al. 2009). Besides, NOXs differ in their membrane or cytosolic binding
partners that are required for the enzymatic activity.

In NOX1–4, a membrane-bound subunit, p22phox, is required for stabilization,
whereas DUOX1 and 2 associate with the membrane maturation factors DUOXA1
and 2, respectively (Ambasta et al. 2004; Grasberger and Refetoff 2006; Parkos et al.
1987; Ueno et al. 2005). NOXs are also associated with cytosolic activator proteins
(NOXA1 for NOX1 and NOX3, p67phox and p40phox for NOX2) which increase
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enzymatic ROS-forming activity and organizer proteins (NOXO1 for NOX1 and
NOX3, p47phox for NOX2) that help tether the activators with the NOX subunit
(Banfi et al. 2003, 2004a; Volpp et al. 1988; Wientjes et al. 1993). In addition, other
binding proteins help regulate NOX activity such as the small GTPase, RAC1, for
NOX1–3 (Cheng et al. 2006; Diebold and Bokoch 2001; Ueyama et al. 2006),
polymerase δ-interacting protein 2 (POLDIP2) for NOX4 (Lyle et al. 2009), and
heat shock protein 90 (HSP90) for NOX1–3 and NOX5 (Chen et al. 2011).

Regarding their tissue and cellular distribution, the seven NOXs are widely
expressed throughout different tissues (Fig. 1). NOX1 is predominantly expressed
in colon epithelium (Szanto et al. 2005) and also in the uterus (Banfi et al. 2000; Suh
et al. 1999), placenta (Cui et al. 2006), prostate (Banfi et al. 2000; Suh et al. 1999),
pancreas (Xia et al. 2019), retina (Manea et al. 2005), keratinocytes (Chamulitrat
et al. 2003), endothelium (Gray et al. 2013), and vascular smooth muscle cells
(Lassegue et al. 2001). NOX2 is expressed in phagocytes which are present in
numerous tissues and is often called “the phagocyte NADPH oxidase” (Bedard
and Krause 2007); however, it can also be detected in other cell types including
cardiomyocytes (Krijnen et al. 2003), skeletal muscle (Henriquez-Olguin et al.
2019), endothelial cells (Gorlach et al. 2000), hepatocytes (Reinehr et al. 2005),
and neurons (Fan et al. 2019). NOX3 is highly abundant in the inner ear (Banfi et al.
2004a) in addition to other fetal tissues (Banfi et al. 2004a; Cheng et al. 2001), while
NOX4 is highly expressed in kidney cells (Geiszt et al. 2000; Gorin et al. 2003; Jha
et al. 2016), endothelium (Van Buul et al. 2005), vascular smooth muscle cells
(Hoidal et al. 2003), cardiomyocytes (Brewer et al. 2011), fibroblasts (Cucoranu
et al. 2005), adipocytes (Den Hartigh et al. 2017), and neurons (Casas et al. 2017).
NOX5, which is absent in rodents, shows substantial expression in the testis, spleen,
and lymph nodes (Banfi et al. 2001) and is also detected in the endothelial cells
(BelAiba et al. 2007), vascular smooth muscle cells (Jay et al. 2008), kidney
(Holterman et al. 2014; Jha et al. 2017a), and white blood cells (Manea et al.
2015). DUOX1–2 are predominantly found in the thyroid gland (De Deken et al.
2000) in addition to the lung epithelia (Fischer 2009) and prostate (D. Wang et al.
2005). DUOX1 is also expressed in epidermal keratinocytes (Ko et al. 2014) and
DUOX2 in salivary ducts and the gastrointestinal tract (El Hassani et al. 2005; Geiszt
et al. 2003b).

The subcellular localization/compartmentalization varies between NOXs in dif-
ferent cell types; however, the data are limited by the lack of high-quality antibodies
against these enzymes (Zhang et al. 2019). NOX1 is localized in the endoplasmic
reticulum, caveolae, and nucleus (Chamulitrat et al. 2003; Hilenski et al. 2004;
Janiszewski et al. 2005), while NOX2 is present at the plasma membrane,
perinuclear cytoskeleton, and endoplasmic reticulum (Huang et al. 1995; Krijnen
et al. 2003; Segal and Jones 1978; Van Buul et al. 2005). There is barely any
information about the subcellular localization of NOX3; however, one study showed
the co-localization of NOX3 and p22phox in the plasma membrane of transfected
HEK-293 cells (Nakano et al. 2007). NOX4 and NOX5 are localized at the cell
membrane, nucleus, endoplasmic reticulum, and mitochondria (Ago et al. 2010;
BelAiba et al. 2007; Case et al. 2013; Hilenski et al. 2004; Marzaioli et al. 2017;
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Fig. 1 NADPH oxidases and their clinical relevance. Seven NADPH oxidases, NOX1–5 and
DUOX1–2, exist and possess a catalytic transmembrane subunit, NOX, which allows for NADPH
oxidation through a FAD/NADPH-binding domain. NOXs have different membrane or cytosolic
binding partners (p22phox, DUOXA, NOXA1, NOXO1, RAC, HSP90, p67phox, p40phox, p47phox,
POLIDIP2) that are required for the enzymatic activity. NOXs are expressed in many organs:
NOX1 in the colon, blood vessels, retina, and pancreas; NOX2 in the blood vessels, neurons,
skeletal muscles, liver, and heart; NOX3 in the inner ear; NOX4 in the neurons, heart, blood vessels,
kidney, and pancreas; NOX5 in the spleen, testis, kidney, and blood vessels; and DUOXs in the
thyroid gland. NOXs are also expressed in different subcellular locations including endoplasmic
reticulum (ER), caveolae (Cav), nucleus (Nucl), plasma membrane (PM), and mitochondria (Mito).
The therapeutically relevant NOXs (in light blue boxes) include NOX1 and NOX4 being tested in
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Matsushima et al. 2013; Perrotta et al. 2011; Van Buul et al. 2005; Wu et al. 2010;
Yu et al. 2014) and DUOX1–2 at the apical membrane and endoplasmic reticulum
(De Deken et al. 2000, 2002; Schwarzer et al. 2004).

Given all these structural characteristics, dissimilar tissue distribution, and sub-
cellular localization of the NOX family members, they show distinct modes of
activation (reviewed in (Brandes et al. 2014)) except NOX4 (Zhang et al. 2019)
and the DUOXs (Aliasgharzadeh et al. 2019; Azmoonfar et al. 2018; Farhood et al.
2019) which are constitutively active and regulated at the expressional level. Addi-
tionally, NOXs differ in their ROS product, i.e., NOX1–3 and NOX5 produce
superoxide, while NOX4 and DUOX1–2 produce hydrogen peroxide (Altenhofer
et al. 2015). Overall, full characterization of the NOX enzymes is still deficient, yet
by generating reliable high-quality antibodies and isoform-specific NOX inhibitors,
it might be achievable.

2 NADPH Oxidases in Physiology

Being the sole and primary function of the NOX enzymes, ROS production should
not be viewed mainly as disease trigger and metabolic waste. Indeed, ROS from
NOXs among others contribute to several physiological functions such as host
defense, angiogenesis, cell survival, tissue regeneration, hearing, hormone synthesis
and sensitivity, vasodilation, and cell signaling (Elbatreek et al. 2019; Jiang et al.
2011). These functions need to be taken also into consideration as potential sources
of side effects when NOX inhibitors are used therapeutically.

With respect to individual NOXs, NOX1-derived ROS slow down apoptosis of
gastric mucosal cells and thereby regulate their growth (Teshima et al. 2000). In the
colon, NOX1 is a part of the innate immune response, promotes cell proliferation and
differentiation, stimulates mucosal wound repair, and prevents inflammation (Coant
et al. 2010; Geiszt et al. 2003a; Kajla et al. 2012; Kato et al. 2016; Moll et al. 2018;
Rokutan et al. 2006). Moreover, NOX1 plays a role in cell signaling via inhibiting
protein tyrosine phosphatases and thus inactivation of peroxiredoxin 1, an enzyme
that metabolizes/detoxifies hydrogen peroxide, thereby allowing the localized and
transient accumulation of hydrogen peroxide for cell signaling (Woo et al. 2010). In
the brain, NOX1 is suggested to suppress neuronal differentiation via inhibiting
excessive neurite outgrowth (Ibi et al. 2006).

NOX2 is a key player in the innate host defense against infection. Mutations in
genes encoding components of the NOX2 enzyme complex lead to chronic

Fig. 1 (continued) primary biliary cholangitis and idiopathic pulmonary fibrosis, NOX4 also in
diabetic nephropathy and stroke, NOX2 in chronic granulomatous disease (CGD), and NOX5 in
stroke. NOX inhibitors including setanaxib, APX-115, and phenothiazines and NOX2 gene therapy
are being tested in Phase II/III clinical trials for these indications. Abbreviations: CaM, calmodulin;
HSP90, heat shock protein 90; NOXA1, NADPH oxidase activator 1; NOXO1, NADPH oxidase
organizer 1; POLDIP2, polymerase δ-interacting protein 2
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granulomatous disease (CGD) which is characterized by immunodeficiency and
recurrent and life-threatening infections (Panday et al. 2015). ROS from NOX2
can kill the attacking microorganisms directly by oxidative damage of proteins,
lipids, and DNA and indirectly by activation of downstream signaling (Iles and
Forman 2002). In addition to host defense, NOX2 might be involved in learning and
memory as CGD patients show cognitive deficits and NOX2 mutant mice have mild
memory impairment (Kishida et al. 2006; Pao et al. 2004). NOX2 also might have a
protective function against colon inflammation as CGD patients also exhibit
non-infective colitis (Pao et al. 2004). Moreover, NOX2 mediates the renal vaso-
constriction effect of angiotensin and thus regulates the normal renal blood flow
(Haque and Majid 2004) and enhances skeletal muscle metabolism and insulin
sensitivity (Henriquez-Olguin et al. 2019). Apart from NOX2, the key physiological
roles of NOX3 are mainly known in the inner ear. Mutation in the NOX3 gene results
in a lack of otoconia formation and vestibular dysfunction as shown in “head-tilt”
mutant mice (Paffenholz et al. 2004). Also, recently, NOX3, together with NOX5,
has been suggested to induce differentiation of human oligodendrocytes (Accetta
et al. 2016).

NOX4 has a plethora of physiological and protective roles. This is probably
explained by its constitutive activity, wide distribution, and production of hydrogen
peroxide which is an omnipresent signaling molecule (Elbatreek et al. 2019; Guo
and Chen 2015; Veal and Day 2011; Zhang et al. 2019). However, knocking out the
NOX4 gene in mice and rats does not result in an obvious phenotype or affect the life
span of the animals (Kleinschnitz et al. 2010; Rezende et al. 2017). NOX4 enhances
hormone-stimulated sodium and water transport in the kidney (Feraille et al. 2014;
Lu et al. 2016), adipocytes differentiation (Schroder et al. 2009), insulin sensitivity
in the liver and adipose tissue (Mahadev et al. 2004; Taniguchi et al. 2006), glucose-
stimulated insulin secretion (Plecita-Hlavata et al. 2020), autophagy in
cardiomyocytes (Kouroku et al. 2007), hippocampal neurogenesis, memory forma-
tion (Choi et al. 2019; Yoshikawa et al. 2019), angiogenesis, and vasodilation
(Burgoyne et al. 2007; Drummond et al. 2000). NOX4 also activates downstream
redox-sensitive proteins that play important roles in cell proliferation, migration, and
apoptosis (Guo and Chen 2015). Further, NOX4 protects the vasculature from
ischemic and inflammatory stress such as in atherosclerosis (Gray et al. 2016;
Schroder et al. 2012).

NOX5 is the least studied NOX, and its physiological roles are not fully under-
stood due to its absence in rodents. However, it has been suggested to regulate cell
signaling and function (Fulton 2009) and contribute to sperm motility and viability
(Ghanbari et al. 2018), as well as vascular smooth muscle cells contraction
(Montezano et al. 2018). DUOX enzymes appear to be important for thyroid
hormone synthesis. Mutations in the DUOX2 lead to disruption of thyroid hormone
synthesis and hypothyroidism (Moreno et al. 2002). DUOXs also play a role in host
defense in the gastrointestinal tract and lung epithelia (van der Vliet et al. 2018).

Most of the abovementioned functions of NOXs derive from preclinical data and
the physiological roles of NOXs in humans remain poorly understood. While the
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biological effects of NOXs are important for health, dysfunctions in these enzymes
may lead to pathology.

3 NADPH Oxidases in Pathology

Several pathophysiological roles have been validated for NOX enzymes, and thus
several diseases are largely based on NOX dysregulation (Casas et al. 2015; Dao
et al. 2015) (Fig. 1).

3.1 NOX1

NOX1 is involved in fibrotic diseases in many organs (Kato and Hecker 2020).
Current clinical studies to target NOX1, together with NOX4, are focused on
idiopathic pulmonary fibrosis and primary biliary cholangitis (a fibrotic orphan
disease) (Table 1). Moreover, NOX1 seems a clinically relevant target in GI
disorders. On the one hand, defects in NOX1 are found in patients with very-early-
onset inflammatory bowel diseases (Hayes et al. 2015; Scherz-Shouval and Elazar
2011). Indeed, some variants in NOX1 are associated with complete loss of function
of the gene product and with loss of ROS production in IBD patients (Schwerd et al.
2018). On the other hand, NOX1 overexpression is associated with colon and gall
bladder cancers (Wang et al. 2019; Juhasz et al. 2017; Laurent et al. 2008). Besides
GI-related disorders, diabetic vascular complications including diabetes-accelerated
atherosclerosis (Gray et al. 2013) and retinopathy (Wilkinson-Berka et al. 2014) are
potential conditions for clinical testing of NOX1 inhibitors.

3.2 NOX2

NOX2 genetic defects or inhibition are associated with immune deficiency and
increased risk of infection, particularly in diabetes (Gray et al. 2013). Mutations in
CYBB, CYBA, NCF1, NCF2, and NCF4 genes, encoding NOX2, p22phox, p47phox,
p67phox, and p40phox, respectively, cause CGD. Around 70% of CGD cases are
due to mutations in CYBB (called X-linked CGD) resulting in decreased NOX2
expression, activity, or both. Therefore, CGD leads to immunodeficiency and
increases susceptibility to recurrent and life-threatening infections due to fungal or
bacterial pathogens (Giardino et al. 2017; O’Neill et al. 2015). As a key enzyme of
the innate and inflammatory response, NOX2 has been suggested to be involved in
an excessive and unlikely number of disease models (Casas et al. 2015; Elbatreek
et al. 2019) which might indicate a possible positive publication bias, as shown by a
meta-analysis of NOX2 studies in stroke (Kleikers et al. 2015), or an epiphenome-
non without therapeutic relevance.

152 M. H. Elbatreek et al.



Table 1 NOX inhibitors and gene therapy for CGD and their clinical status

Isoform Indication Clinical trial Results/status

NOX inhibitors

GKT137831
(GKT-831 or
setanaxib)

1,4 Type
2 diabetes
mellitus
nephropathy

Phase I
(NCT03740217)

Safe

A double-blind,
placebo-controlled,
randomized,
multicenter, parallel
group, Phase II
(NCT02010242)

Reduced several
secondary efficacy
endpoints. However,
improvements in
albuminuria, the
study’s primary
efficacy endpoint, was
not achieved after
12 weeks of treatment

Type
1 diabetes
mellitus
nephropathy

A double-blind,
placebo-controlled,
randomized,
multicenter, with two
parallel arms Phase II
(U1111-1187-2609)

Ongoing in Australia
and expanded to
Europe and
New Zealand

Primary biliary
cholangitis/
cirrhosis (PBC)

A double-blind,
placebo-controlled,
randomized,
multicenter, parallel
group, Phase II
(NCT03226067)

Achieved rapid, dose-
and time-dependent
reductions in markers
of cholestatic bile duct
and liver injury. These
reductions in disease
activity were highly
significant for both
ALP and GGT

Idiopathic
pulmonary
fibrosis (IPF)

A double-blind,
placebo-controlled,
randomized,
multicenter, parallel
group, Phase II
(NCT03865927)

Not yet recruiting

APX-115 1,2,4 Type
1 diabetes
mellitus
nephropathy

Phase II (10.4062/
biomolther.2019.188)

Not yet recruiting

Perphenazine 4,5 Stroke Phase II, repo-stroke
(repo-trial.Eu)
(EduraCT no. 2019–
000474-31)

Not yet recruiting

Gene therapy

Lentiviral
gene therapy

2 X-linked
chronic
granulomatous
disease
(X-CGD)

Phase I/II,
non-randomized,
multicenter, open-
label (NCT02234934
and NCT01855685)

The primary objective
(to assess the safety
and evaluate the
efficacy and stability of
biochemical and
functional
reconstitution in the

(continued)
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3.3 NOX3

Being expressed in the inner ear, NOX3 appears to be a key target for hearing loss.
Preclinical data show that noise exposure causes overexpression of NOX3 that
results in cochlear inflammation, apoptosis, and eventually hearing loss (Dhukhwa
et al. 2019). NOX3 also was shown to be associated with drug-induced hearing loss
(Rybak et al. 2012). Genetic clinical studies show that NOX3 is associated with
noise-induced hearing loss (Zhao et al. 2020) and pulmonary hypertension as shown
in a recent GWAS (Yin et al. 2018). Further clinical and therapeutic validation of
NOX3 in these conditions needs to be investigated.

3.4 NOX4

Preclinical data suggest that NOX4 is involved in many diseases including diabetic
kidney disease (Jha et al. 2014, 2016), cancer (Lin et al. 2017), fibrosis of the liver
(Lan et al. 2015) and lung (Carnesecchi et al. 2011), and ischemic stroke (Casas et al.
2017, 2019a; Kleinschnitz et al. 2010). Genetic clinical data shows that NOX4 is
associated with an increased risk of stroke (He et al. 2018). Diversely, the role of
NOX4 in cardiovascular disorders such as hypertension and atherosclerosis is likely
limited. Indeed NOX4 seems protective in diabetes-accelerated atherosclerosis
(Gray et al. 2016; Schurmann et al. 2015) and myocardial infarction-induced cardiac
remodeling (Mongue-Din et al. 2017). Clinical studies on NOX4 are focused on

Table 1 (continued)

Isoform Indication Clinical trial Results/status

progeny of engrafted
cells at 12 months) was
met in six of the nine
patients

Phase I/II,
non-randomized,
open-label
(NCT03645486)

Recruiting

Phase I/II,
non-randomized,
monocentric open-
label (NCT02757911)

Recruiting

Retroviral
gene therapy

Phase I/II,
non-randomized,
single center,
uncontrolled, open-
label (NCT00778882)

In progress

Phase I/II,
non-randomized,
open-label
(NCT01906541)

Recruiting

154 M. H. Elbatreek et al.



stroke for acute indications and diabetic kidney disease and fibrotic conditions for
chronic indications. Yet, due to the dual effects of NOX4 and its plentiful biological
functions in many organs, chronic NOX4 inhibition seems a less attractive approach.
In cancer, however, targeting NOX4 needs to be examined given its metabolic, anti-
apoptotic, and pro-angiogenic properties.

3.5 NOX5

NOX5 appears as a promising target in cardiovascular diseases, i.e., hypertension
and atherosclerosis (Guzik et al. 2008; Touyz et al. 2019). Our recent findings show
that NOX5 levels in endothelial microparticles are increased in a subgroup of
hypertensive patients leading to eNOS uncoupling and endothelial dysfunction.
NOX5 might also be a potential target in stroke (Casas et al. 2019b), myocardial
infarction (Hahn et al. 2012), cancer (Antony et al. 2017), diabetic nephropathy (Jha
et al. 2017b), aortic aneurysm (Guzik et al. 2013), and hemorrhagic transformation
(Won et al. 2011).

3.6 DUOXs

The clinical relevance of targeting DUOX isoforms is not yet clear. Preclinical
evidence suggests that DUOXs might contribute to immune and allergic disorders
(van der Vliet et al. 2018) and can be targeted for radiation-induced thyroid cancer
(Ameziane-El-Hassani et al. 2015). Similar to NOX1, mutations in DUOX2 are
found in patients with very-early-onset inflammatory bowel diseases (Hayes et al.
2015).

Taken together, given the diverse effects of the NOX enzymes both in physiology
and disease, benefit-risk assessments should be considered as exemplified by NOX2
inhibition which is associated with immunodeficiency and infection (Gray et al.
2013; Panday et al. 2015). Also, inhibition of DUOX2 can result in hypothyroidism
and bowel inflammation (Hayes et al. 2015). Similarly, inhibiting NOX1 might
enhance gut inflammation (Schwerd et al. 2018), and inhibiting NOX4 might
promote atherosclerosis (Gray et al. 2016) and enhance the risk of kidney fibrosis
(Nlandu Khodo et al. 2012) and liver cancer (Crosas-Molist et al. 2017). Acute
indications such as ischemic stroke are likely to have, however, a low risk-benefit
profile.

4 NADPH Oxidases Inhibitors

Despite the fact that NOX inhibitors are already in the clinic, the field has still to be
considered relatively immature. There are no compounds available that deserve the
term NOS isoform specific. Most compounds are pan-NOX inhibitors. Two recent
analyses identified compounds with some isoform preference (Augsburger et al.
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2019; Dao et al. 2019), and it has been shown that by using a panel of marginally
selective inhibitors, specific isoforms, such as NOX4, could be validated pharmaco-
logically (Dao et al. 2019). Considering the critical roles of NOXs in the pathogene-
sis of many diseases, they have been suggested as promising therapeutic targets.
Several small molecules have been thought to inhibit NOX activity; however,
majority were unspecific due to off-target effects. These molecules include, for
example, diphenyleneiodonium (DPI) and apocynin. The former is a flavoprotein
inhibitor and thus inhibits many other enzymes besides NOXs, while the latter has
non-specific ROS scavenging properties (Altenhofer et al. 2015). Likewise, some
other recently developed NOX inhibitors are unspecific such as VAS2870, ML-171,
and GKT136901 (Augsburger et al. 2019; Dao et al. 2019). Only a few compounds
are claimed to be specific NOX inhibitor in preclinical studies including
GSK2795039 which selectively inhibits NOX2 (Hirano et al. 2015), GLX7013114
for NOX4 (Wang et al. 2018), and Ewha-18278 (APX-115) for NOX1, NOX2, and
NOX4 (Cha et al. 2017).

NOX inhibitors currently being tested in the clinical phase are focused on fibrotic
and neurovascular disease indications with NOX1, 4, and 5 as the main isoforms to
be targeted. GKT137831 (setanaxib or GKT-831) claimed as a NOX1/4 dual
inhibitor and a partial Nox5 inhibitor is the first-in-class NOX inhibitor to reach
the clinical trial stage (Table 1). Setanaxib was safe and showed encouraging
pharmacokinetic properties during Phase I study. Subsequently, it was tested in
Phase II clinical trial for nephropathy in type 2 diabetes patients, yet the primary
efficacy endpoint, i.e., albuminuria reduction, was not achieved. However, several
other secondary efficacy endpoints were reached such as maximal inhibition of the
renin-angiotensin-aldosterone system. In another Phase II trial focused on primary
biliary cholangitis, setanaxib has succeeded and met its primary and secondary
efficacy endpoints. Two additional Phase II clinical trials using setanaxib are
ongoing, for idiopathic pulmonary fibrosis and kidney disease in type 1 diabetes.
The second NOX inhibitor to reach the clinical trial stage is APX-115 which is
moving from Phase I to II for diabetic kidney disease (Lee et al. 2020).
Phenothiazines, already marketed for some indications, i.e., antipsychotic, show
pan NOX inhibition activity in some preclinical studies (Seredenina et al. 2015,
2016). One clinical trial is planned to repurpose phenothiazines into stroke (Repo-
Stroke).

Based on preclinical data, further indications for NOX inhibitors might also have
potential toward the clinical application. For example, in ischemic retina disease and
diabetic retinopathy, setanaxib and its analogue GKT136901 showed favorable
effects (Appukuttan et al. 2018; Jiao et al. 2019; J L Wilkinson-Berka et al. 2013).
Also, in cardiovascular disorders, including diabetes-associated atherosclerosis and
hypertensive cardiac remodeling and hypertrophy, and liver fibrosis, setanaxib
attenuated inflammatory and fibrotic markers (Gray et al. 2013; Sun et al. 2017;
Zeng et al. 2019; Zhao et al. 2015) even when the treatment was delayed (Gray et al.
2017). VAS2870 which is a pan NOX inhibitor showed vascular protective effects in
pulmonary hypertension (Li et al. 2019) and Alzheimer’s disease (Abubaker et al.
2019). ML090 which has preferential activity toward NOX5 was beneficial in stroke
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(Casas et al. 2019b; Dao et al. 2019). Collectively, NOX inhibition seems a
promising therapeutic strategy with a broad range of clinical applications and
warrants further investigations.

5 Advanced Therapies

Currently, the only known cure for CGD is allogeneic hematopoietic stem cell
transplantation which is a high-risk procedure and associated with severe disability
or death (Kang et al. 2011b). Only one drug is approved to treat/manage CGD,
interferon gamma-1b that reduces the frequency and severity of serious infections
associated with the disease (Miller et al. 2009). Current clinical research suggests
that gene therapy holds great promise in curing CGD obviating the need for a
transplantation donor and eliminating the risks associated with stem cell transplan-
tation (Keller et al. 2018). What also makes gene therapy an attractive treatment for
CGD is that restoration of normal NOX activity in only 10–20% of circulating
neutrophils is sufficient to achieve significant clinical benefit (Keller et al. 2018).
Early clinical trials on gene therapy for CGD were mainly based on γ-retroviral
vectors that can only infect mitotically active cell types (Escors and Breckpot 2010).
These studies failed to show efficacy and were associated with insertional mutagen-
esis, due to upregulation of proto-oncogene expression (Kang et al. 2011a; Keller
et al. 2018). To overcome the latter issue, self-inactivating (SIN) retroviral vectors
have been developed (Thornhill et al. 2008) and are being tested in clinical trials
(NCT01906541). More recent clinical trials are using SIN lentiviral vectors (com-
plex retroviruses), which unlike γ-retroviral vectors are capable of transducing
quiescent cells and devoid of insertional toxicities (Escors and Breckpot 2010).
The preliminary results from these lentiviral gene therapy trials (NCT02234934
and NCT01855685) are encouraging (Kohn et al. 2020) (Table 1).

6 Conclusions

NOX enzymes are primary sources of ROS, and their activation results in the
activation of secondary ROS sources, i.e., ROS-dependent ROS production or the
kindling-bonfire sequence. These secondary ROS sources include uncoupled nitric
oxide synthase (NOS), xanthine oxidase, and dysfunctional mitochondria (Zhang
et al. 2019). Therefore, NOX inhibition might represent an intelligent therapeutic
strategy in ROS-related diseases as it targets the origin. However, none of the ROS
sources act on their own, and different ROS forming enzymes will affect different
targets. Thus, combinations are most likely more effective that single target
strategies, which may lead to better efficacy and reduced side effects. As NOX
inhibitors have entered clinical trials, two main aspects should be considered,
specificity and isoform selectivity. Most of the NOX inhibitors in development are
non-specific even the most advanced ones, setanaxib and GKT136901, have ROS
scavenging activities (Augsburger et al. 2019; Dao et al. 2019). Isoform selectivity
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of the NOX inhibitors is also important given the physiological tissue- and cell-
specific effects of NOXs. Applying a NOX inhibitor panel approach could be an
option for NOX target validation (Dao et al. 2019). Further lead optimization of the
current NOX inhibitors might help find isoform-selective compounds. Finally, ROS
have important beneficial signaling functions. Thus, acute interventions such as in
stroke (NOX4 and NOX5) appear safer than chronic therapies suppressing NOX1 or
NOX4. Clinical trials in both directions are under way (NCT03865927, EudraCT
No. 2019-000474-31) and will answer this by the early 2020s.
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Abstract

The 1998 Nobel Prize in Medicine and Physiology for the discovery of nitric
oxide, a nitrogen containing reactive oxygen species (also termed reactive nitro-
gen or reactive nitrogen/oxygen species) stirred great hopes. Clinical
applications, however, have so far pertained exclusively to the downstream
signaling of cGMP enhancing drugs such as phosphodiesterase inhibitors and
soluble guanylate cyclase stimulators. All clinical attempts, so far, to inhibit NOS
have failed even though preclinical models were strikingly positive and clinical
biomarkers correlated perfectly. This rather casts doubt on our current way of
target identification in drug discovery in general and our way of patient stratifica-
tion based on correlating but not causal biomarkers or symptoms. The opposite,
NO donors, nitrite and enhancing NO synthesis by eNOS/NOS3 recoupling in
situations of NO deficiency, are rapidly declining in clinical relevance or hold
promise but need yet to enter formal therapeutic guidelines, respectively. Never-
theless, NOS inhibition in situations of NO overproduction often jointly with
enhanced superoxide (or hydrogen peroxide production) still holds promise, but
most likely only in acute conditions such as neurotrauma (Stover et al., J
Neurotrauma 31(19):1599–1606, 2014) and stroke (Kleinschnitz et al., J Cereb
Blood Flow Metab 1508–1512, 2016; Casas et al., Proc Natl Acad Sci U S A 116
(14):7129–7136, 2019). Conversely, in chronic conditions, long-term inhibition
of NOS might be too risky because of off-target effects on eNOS/NOS3 in
particular for patients with cardiovascular risks or metabolic and renal diseases.
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Graphical Abstract

Nitric oxide synthases (NOS) and their role in health (green) and disease (red). Only
neuronal/type 1 NOS (NOS1) has a high degree of clinical validation and is in late
stage development for traumatic brain injury, followed by a phase II safety/efficacy
trial in ischemic stroke. The pathophysiology of NOS1 (Kleinschnitz et al., J Cereb
Blood Flow Metab 1508–1512, 2016) is likely to be related to parallel superoxide or
hydrogen peroxide formation (Kleinschnitz et al., J Cereb Blood Flow Metab
1508–1512, 2016; Casas et al., Proc Natl Acad Sci U S A 114(46):12315–12320,
2017; Casas et al., Proc Natl Acad Sci U S A 116(14):7129–7136, 2019) leading to
peroxynitrite and protein nitration, etc. Endothelial/type 3 NOS (NOS3) is consid-
ered protective only and its inhibition should be avoided. The preclinical evidence
for a role of high-output inducible/type 2 NOS (NOS2) isoform in sepsis, asthma,
rheumatic arthritis, etc. was high, but all clinical development trials in these
indications were neutral despite target engagement being validated. This casts
doubt on the role of NOS2 in humans in health and disease (hence the neutral,
black coloring).
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Abbreviations

ADMA Asymmetric dimethyl arginine
ADME Absorption, distribution, metabolism, and excretion
CaM Calmodulin
cHL Classical Hodgkin lymphoma
CLL Chronic lymphocytic leukemia
DAMP Damage-associated molecular pattern
eNOS/NOS3 Endothelial nitric oxide synthase
GLP-2 Glucagon-like peptide-2
H4Bip Tetrahydrobiopterin
HNSCC Neck squamous cell carcinoma
Hsp Heat shock protein
IDH Intradialytic hypotension
iNOS/NOS2 Inducible nitric oxide synthase
JSN Joint space narrowing
L-NIL L-N iminoethyl lysine
L-NMMA NG-monomethyl-L-arginine
NF-κB Nuclear factor kappa B
NMDA N-methyl-D-aspartate
nNOS/NOS1 Neuronal nitric oxide synthase
PAMP Pathogen-associated molecular pattern
PD-1 Programmed death-1
PSD95 Post synaptic domain
sGC Soluble guanylate cyclase
SMTC S-methyl-L-thiocitrulline

1 NOS Isoforms, Regulation and Dysregulation

Nitric oxide (NO) synthases (NOS) are homodimeric NADPH binding flavo-heme
proteins additionally regulated by the redox-sensitive cofactor tetrahydrobiopterin
(H4Bip), calmodulin and several other modulatory interactions (Nedvetsky et al.
2002) to convert L-arginine (Schmidt et al. 1988; Nedvetsky et al. 2002) to
NO. Three isoforms exist, originally named according to their first observed cellu-
lar/tissue localization or expressional regulation, i.e., neuronal, inducible, and endo-
thelial (i.e., NOS1, NOS2, and NOS3) (Schmidt et al. 1991; Förstermann et al. 1992;
Chakrabarti et al. 2012; Liu et al. 2012; Caviedes et al. 2017).

All three NOS isoforms generate NO by conversion of L-arginine to L-citrulline by
a stoichiometric five electron oxidation utilizing molecular oxygen (O2) and reduced
nicotinamide adenine dinucleotide phosphate (NADPH) as co-substrates and several
cofactors including 6R-tetrahydrobiopetrin (BH4), flavin adenine dinucleotide (FAD),
and flavin mononucleotide (FMN) (Bredt et al. 1991; Knowles and Moncada 1994).

172 V. T.-V. Dao et al.



The NOS monomer structure has two domains, the NOS heme containing amino-
terminal and the carboxy-terminal domain harboring binding sites for FAD, FMN,
and NADPH. Both domains are connected by linking to an calcium-binding regu-
latory protein, i.e., calmodulin (CaM) (Smith et al. 2013) enhancing electron flux
within the reductase domain and thus is essential for O2 to bind to NOS heme to start
the NO synthesis. Ca2+-dependent CaM binding occurs in NOS1 and NOS3 follow-
ing an increase in intracellular Ca2+concentrations, while NOS2 binds CaM at low
intracellular Ca2+level thus independent of elevation of intracellular Ca2+level (Cho
et al. 1992).

A key step of NOS maturation which has been shown for NOS1 and 2 involves
the insertion of heme by associating to different heat shock proteins (Hsp) such as
Hsp 90 and Hsp 70 (Ghosh et al. 2011; Peng et al. 2012). Then, in the presence of
NOS heme, the monomers can form dimers by coupling their ferric hemes and thus
become fully active to generate NO. This takes place in the N-terminal oxygenase
site that catalyzes first hydroxylation then oxidation of L-arginine to L-citrulline and
NO, initiated by O2 binding to reduced ferric heme that utilized electrons provided
by the reductase C-terminal domain of the opposite monomer via NADPH to FAD to
FMN (Stuehr et al. 2001; Forstermann and Sessa 2012; Ramasamy et al. 2014).
Intermediate formed heme-dioxy species are then reduced by NOS coupled BH4
resulting in reactive heme-oxy species that react either with L-arginine or N-hydroxy-
L-arginine (Masters et al. 1996; Stuehr and Haque 2019). Hence, oxidation of BH4
results in BH3 radical or radical cation that can be reversed by NOS itself transfer-
ring an electron (Crabtree and Channon 2011) or by ascorbic acid (Kuzkaya et al.
2003). In addition, all NOS enzymes contain a zinc-tetrathiolate binding two cyste-
ine residues provided by each monomer Masters et al. 1996; Raman et al. 1998; Li
et al. 1999; Hemmens et al. 2000), which is catalytically inactive at the dimer
interface (Forstermann and Sessa 2012) but stabilizing the active homodimer and
appear to promote BH4 binding (Chreifi et al. 2014). In addition, the zinc-
tetrathiolate cluster can be targeted by selective S-nitrosation (Wynia-Smith and
Smith 2017).

1.1 Neuronal NOS/Type 1 NOS (nNOS/NOS1)

NOS1 is abundantly expressed in neurons of the central and peripheral nervous
systems (Dudzinski et al. 2006), e.g., in hypothalamic supraoptic nucleus and the
paraventricular nucleus, in some parts of rat glial cells (Korzhevskiĭ et al. 2007), in
rat astrocytes and the adventitia of rat brain blood vessels (Yuan et al. 2004), but is
also found in skeletal muscle, pulmonary epithelium, the gastrointestinal system, and
the genitourinary system (Zhou and Zhu 2009).

Amongst the three NOS isoforms only NOS1 encodes a unique regulatory
protein–protein interaction domain, i.e., PSD/Disc-Large/ZO-1 (PDZ) at the
N-terminus, relevant for changes of subcellular localization as it can interact directly
with other proteins containing PDZ domains or adapter proteins (Courtney et al.
2014; Candemir et al. 2016). Further, regulatory aspects leading to activation of
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constitutively expressed NOS1 are besides CaM-binding, the AKT phosphorylation
site at the C-terminus, that helps CaM to bind (Gantner et al. 2020). Another
allosteric activator that is shown to activate NOS producing NO is Hsp90 which
associates to nNOS, thus enhancing calmodulin binding to nNOS (Bender et al.
1999; Song et al. 2001). In addition, there is an autoinhibition site close to the CaM
binding domain controlling NOS activity (Salerno et al. 1997).

NOS1-derived NO and its signaling has been implicated in not only antegrade but
also retrograde signaling from the postsynaptic neuron, thus contributing to long-
term potentiation (Böhme et al. 1993; O’Dell et al. 1994), fear conditioning (Ota
et al. 2010), and neurogenesis (Chong et al. 2018). Furthermore, NO signaling is
involved in mediating excitotoxicity in neurons driven by excessive glutamate-
dependent overstimulation of NMDA receptors following Ca2+overload in the cell,
and consequently activation of Ca2+-sensitive enzymes such as NOS1 (Sattler and
Tymianski 2000; Chong et al. 2018) leading to cell death.

Mechanistically, neuronal NOS1 signaling requires adapter proteins harboring a
PDZ motif such as syntrophin (Aquilano et al. 2014), PSD95 or PSD93 (Brenman
et al. 1996) to anchor NOS1 and thereby target NOS1 to the proximity of the NMDA
receptors at the postsynaptic membranes. Another adapter protein is NOS1AP
(former Capon) that binds to the PDZ motif of NOS1 via its C-terminal domain
(Jaffrey et al. 2002).

Besides the brain, NOS1 is involved in other physiological regulations such as
skeletal muscle metabolism in response to exercise training (Percival 2011). This is
regulated by different splice variants of the highly conserved NOS1 consisting of
29 exons and about 240 kb. These are an almost full length nNOSα, nNOSμ with
34 additional amino acid insertions, the PDZ lacking nNOSβ and nNOSγ and finally
nNOS2 (Gantner et al. 2020).

The enzymatic activity of the splice variants may differ depending on their
subcellular localizations but their activation also requires calcium and phosphoryla-
tion by PI3K/Akt (Gantner et al. 2020). Of those nNOSμ in skeletal muscle is bound
to the dystrophin glycoprotein complex, at the sarcolemma and has been shown to
contribute to better muscle blood flow, resisting fatigue by endurance training
(Percival 2011). Furthermore, NOS1 has been implicated in inflammatory response
(Baig et al. 2015) cardiac and smooth muscle physiology involving to cardiac
protection and vascular tone (Seddon et al. 2008, 2009; Shabeeh et al. 2017).

1.2 Inducible NOS/Type 2 NOS (iNOS/NOS2)

Mammalian inducible NOS2 is a 131 kDa protein composed of 1,153 amino acids
that lacks the PDZ domain and in contrast to NOS1&3 also the autoinhibition site
and is not constantly expressed but only by induction of the cell. Depending on cell
type and species strong stimulants of transcription of NOS2 expression are tumor
necrosis factor (TNF), interleukin (IL-1β), interferon (IFN-γ), and
lipopolysaccharide (LPS) exerting synergistic effects when combined (Cinelli
et al. 2020). However, constitutively expressed NOS2 has been found tissue specific
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in the human colonic and lung epithelium as well as in primate lungs and could be a
response to the local microbiota (Mattila and Thomas 2014).

Accumulated NOS2-derived NO plays important roles in innate and adaptive
immunity such as regulating T-cells, B-cells, and myeloid-derived suppressor cells
(Bogdan 2015) and helping macrophages to defend against pathogens. The latter has
been best established so far (Weinberg et al. 1995; MacMicking et al. 1997; Fang
2004; Nathan 2006).

Once NO is generated, it rapidly reacts with superoxide to form radical
peroxynitrite (ONOO�) that can cause, damage to DNA (Pacher et al. 2007),
modifications of proteins (Casas et al. 2015; Dao et al. 2015; Bartesaghi and Radi
2018) and reactions with unsaturated lipids (Jones 2012). Thus, also host tissue can
be targeted. Therefore, regulation of NOS2 gene expression is strictly bound to
transcriptional processes (Scheschowitsch et al. 2015).

Briefly, pathogen (PAMP) and damage (DAMP) associated molecular patterns
bind to pattern recognition receptors (Amarante-Mendes et al. 2018), and
proinflammatory cytokines such as TNF-α and IL-1 bind to the cell surface, e.g.,
one popular PAMP, LPS, binds to toll like receptor 4 in macrophages (Hume et al.
2001), starting the signaling cascade by activation of transcription factors, including
nuclear factor κB (NF-κB) and (STAT-1a) while IFN-γ activates the JAK/STAT-1α
pathway to induce NOS2 mRNA expression (Dell’Albani et al. 2001; Ganster et al.
2001).

Control of NO output is also regulated by autoregulation of its own expression in
a feedback manner (Ganster et al. 2001). For example, posttranslational regulations
involving S-nitrosylation of NF-κB binding partners lead to a stop of mRNA
transcription (Kelleher et al. 2007). Further, S-nitrosation at the Zn2+ tetrathiolate
cluster discards the Zn2+ leading to destabilization of the active homodimer resulting
in dissociation to the inactive monomeric form (Wynia-Smith and Smith 2017). In
contrast, inhibition of phosphorylation on phosphotyrosine residues leads to
increased NOS2 activity (Pan et al. 1996).

1.3 Endothelial NOS/Type 3 NOS (eNOS/NOS3)

NOS3 is constitutively expressed mostly in endothelial cells but also in cardiac
myocytes, platelets (Forstermann and Sessa 2012), and macrophages (Mattila and
Thomas 2014). NOS3-derived NO exerts various physiological functions such as
vasodilation through its receptor soluble guanylyl cyclase leading to increasing
cyclic GMP in smooth muscle cells (Förstermann et al. 1986), inhibition of platelet
aggregation (Förstermann et al. 1986; Alheid et al. 1987), platelet and leukocytes
adhesion to the vascular wall (Kubes et al. 1991), vascular remodeling, anti-
inflammatory effects (Ahluwalia et al. 2004), and angiogenesis (Wei et al. 2020).

Its structure has important features, including (1) an autoinhibitory loop within
the FMN binding domain where CaM can be removed in the absence of Ca2+ to stop
catalytic reaction, (2) the loss of PDZ domain, (3) an AKT phosphorylation site at
the C-terminal, and (4) an additional acylation site (palmitoylation and
myristoylation) in the oxygenase domain.
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Another regulatory element that differs from the other NOS isoform is a shorter
and less active hinge, which is responsible for binding FMN to the reductase domain.
Notably, mammalian NOS3 has the weakest activity amongst the NOS family
(Haque et al. 2007, 2012).

NOS3 can be found in sarcolemmal caveolae where it is bound by posttransla-
tional myristoylation and palmitoylation to caveolin-1 which tonically inhibits
NOS3 activity. A rise of intracellular Ca2+ level induces CaM binding and interac-
tion of NOS3 with heat shock protein 90 results in disruption of the NOS3-caveolin-
1 heterodimer complex leading to NOS3 activation (Averna et al. 2008).

However, NOS3 activation can also be regulated by mechanical changes, i.e.,
fluid shear stress, leading to NOS3 up-regulation in endothelial cell and rodents
(Nishida et al. 1992; Sessa et al. 1994; Awolesi et al. 1995; Fukai et al. 2000; Dao
et al. 2016). The mode of shear stress has different effects on NOS3 regulation.
While acute changes affect immediate vascular tone, chronic shear stress induces
gene expression and remodeling of blood vessels (Garcia and Sessa 2019). The
mechanism underlying shear stress involves not only intracellular calcium rise but
depends directly on phosphorylation by serine/threonine (Ser/Thr) protein kinase
Akt/PKA (Dimmeler et al. 1999). In this regard, studies in mutant AKT1 mice have
shown that AKT1 is an important NOS3 kinase in vivo that phosphorylates Ser1176
(human Ser1177) (Schleicher et al. 2009).

Besides fluid shear stress, other stimulants can regulate NOS3 activation such as
vascular endothelial growth factor induced phosphorylation by AKT1 at Ser/Thr
site, bradykinin-induced phosphorylation at Ser1177 by Ca2+/calmodulin dependent
protein kinase II, insulin-mediated Akt1 and AMP-activated protein kinase activa-
tion (Forstermann and Sessa 2012) or hydrogen peroxide (Drummond et al. 2000;
Thomas et al. 2002; Searles 2006; Dao et al. 2011).

Several phosphorylation sites including serine, threonine, and tyrosine residues of
NOS3 have been discovered such as Y81, S615, S633, and S1177 (equivalent to
Y83, S617, S635, and S1179 of bovine NOS3) responsible for stimulation (Fulton
et al. 2005; Fulton 2016), while S114, T495, and Y657 leads to inhibition of NOS3
activity (Loot et al. 2009; Fulton 2016). Briefly, phosphorylation of the Ser1177
increases, while constitutively phosphorylated Thr495 in endothelial cells appears to
interfere with CaM binding (Heiss and Dirsch 2014). This plays a role in eNOS
uncoupling (Lin et al. 2003), and decreases enzyme activity.

Other posttranslational modifications are also described to change NOS3 regula-
tion, including S-nitrosylation (at C94 and C98) (Erwin et al. 2005) leading to
reduced activity, while acetylation (K609, S765, and S771) increases its activity
(Jung et al. 2010). Glutathionylation in the C-terminal reductase domain (C689 and
C908) uncouples NOS3 thus forming superoxide anion (Chen et al. 2010).

At transcriptional level regulation of NOS3 mRNA expression is decreased by
DNA methylation of the promoter thus reducing Sp1, Sp3, and Ets1 transcription
factor binding (Chan et al. 2004) and controlled by histone modification at NOS3
promoter (Fish et al. 2005, 2010). In addition, NOS3 mRNA expression can be
up-regulated by long noncoding RNAs (lncRNAs) in endothelial cells induced via
transcription factor KLF2 (Man et al. 2018).
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2 Dysregulation of NOS Isoforms

Qualitatively, NOS can exist in three different functional states: (1) normal state that
produces physiological levels of NO which signals mainly via its receptor, soluble
guanylate cyclase (sGC) (Schmidt et al. 1994), (2) uncoupled state that produces
superoxide rather than NO resulting in endothelial dysfunction and cardiovascular
diseases (Li et al. 2015), and (3) hyperactive state that produces excessive NO
leading to cellular and tissue injury (Kleinschnitz et al. 2016), e.g., in stroke and
myocardial infarction (Fig. 1).

The uncoupled state is induced upon depletion of the NOS substrate, L-arginine,
or oxidation of its cofactor, tetrahydrobiopterin (H4Bip) (Schmidt et al. 1992;

Fig. 1 NOS isoforms and their regulation and dysregulation. In physiology, the three NOS
isoforms, nNOS, iNOS, and eNOS, bind to the substrate, arginine, the cofactor, BH4, and
calmodulin (CaM) to produce NO. Ca+2 is required for CaM binding in nNOS and eNOS. The
latter is phosphorylated by PKA/Akt. The NO produced by nNOS, iNOS, and eNOS performs
several biological functions including synaptic plasticity, immune defense, and vasodilation,
respectively. Under disease conditions, dysregulation of NOS enzymes takes place. In
excitotoxicity, e.g., in stroke and traumatic brain injury (TBI), Ca+2 is increased leading to binding
of nNOS to postsynaptic density protein 95 (PSD95) and increased NO production resulting in
neurotoxicity. Under inflammatory conditions, e.g., in asthma and septic shock, cytokines activate
iNOS to produce high levels of NO that further aggravates inflammation and induces cytotoxicity.
Metabolic stress causes uncoupling of eNOS by reducing arginine, oxidation of BH4 to BH2 and
PKC-induced phosphorylation resulting in formation of superoxide (O2

.-) rather than NO and
endothelial dysfunction. nNOS and iNOS inhibitors and eNOS recoupling agents (NOSr) are
written in blue
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Bömmel et al. 1998), leading to NOS monomerization (Reif et al. 1999) and
inhibition of the enzyme activity (Kotsonis et al. 1999; Reif et al. 1999). However,
recently NOS monomerization has been shown to be irrelevant for uncoupling
(Gebhart et al. 2019). NOS uncoupling can also be induced by the accumulation
of methylated arginine analogs, in particular, asymmetric dimethyl arginine
(ADMA), which is a competitive inhibitor of NOS (Antoniades et al. 2009).

The hyperactive state of NOS is induced in many conditions that involve inflam-
mation and hypoxia leading to formation of high and non-physiological levels of NO
that cause harmful effects, most likely in a cGMP-independent manner. Several
mechanisms have been proposed that explain the high NO-induced cytotoxicity.
These include protein S-nitrosylation (Shahani and Sawa 2012; Dao et al. 2020),
formation of peroxynitrite via interaction with superoxide (Mendes et al. 2002;
Pacher et al. 2007), activation of inflammatory signaling pathways, e.g., NF-κB
(Mendes et al. 2002), decreased expression and activity of sGC, and formation of the
NO-insensitive apo-sGC (Dao et al. 2020). Two NOS isoforms have been shown to
be activated in disease conditions, nNOS/NOS1 and iNOS/NOS2. With respect to
the former, it is activated to produce high levels of NO in response to excitotoxicity,
which is an important event in the pathophysiology of stroke and traumatic brain
injury (Ito et al. 2010; Luo et al. 2019). The activation nNOS/NOS1 in these
conditions is dependent on its interaction with PSD-95 and results in neurotoxic
effects (Zhou et al. 2010; Luo et al. 2019). With respect to iNOS/NOS2, it is
activated mainly in inflammatory conditions in response to cytokines. The inappro-
priately high NO concentration produced by iNOS can result in cytotoxic effects and
is associated with a variety of human diseases, including septic shock, asthma, and
cancer (Zamora et al. 2000; Cinelli et al. 2020).

3 Discovery and Clinical Development of NOS Inhibitors

A large number of nitric oxide synthase inhibitors with various degrees of selectivity
for NOS isoenzymes are available and claimed in patents Table 1. However, few
have reached the clinical trial stage Table 2, and not all of these meet the criteria for
pharmaceutical developability.

3.1 Which Site to Target?

NOS are proteins with a high number of binding and regulatory sites (Nedvetsky
et al. 2002). The earliest attempts to develop NOS inhibitors were based on the
physiological substrate, L-arginine (Alderton et al. 2001). Still to date, most
compounds target that site. Later, cofactor and regulator sites were added, of
which only those targeting BH4 (Bömmel et al. 1998; Fröhlich et al. 1999; Reif
et al. 1999; Kotsonis et al. 2001; Pantke et al. 2001; Matter et al. 2002, 2005) and
PSD-95 interaction (Cui et al. 2007) made it into clinical testing. Other sites such as
calmodulin (ketoconazole) were never tested for NOS inhibition in humans.
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3.2 Nonspecific Inhibitors

L-NMMA (NG-monomethyl-L-arginine) is approximately equipotent on all three
isoforms of NOS (Alderton et al. 2001). The acetate salt is also known as tilarginine;
the less hygroscopic HCl salt is also known as 546C88. L-NAME is an inactive
prodrug of NG-nitro-L-arginine, L-NOARG (Pfeiffer et al. 1996). This is modestly
selective for nNOS and eNOS versus iNOS (Alderton et al. 2001). Other-
nitroarginine esters include L-NG-benzylarginine, L-NG-aminoarginine, and
iminoethylornithine. Moreover, specific inducible NOS inhibitors, i.e., acetamidine
derivatives, have been synthesized and evaluated showing high isoform-specificity
with submicromolar concentrations (Fantacuzzi et al. 2016). The currently most
advanced NOS inhibitor under development is Vasopharm’s ronopterin (VAS203;
4-amino-tetrahydrobiopterine) (Ott et al. 2019; Tegtmeier et al. 2020a, b).
Ronopterin is a potent pterin-based inhibitor that competes with exogenous BH4
(Werner and Schmidt 2000; Schinzel and Tegtmeier 2017). This drug has shown
promising results in patients with traumatic brain injury (see below). Vasopharm
holds several patent applications on this compound and related pteridines
(WO/2005/037286 and WO/2004/084906). Another nonspecific NOS1/NOS2
inhibitor, 2-iminobiotin, originally patented by the Amsterdam University Medical
Center for the treatment and prevention of perinatal asphyxia (WO/2001/074351), is
being developed by the Dutch company Neurophyxia B.V. The company has
published an international patent application claiming the compound for cerebral

Table 1 Overview of clinically applied and developed NOS inhibitors

Compound Binding site Reversibility

Unspecific

L-NMMA Arg Reversible

L-NAME Arg Reversible

VAS203 H4Bip Reversible

2-Iminobiotin Arg Reversible

MTR 104 Arg Reversible

nNOS/NOS1 specific

S-methyl-L-thiocitrulline Arg Reversible

Tat-NR2B9c (NA-1) PSD95 Reversible

ARL17477 Arg Reversible

NXN-462 and NXN-188 Arg Reversible

iNOS/NOS2 specific

GW274150 and
GW273629

Arg NADPH dependent
inactivation

Cindunistat (SD-6010) Arg Irreversible

BYK191023 Arg Reversible/irreversible

L-NILTA (prodrug of L-
NIL)

Arg Reversible

BBS-2 Heme-containing iNOS
monomer

Reversible
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Table 2 Phase II and higher clinical trials involving NOS inhibitors

Drug name(s)

Originator
company,
*active
companies

Therapy area,
*active
indications

Target-based
actions Highest status

L-NMMA.HCl
(546C88)

Glaxo Group
Ltd.

Infection;
Neurology/
psychiatric
*Stroke; septic
shock

Nonspecific
NOS inhibitor

Discontinued
(phase 3)

L-NMMA Toronto
University
Health Network

GLP-2 mediated
intestinal
lipoprotein
release

Nonspecific
NOS inhibitor

Ongoing
(phase 3)

Gingivex (GED;
Inotek;
Guanidinoethyl
disulfide)

Rocket
Pharmaceuticals
Inc.

Gastrointestinal;
inflammatory;
ocular;
endocrine/
metabolic

iNOS/NOS2 Discontinued
(phase 2)

GW274150 Glaxo Group
Ltd.

Neurology/
psychiatric;
inflammatory;
immune;
gastrointestinal;
respiratory

iNOS/NOS2 Discontinued
(phase 2)

ONO-1714 Ono
Pharmaceutical
Co Ltd.

Cardiovascular;
infection
*Sepsis;
hypotension

iNOS
eNOS

Discontinued
(phase 2)

Cindunistat
hydrochloride
maleate
(PHA-728669F;
SD-6010)

Pfizer Inc. Inflammatory iNOS/NOS2 Discontinued
(phase 3)

Pimagedine
(aminoguanidine)

Rockefeller
University

Dermatologic;
endocrine/
metabolic;
gastrointestinal;
genitourinary/
sexual function

Nitric oxide
synthesis
inhibitor

Discontinued
(phase 3)

S-
Ethylisothiourea
diethylphosphate
(MTR 104)

Meditor
Pharmaceuticals
Ltd., *TrioxBio
Inc.

Neurology/
psychiatric,
*migraine

NOS inhibitor Launched

Cardiovascular,
*hypotension

NOS inhibitor Launched

Neurology/
psychiatric,
*cluster headache

NOS inhibitor Phase 2

Cardiovascular,
*hypotension

NOS inhibitor Phase 2

(continued)
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hypoxia-ischemia and reperfusion injury (WO/2017/105237), and another one
claiming pharmaceutical formulations (WO/2011/149349). Finally, MTR 104, a
low molecular weight isothiourea derivative (S-ethylisothiouronium
diethylphosphate) and nonspecific NOS inhibitor (Garvey et al. 1994), has received
orphan drug designation from the FDA. Meditor Pharmaceuticals has begun devel-
opment through TrioxBio.

Table 2 (continued)

Drug name(s)

Originator
company,
*active
companies

Therapy area,
*active
indications

Target-based
actions Highest status

XQ-1H (Ginkgo
biloba lactone B
mesylate)

Jiangsu
Carephar
pharmaceutical
Co Ltd.

Neurology/
psychiatric,
*brain ischemia

iNOS/NOS2;
platelet
activating
factor receptor
agonist

Phase 1

OsteoDex (ODX;
dextran-
guanidine-
bisphosphonate
conjugate)

Dextech medical
AB

Cancer;
musculoskeletal,
*bone
metastases;
hormone
refractory
prostate cancer

NOS inhibitor Phase 2

NXN-462 NeurAxon Inc. Neurology/
psychiatric,
*movement
disorder;
Parkinson’s
disease

nNOS/NOS1 Phase 2

2-iminobiotin Universiteit
Utrecht

Other/
miscellaneous,
*asphyxia

iNOS/NOS2;
nNOS/NOS1

Phase 2

Ronopterin
(VAS203)

Vasopharm
GmbH

Neurology/
psychiatric,
*traumatic brain
injury

NOS inhibitor Phase 3

Nerinetide
(NA-1,
tat-NR2B9c)

NoNO Inc. Neurology/
psychiatric,
*brain ischemia;
stroke; traumatic
brain injury

Discs large
homolog
4 inhibitor;
NMDA
receptor
antagonist;
nNOS/NOS1

Phase 3
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3.3 nNOS/NOS1 Inhibitors

Although much of the focus on creating selective NO synthase inhibitors has focused
on iNOS (NOS2) and certainly steered well clear of NOS3 (eNOS), a few nNOS
selective inhibitor programs have emerged and one of the first of these came from
Fisons’ research laboratories in Rochester, New York. The best known of these
compounds is ARL17477 (alternatively known as AR-R17477 or initially
FPL17477). This compound represents a series of heterocyclic substituted amidines,
the full synthesis of which has only been covered in the patent literature (WO 95/
05363). Of relevance in this respect are some notable differences in the amino acid
sequence between NOS isoforms around the substrate or inhibitor binding site. Some
of these are highlighted in a paper by Fedorov and colleagues (Fedorov et al. 2004)
who present crystal structures of AR-R17477 in the different NOS isoforms to
explain why the compound selectively inhibits nNOS. A potentially important
observation in this respect is a key difference in sequence that is observed within
the active site. The aspartate residue (rat nNOS; N597) becomes an asparagine in
eNOS (bovine eNOS; D368). Li et al. demonstrated the importance of this residue in
providing selectivity between isoforms for a series of L-nitroarginine based dipeptide
inhibitors. However, these papers used bovine nNOS—human would be the same;
but in mouse and rat (the species most commonly used in pharmacological studies),
the aspartate residue is conserved (Li et al. 2005). Therefore, selectivity may be
seriously compromised in these experiments. Site directed mutagenesis showed that
switching these residues did indeed alter selectivity profiles (Li et al. 2005). There is
a distinct possibility that failing to recognize this structural feature may have
compromised some in vivo pharmacological or safety studies, blocking further
progression of otherwise interesting, selective NOS inhibitors.

The AR-R series of compounds failed to produce clinical candidates for
AstraZeneca, but the series was adopted elsewhere, most notable by Neuraxon in
Canada. Although initially (Annedi et al. 2011, 2012) Neuraxon presented analogs
of the thiophene amidines such as AR-R17477 and particularly AR-R17338 (Reif
et al. 2000) which led to novel inhibitors with good selectivity toward nNOS, one of
these, NXN-323, showed some efficacy in animal models of allodynia (Felice et al.
2010). A further compound, NXN-462, is reported to have entered trial for post-
herpetic pain; to date, no results from the study have been released. Subsequently,
the group moved on to produce dual functionality ligands including molecules that
combine NOS inhibition with μ-opiate agonism or noradrenaline re-uptake inhibi-
tion, but notably NXN-188 a mixed nNOS and 5-HT1B/D agonist. Whenever one
sees a mixed function drug it is fair to question whether one or other pharmacologi-
cal activity dominates. NXN-188 is said to be a selective nNOS inhibitor with
potency similar to L-NMMA and to have similar 5-HT potency to Sumatriptan.
This potential drug prevented CGRP-release from preparations of several migraine-
relevant brain areas (dura mater, trigeminal nucleus caudalis, and trigeminal gan-
glion (Bhatt et al. 2013). After Phase I trials of the drug showed suitable pharmaco-
kinetics and that it was well tolerated in both single and multiple dose protocols
(Vaughan et al. 2010), the compound entered a single center, double-blind,
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randomized cross-over study in patients suffering migraine with aura (Hougaard
et al. 2013). While the results of this study were seen as encouraging, with a
reduction in patients reporting headache, the study’s primary endpoints were not
achieved as the trial suffered a high drop-out rate and only a small sample of patients
completed the placebo-controlled cross-over study. Consequently, the data failed to
achieve statistical significance. In 2015, this drug was licensed to Knight Therapeu-
tics (Canada) and a further Phase II trial is reported to be ongoing (as of June 2015:
source adisinsight.springer.com).

S-Methyl-L-thiocitrulline (SMTC) is an amino acid derivative that is selective for
nNOS/NOS1. Lack of patentability has so far prevented further development of this
compound. However, it has been employed in a number of investigational human
studies that studied the effects of either local infusion in different vascular beds or
systemic infusion in healthy volunteers. However, stability issues and (more impor-
tantly) also lack of patentability prevented its further development.

In excitotoxicity, the postsynaptic density protein PSD95 recruits the calcium-
dependent nNOS to NMDA receptor channels leading to neurotoxic effects (Cui
et al. 2007; Kleinschnitz et al. 2016). Therefore, inhibition of PSD-95/NMDA
interactions has been suggested as a potential therapeutic approach for neurotoxicity,
e.g., in stroke and traumatic brain injury (Cui et al. 2007). Tat-NR2B9c (NA-1 or
nerinetide), a synthetic peptide and a PSD-95 inhibitor, has been tested clinically for
stroke and preliminary results seem promising (Bruder 2012; Hill et al. 2012;
Matsumoto 2013) (see below). ZL006 is also a small molecule drug that blocks
the PSD95/nNOS interaction and has been tested only preclinically (Zhou et al.
2010). However, its binding to the PSD95/nNOS has been doubted (Bach et al.
2015).

3.4 iNOS/NOS2 Inhibitors

There is considerable evidence from animal models for a potential pathological role
of excessive NO production in numerous chronic inflammatory diseases and for the
beneficial effects of treatment with iNOS inhibitors (Cheshire 2001; Tinker and
Wallace 2006). However, much of this data has been derived using compounds that
are far from optimal with regard to potency and specificity. Considerable effort has
been directed at discovering truly selective inhibitors of this isoform that will prevent
over-production of NO while maintaining the basal formation of NO from constitu-
tive NOS that is required for normal physiological function. The analogs of arginine
have been widely used as inhibitors of NO synthases, with considerable success
although they lack some of the “drug-like” properties sought by pharmaceutical
research programs. The simplest analogs of arginine are highly hydrophilic, and so
incapable of readily diffusing across biological membranes; hence, they may also
rely upon cationic amino acid transporters to enter cells (Baydoun et al. 2006).
Consequently, many companies have tried to design inhibitors that move away from
these pharmacophores.
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Compounds unrelated to arginine can also inhibit NO synthase. Often these are
fairly simple, small compounds, such as 2-aminopyridines; featuring an aromatized
amidine that can mimic the binding of the basic guanidino side chain in arginine to
an active site glutamyl residue. Aminopyridines offer scope to design and synthesize
novel inhibitors, with potential improvements in “drug-like” properties. Connolly
et al. at AstraZeneca reported on a series of analogs of 2-amino-4-methyl pyridine
leading to a potent (IC50 ¼ 71 nM), selective iNOS inhibitor, AR-C133057
(Connolly et al. 2004). In crystal structures of the ligand bound to the active site
of iNOS the compound was observed to have adopted a flip in binding of the
pyridine ring in order to accommodate an N-(1-acyl-4-piperidinyl) group that
could be further elaborated to derive the series of iNOS inhibitors. Unfortunately,
these aminopyridine analogs often exhibited poor pharmacokinetics with low
volumes of distribution and weak in vivo activity.

Probably the best known iNOS inhibitor to emerge from AstraZeneca was
AR-C102222. This compound is a potent inhibitor of human iNOS (IC50 35 nM)
and also exquisitely selective (>1,000-fold against eNOS). The inhibitor arose
through studies focusing on aminopyridine analogs intended to exhibit improved
drug-like properties. Two studies (Beaton et al. 2001a, b) identified a pair of series of
bicyclic amidines: 3,4-dihydro-1-isoquinolinamines and closely related
thienopyridines. Some of these molecules exhibited reasonable potency against
iNOS, with a range of selectivity. The breakthrough came with the introduction of
a nitrogen atom to create quinazolinamine inhibitors followed by a limited parallel
synthesis approach that identified spirocyclic dihydroquinazoline molecules as
iNOS inhibitors. This modification removed a stereochemical center, making the
molecules rather simpler to work with whilst simultaneously opening scope for
further chemical elaboration. Further, parallel synthetic studies extended this substi-
tution and identified some highly selective compounds, including AR-C102222
(Tinker et al. 2003). Surprisingly, it achieved much of its selectivity through a
cascade of interactions involving conserved residues close to the active site. Crystal
structures of the iNOS oxygenase domain with AR-C102222, or other similar
ligands, bound in the active site show displacement of a glutamine residue
(Gln257 in mouse iNOS). This conformation can only be achieved by further
movements of residues beyond the immediate region of the active site (Garcin
et al. 2008) and such movements are impaired in nNOS and largely blocked in
eNOS by more bulky amino acid side chains in these more distant positions. The
lead spirocyclic compound maintained reasonable potency against iNOS in cell-
based assays and also offered good oral bioavailability.

There are very few NO synthase inhibitors that bind in the enzyme’s active site,
but do not include an isostere of the guanidinium present in arginine to bind to the
crucial glutamic acid residue. However, a few examples of inhibitors that lack this
functionality and therefore do not interact directly with this acidic side chain do
exist. 7-nitroindazole and chlorzoxazone actually displace the glutamate carboxylic
acid in order to bind, locating in the active site through a π–stacking interaction with
the heme-porphyrin ring (Rosenfeld et al. 2002a). Indeed, the induced fit afforded by
this movement was shown to compromise the binding affinity of these compounds.
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Building upon this observation Cheshire et al. presented a new series of selective,
non-amidine iNOS inhibitors that made a similar interaction with the heme, but
could also access the region close to Gln257 that conferred selectivity to compounds
such as AR-C102222 (Cheshire et al. 2011).

NOS inhibition by competition with L-arginine comes with potential difficulties.
The L-arginine dependence of NO synthase activity has been reported in several
studies. Typical values for Km range between 1 and 10 μM (Bredt and Snyder 1990;
Sherman et al. 1993) with similar potency reported in direct measurements of
arginine binding (Berka et al. 1996). Inhibitors must compete with the relatively
high concentrations of this substrate present in cells. Intracellular levels of arginine
tend to be similar to plasma levels, around 100–200 μM (Armstrong and Stave
1973), some tenfold or more higher than Km. This implies that an inhibitor acting by
a purely substrate-competitive mechanism will need to have high affinity for the
enzyme in order to show significant activity in cells and in vivo at a reasonable dose.
Indeed, it is not uncommon to see potency losses of 30-fold to 100-fold when
comparing iNOS inhibition in cells with potency in enzyme assays. Experimentally,
this is further complicated by variations in the arginine content in different culture
media. For example, RPMI-1640 is often used to culture human cells and typically
contains around 1 mM arginine.

Circumventing this issue, one type of iNOS inhibitors has been described which
have no effect on either the active NOS enzymes themselves or the stimulated
production of NOS protein. Instead, these compounds appear to act by preventing
the assembly of the initially synthesized monomeric NOS protein into the functional
homodimer. The initial evidence for compounds acting by this mechanism came in a
study of the antifungal imidazoles clotrimazole and miconazole from Stuehr’s
laboratory in Ohio (Sennequier et al. 1999). Although these compounds are fairly
weak inhibitors, further work by from Berlex (later part of Schering AG) (Blasko
et al. 2002) identified compounds with nanomolar activity toward iNOS. The Berlex
group reported X-ray diffraction data for a complex between one of these
compounds, BBS-1, and the iNOS monomer, which shows that the imidazole unit
is acting as a ligand for the heme iron whilst the rest of the molecule binds to more
remote parts of the NOS protein. This binding appears to cause conformational
changes in the monomer which preclude dimer formation. Other companies
followed suit with compounds from Fujisawa (FR-260330; see (Chida et al.
2005)) apparently using a pyridine to ligate the heme, SSP Co (PPA250; see
(Ohtsuka et al. 2002)) and Adolor (Chu et al. 2009). Compounds from both the
Berlex and Fujisawa series have shown beneficial effects in in vivo models of
transplant rejection (Szabolcs et al. 2002; Ouyang et al. 2005) with the former also
effective in a sepsis model in mice (Ichinose et al. 2003) and in lung injury caused by
burns and smoke inhalation in sheep (Enkhbaatar et al. 2003). As these compounds
prevent assembly and dimerization of the iNOS protein upon induction typical
assays involve LPS treatment of mouse macrophage cell lines, or cytokine stimula-
tion of human, DLD-1, cells followed by analysis of nitrite production or enzyme
activity. Mallinder and colleagues reported technical information on using a propri-
etary cell-based, β-galactosidase enzyme complementation method to screen for
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iNOS inhibitors acting via this mode-of-action in a more convenient HTS format
(Mallinder et al. 2009). The assay system is known as InteraX™ and employs fusion
proteins of iNOS oxygenase domains and β-galactosidase mutants as reporter
enzymes. The individual mutants are inactive, but dimerization of the iNOS
domains, fused in suitable orientation to the β-galactosidase reconstituted the galac-
tosidase activity, which could then be used as a functional readout. The assay
technique was shown to identify dimerization inhibitors, but more traditional
iNOS inhibitors that bind in the active site were found to enhance the signal
suggesting that they can promote dimerization as has been shown with the natural
substrate, arginine. This methodology was reported to have been used in a high-
throughput screen of around 800,000 compounds, but no data on the output from the
screen has been published.

Wellcome/GlaxoWellcome/GlaxoSmithKline (GSK) ran a large iNOS/NOS2
program. Whilst 1400W, one of the first selective iNOS/NOS2 inhibitors (Garvey
et al. 1997; Thomsen et al. 1997; Kankuri et al. 2001; Vuolteenaho et al. 2001;
Pérez-Asensio et al. 2005; Järvinen et al. 2008), a non-amino acid compound, never
made it into the clinic because of preclinical toxicity, GW274150 and GW273629,
GSK’s lead selective iNOS/NOS2 inhibitors, both amino acids (Alderton et al.
2005), were taken into clinical studies. These were both highly selective for iNOS
inhibition, with slow or no reversal of inhibition and both orally bioavailable.
GW274150 is transported by amino acid transporters such as y+-LAT (Baydoun
et al. 2006). The imidazo[4,5-b]pyridine derivative BYK191023 has been identified
by Altana Pharma/Nycomed as an iNOS/NOS2 selective inhibitor, which binds to
the L-arginine site (Grädler et al. 2011). In the absence of NADPH, BYK191023 acts
as a reversible L-arginine competitive inhibitor, whereas an NADPH and time-
dependent irreversible inactivation mechanism with heme depletion is observed at
low L-arginine levels and in intact cells (Tiso et al. 2008). AstraZeneca and Berlex
also developed a line of NOS inhibitors (Rosenfeld et al. 2002b, c, d, e; Cheshire
et al. 2011). A selective irreversible iNOS inhibitor developed by Pfizer/Pharmacia,
cindunistat (SD-6010), is close to GSK’s GW274150 in structure. Its entry into cells
or tissue may be impaired by the (α)-methyl which is unlikely to be a substrate for
amino acid transporters. This compound was investigated by Pfizer in osteoarthritis
(50 or 200 mg/day) and failed to slow the disease progression (Hellio le Graverand
et al. 2013). One of the well-known arginine analogs that have been tested in humans
is L-NIL (L-N iminoethyl lysine), in the form of a pro-drug known as L-NILTA (and
also as SC51 or SD3651). This was a product of the research teams at Pharmacia at a
time when many acquisitions and mergers were occurring in the pharmaceutical
industry, the work originated within G.D. Searle & Company and is now part of
Pfizer. L-NIL is widely recognized as a selective iNOS inhibitor, but the compound is
hygroscopic. While this can be managed in a research laboratory it can pose a
problem in clinical trials if it becomes difficult to confidently and consistently
prepare exactly the same concentration solutions for dosing. Unlike most pro-drugs
this substance was not designed to circumvent issues with ADME or PK; rather L-
NILTA, the tetrazolinium amide of L-NIL, is a stable, non-hygroscopic solid. Upon
dosing the amide is rapidly removed, in effect dosing the parent drug L-NIL.
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4 Clinical Applications of NOS Inhibitors

Clinical applications have focused mainly on the use of NOS inhibitors to
vasoconstrict, inhibit inflammation, and neuroprotect. The role of the involved
NOS isoform has not always been entirely clarified. In conditions such as inflamma-
tion and traumatic and ischemic damage additional interaction with reactive oxygen
species is likely.

4.1 Vasoconstriction in Sepsis and for Blood Flow Disruption

The earliest clinical translational attempt for a NOS inhibitor has been in sepsis.
Increased production of nitric oxide has been demonstrated in both experimental and
clinical sepsis; the increased production of nitric oxide has subsequently been
associated with hypotension, decreased responsiveness to vasoconstrictors, and
development of multiple organ dysfunction (Petros et al. 1994; Grover et al. 1999;
López et al. 2004). Reducing the overproduction of nitric oxide by partial inhibition
of NOS could be postulated as a beneficial intervention in the treatment of septic
shock. Previous experimental studies have produced conflicting results from the use
of NOS inhibitors in models of septic shock provoked by either endotoxin or
bacterial challenge. Clinical studies have shown that the administration of NOS
inhibitors (L-NMMA; nitroarginine, L-NNA) to patients with septic shock can restore
hemodynamics and the vascular responsiveness to vasoconstrictor therapy without
significant acute adverse effects. However, a phase 3 study of infusion of L-NMMA
(as 546C88) in septic shock showed that mortality was increased overall (López
et al. 2004). Although post hoc analysis of the mortality by dose suggested that low
doses (546C88, 5 mg�kg1�hr1 or below) provided an overall survival benefit, this was
not regarded as strong enough to progress and the project was discontinued.

Preclinical shock models provide some support for the hypothesis that selective
iNOS inhibition would be a better therapeutic approach to septic shock, but given the
large phase 3 trial that would be needed to test this on the required mortality endpoint
it doesn’t seem likely to be tried.

Recently, non-specific L-arginine derived NOS inhibitors such as tilarginine (L-
NMMA) have been employed as blood flow disruptors; in the gut to prevent GLP-2
from releasing gut lipid stores (ongoing study sponsored by the Toronto University
Health Network, NCT03534661); in cancer, to overcome cancer-related immuno-
suppression. The nature of the involved isoform is unclear, although in cancer iNOS/
NOS2 has been suggested to be involved.

The gut is able to retain some fat for many hours after a fatty meal. The gut
hormone glucagon-like peptide-2 (GLP-2) is known to release these fat stores in the
gut, but it is not known how GLP-2 achieves this. One possibility is that GLP-2
increases blood flow in the gut. NG-monomethyl-L-arginine (L-NMMA) is a sub-
stance that inhibits nitric oxide synthase (an enzyme that helps make nitric oxide
which increases blood flow). This protocol examines whether blocking gut blood
flow with L-NMMA is able to prevent GLP-2 from releasing gut lipid stores. Healthy
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participants were treated with a combination of Teduglutide (a resistant form of
GLP-2) and L-NMMA and their respective controls.

With a focus on elucidating blood pressure physiology and the role of NOS1
therein, the NOS1-specific inhibitor, S-methyl-thiocitrulline (SMTC), has been
tested in experimental medicine investigational studies (Seddon et al. 2008, 2009;
Melikian et al. 2009; Shabeeh et al. 2013; Khan et al. 2015). These studies
demonstrated that nNOS and eNOS appear to have distinct roles in the regulation
of vascular tone and blood flow, at least in healthy humans. Local intra-arterial
infusion of SMTC in the forearm (Seddon et al. 2008) or intracoronary circulation
(Seddon et al. 2008; Ammar et al. 2020), suggesting that nNOS contributes to the
maintenance of basal blood flow in healthy humans. Locally infused SMTC also
inhibits mental stress-induced increases in blood flow in the forearm and coronary
circulations (Seddon et al. 2008; Khan et al. 2017). Systemic infusion of SMTC in
healthy volunteers resulted in a significant increase in systemic vascular resistance
and blood pressure without inhibiting eNOS-dependent flow-mediated dilatation
(Shabeeh et al. 2017). These effects were of a similar magnitude to those previously
observed with the infusion of non-selective L-NMMA, suggesting that the major
NOS isoform involved in the regulation of blood pressure in healthy humans may be
nNOS. This study does not establish the site of action on SMTC, i.e., central or
peripheral, but ongoing work is examining the effects of SMTC in the human brain
(unpublished data).

In persistent cardiogenic shock, systemic inflammation, including expression of
inducible nitric oxide synthase (NOS) and generation of excess nitric oxide, is
believed to contribute to pathogenesis and inappropriate vasodilatation. Preliminary,
single-center studies had indeed suggested a beneficial effect of NOS inhibition on
hemodynamics, renal function, and survival in these patients (TRIUMPH
Investigators 2007). However, when tilarginine was tested in acute myocardial
infarction complicated by refractory cardiogenic shock (the TRIUMPH trial,
NCT00112281), it failed to reduce mortality (Bailey et al. 2007; Kielstein et al.
2007; Salem and Mebazaa 2007; Teerlink 2007; TRIUMPH Investigators 2007).

MTR 104 (Garvey et al. 1994) has received orphan drug designation from the
FDA and addresses a variety of acute and chronic therapeutic indications associated
with hypotension. Meditor Pharmaceuticals has begun through TrioxBio as devel-
oper a phase II clinical trial for MTR 104 in intradialytic hypotension (IDH). The
double-blind clinical study will involve chronic renal failure patients who
experience IDH.

4.2 Inflammatory Diseases and Conditions

A key target in NOS drugs discovery has been iNOS/NOS2 and its possible role in
inflammation, although nNOS/NOS1 may play a role herein as well (Baig et al.
2015). Elevated exhaled NO is a characteristic feature of human atopic asthma and
correlates with the degree of inflammation and can be further increased by exposure
to allergens (Kharitonov et al. 1995). Exhaled NO is recognized as a suitable
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biomarker to guide asthma treatment (Smith et al. 2005). The majority of this is
believed to come from iNOS, and consistent with that, selective iNOS inhibitor
GW274150 was shown to decrease exhaled NO in asthma patients in a dose-
dependent manner to a maximum inhibition of >90% and persisting over 24 h
when dosed once daily. Acute animal model studies with GW274150 showed
inhibition of the late asthmatic response to allergen in guinea pigs similar to that
of prednisolone, along with inhibition of exhaled NO, and inhibition of airway
hyper-responsiveness in sensitized and challenged mice. Furthermore, GW274150
was active in some other models of lung inflammation in mice and rats. On the basis
of these results, GW274150 was taken into a clinical trial in atopic asthma, looking
at the responses to an allergen challenge. Although the expected inhibition by
GW274150 of exhaled NO was observed, this was not accompanied by any benefit
on the endpoints of early or late airway response, airway responsiveness to
methacholine or AMP, or airway inflammation (Singh et al. 2007). This puts into
question the acute animal models of asthma that were current at the time, and indeed
studies in more chronic, complex allergen models showed a lack of beneficial effects
consistent with the clinical findings (Evans et al. 2012; Mercer et al. 2015). Another
compound, the prodrug L-NILTA, showed efficacy against allergen challenge in rats
(Eynott et al. 2002) and moved on to a double-blind, placebo-controlled study
monitoring exhaled NO in asthmatics. This compound reduced exhaled nitric
oxide in asthma patients and also resulted in some depression of basal levels in
healthy volunteer controls (Hansel et al. 2003). Subsequently, the drug appears to
have been discontinued amid rumors of animal toxicity observed with the parent
compound. Overall it seems that selective inhibition of iNOS is unlikely to provide
benefit in asthma.

A preclinical case was also made for selective inhibition of iNOS in migraine,
including efficacy in models of pain, but clinical studies with GW274150 (for
migraine prophylaxis) and GW273629 (for acute migraine treatment) (Van der
Schueren et al. 2009; Høivik et al. 2010; Hoffmann and Goadsby 2012; Barbanti
et al. 2014) were convincingly negative.

The experience of testing selective iNOS inhibition in rheumatoid arthritis is
somewhat similar; again, a preclinical case was made for this, resulting in progres-
sion into a clinical study with GW274150 (Cuzzocrea et al. 2002; Seymour et al.
2012). Although there were some beneficial trends in the GW274150 arm after
28 days dosing, they did not achieve statistical significance, in contrast to the
positive control arm on prednisolone.

Similarly, a substantial body of work with iNOS inhibitors in vitro and in vivo
supported the hypothesis that iNOS inhibition could be therapeutic in osteoarthritis
(OA). Cindunistat (SD6010) was tested in a 2-year, multinational, double-blind,
placebo-controlled trial, which enrolled 1,457 patients with symptomatic knee OA
randomly assigned to cindunistat (50 or 200 mg/day) or placebo (Hellio le
Graverand et al. 2013). Cindunistat did not slow the rate of Joint Space Narrowing
(JSN) versus placebo overall. After 48 weeks, a subset of patients showed less JSN;
however, the improvement was not sustained at 96 weeks. Thus, the loss of efficacy
over time and lack of effect in more advanced OA patients suggest that alternative
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biochemical catabolic pathways overcame the effects of NO inhibition and/or that
the consequences of the increased intra-articular stress may not have been amenable
to iNOS inhibition alone. It was not reported as to what degree of iNOS inhibition
was achieved with 50 or 200 mg/day, either initially or on long-term dosing, so it
could be that this was not sufficient or long-lasting enough to achieve efficacy. No
further development of cindunistat has been reported.

AR-C102222, exhibited excellent efficacy in animal models of inflammation and
arthritis following oral administration. AR-C102222 reduced plasma nitrate in
LPS-treated rats and in adjuvant induced arthritis it was shown to be effective at
reducing the onset and severity of symptoms and prevented the development of
structural changes in the joints of these animals (Tinker et al. 2003). This is not an
ideal model of human joint disease, not least because indomethacin is effective
whereas it has little benefit in human arthritic disease. However, the results were very
encouraging that iNOS inhibitors would be of great potential for therapeutic benefit
in rheumatoid or osteoarthritis. Particularly when, in addition, AR-C102222 was
found to abrogate a cytokine induced decrease in aggrecan production by human
chondrocytes (Johnston et al. 2004). Apart from being effective in rodent models of
joint disease this iNOS selective inhibitor also alleviated neuropathic and inflamma-
tory pain in independent studies conducted by Adolor Corporation (LaBuda et al.
2006) In other work AR-C102222 has also been shown to ameliorate experimental
pancreatitis and modulate gallbladder sphincter function (Sandstrom et al. 2004,
2005; Woods et al. 2007). In the studies from Adolor (LaBuda et al. 2006) it is noted
that the inhibitor led to some reduction in motor activity in the experimental animals,
and ultimately further concerns about reactivity with glutathione (Cheshire et al.
2011) prevented inhibitors from this series proceeding into clinical studies.

4.3 Cancer

The role of NO in tumor biology is complex (Vamvakas and Schmidt 1997). The
immune system is normally the body’s first defense against threats like cancer.
However, sometimes cancer cells produce signals like programmed death-1 (PD-1)
that prevent the immune system from detecting and killing them. Pembrolizumab
blocks PD-1 so the immune system can detect and attack cancer cells. Most patients
do not, or only incompletely, respond to PD-1 inhibitors due to cancer-related
immunosuppression. The presence of nitric oxide synthase in the area around the
cancer cells blocks the cancer-fighting ability of the immune system. In cancer,
iNOS product, nitric oxide, is associated with the establishment of an immunosup-
pressive environment and poor survival due to increased tumor aggressiveness
(Davila-Gonzalez et al. 2018). To help further boost the cancer-fighting ability of
the immune system, L-NMMA is tested along with pembrolizumab. Thus, the use of
L-NMMA and Pembrolizumab together may augment the immune response against
cancer cells. Recently, L-arginine-derived NOS inhibitors, such as tilarginine, have
been employed as potentially synergistic adjuncts to other candidate compounds to
treat cancers when combined with the anti-PD-1 monoclonal antibody
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pembrolizumab (Merck & Co.’s Keytruda), again as a blood flow disruptor
(NCT03236935; Phase Ib). The purpose of this Phase Ib study is to test the safety
of L-NMMA and pembrolizumab when used together in participants with melanoma,
non-small cell lung cancer (NSCLC), head and neck squamous cell carcinoma
(HNSCC), classical Hodgkin lymphoma (cHL), urothelial carcinoma, or microsatel-
lite instability-high (MSI-H)/mismatch repair deficient (dMMR) cancer (Tables 1
and 2).

In an interesting work from the group of Weinberg at Duke University, following
up a previous observation that non-selective NOS inhibitors induced apoptosis in
cultured CLL (chronic lymphocytic leukemia) cells a positive correlation was
observed between potency of nNOS inhibition (but not NOS2 inhibition) and the
ability to induce cell death and apoptosis in these cells (Levesque et al. 2008). AR-R
17477 was identified as the most potent nNOS inhibitor in the study and the most
effective at inducing cell death. The compound increased Caspase 3 expression and
Annexin V binding suggesting the inhibitor was, indeed, inducing apoptosis. At the
time of this study the incidence of CLL in the USA was not considered high enough
to pursue the effect as a treatment solely for a sub-set of leukemias. However, in
more recent times the incidence (though not the morbidity) of CLL has risen
considerably. In light of this and the move toward more personalized and targeted
therapy this unique application of nNOS inhibitors could, perhaps, be re-addressed.

4.4 Neuroprotection

In traumatic brain injury, ronopterin is the only and first NOS inhibitor to be
clinically investigated. In a phase IIa study (NOSTRA, NCT02012582), ronopterin
showed a significant improvement in clinical outcomes, however, induced acute
renal failure that was dose-related (Stover et al. 2014). The effect of this compound
on renal function was then examined in healthy volunteers (NCT02992236),
showing a pharmacodynamic inhibitory effect on renal perfusion that was reversible
(Ott et al. 2019). Now, a Phase III clinical trial to test the efficacy of this drug in
patients with moderate and severe traumatic brain injury (NOSTRA-III,
NCT02794168) (Tegtmeier et al. 2020b) is ongoing.

In ischemic stroke, inhibition of nNOS seems a potential neuroprotective therapy
(Casas et al. 2019), however, has not been tested clinically so far. Preclinical studies
with nNOS knockout animals or selective nNOS inhibitors show promising results
in stroke (Huang et al. 1994; Willmot et al. 2005; Kleinschnitz et al. 2016).
Examples of these compounds include 7-NI (Nanri et al. 1998), TRIM (Haga et al.
2003), BN 80933 (Chabrier et al. 1999), and ARL17477 (O’Neill et al. 2000). Also,
Reif et al. provide a general overview of this class of inhibitors showing some of
their potency as nNOS/NOS1 inhibitors, selectivity toward eNOS/NOS3 and iNOS/
NOS2 and basic pharmacology and pharmacokinetics (Reif et al. 2000). The hetero-
cyclic, thiene-substituted amidine compound, ARL17477, demonstrated
neuroprotection when reducing infarct volume in a transient ischemia model in
rats (Zhang et al. 1996) and toward hypothermic circulatory arrest in dogs (Tseng
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et al. 1999). The ischemic model showed an inverted dose curve that Reif et al.
suggest may be due to inhibition of eNOS (NOS3) at the higher doses.

The indirect inhibition of nNOS-induced NO production by using PSD-95
inhibitors has reached clinical trial stage. However, it is not known yet whether
the efficacy of PSD-95 inhibition is superior to direct nNOS inhibition (Kleinschnitz
et al. 2016). Indeed, infusion of Tat-NR2B9c (NA-1 or nerinetide), a PSD-95
inhibitor, resulted in fewer ischemic infarcts in patients with iatrogenic stroke
compared to placebo in a small trial (NCT00728182) (Bruder 2012; Hill et al.
2012; Matsumoto 2013). Another trial for nerinetide (NCT02930018) has been
completed with no better clinical outcomes in acute ischemic stroke patients.
However, a subgroup analysis of patients not treated with alteplase showed that
nerinetide was associated with improved outcomes compared to placebo (Hill et al.
2020). A third trial for nerinetide is ongoing (NCT02315443) and a fourth one has
been withdrawn (NCT02056574).

The nNOS and iNOS inhibitor, 2-iminobiotin, has also reached the clinical trial
stage for hypoxic brain injury. Neurophyxia B.V. has been recruiting patients for a
Phase II study to prevent hypoxic brain injury in patients with out-of-hospital cardiac
arrest (NCT02836340) using an intravenous administration within 6 h after the
event. The current status of the trial is unknown (Zitta et al. 2017; van Hoogdalem
et al. 2019; Biselele et al. 2020; Favié et al. 2020).

5 Conclusions

One major conclusion from studying iNOS/NOS2 inhibition preclinically and clini-
cally is that the animal models have performed poorly in predicting outcomes in
human clinical trials despite diligent attempts to match the preclinical and clinical
characteristics and endpoints. One reason for this might be due to the difference in
inducibility and the relevance of NOS2 between rodents and humans (Rico et al.
2007). In some cases, this is being addressed by evaluating more chronic, complex
models; in other instances, it may be feasible to develop human/animal hybrid
models, or to make greater use of more sophisticated in vitro human models with
multiple cell types and/or matrices (Mercer et al. 2015). This makes the question of
which NOS to target in which clinical indication particularly challenging. Four
persistent questions remain after this massive international industry effort:
(1) Were the previously chosen indications the best opportunities for iNOS/NOS2
inhibition? (2) Was the degree of inhibition sufficient to test the hypothesis fully?
(3) Should iNOS/NOS2 inhibition be combined with other therapeutics/targets,
i.e. for network pharmacology (Casas et al. 2019)? (4) Are there ways of selecting
sub-populations of “responders to iNOS inhibition,” i.e., mechanistic
endophenotyping? With respect to nNOS/NOS1 inhibition the situation is probably
more optimistic. Here acute indications were chosen, such as traumatic brain injury
and stroke, with a dramatic phenotype and presumably uniform pathomechanism
preserved in different species (Casas et al. 2017, 2019) so that preclinical animal
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models are likely to be more predictive. With respect to eNOS inhibition, the advice
is clear: leave it alone or else stimulate it!
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Abstract

Xanthine oxidase inhibitors are primarily used in the clinical prevention and
treatment of gout associated with hyperuricemia. The archetypal xanthine oxidase
inhibitor, Allopurinol has been shown to have other beneficial effects such as a
reduction in vascular reactive oxygen species and mechano-energetic uncoupling.
This chapter discusses these properties and their relevance to human pathophysi-
ology with a focus on Allopurinol as well as newer xanthine oxidase inhibitors
such as Febuxostat and Topiroxostat.

K. Vickneson · J. George (*)
Ninewells Hospital, Dundee, Scotland, UK
e-mail: j.george@dundee.ac.uk

# Springer Nature Switzerland AG 2020
H. H. H. W. Schmidt et al. (eds.), Reactive Oxygen Species,
Handbook of Experimental Pharmacology 264, https://doi.org/10.1007/164_2020_383

205

http://crossmark.crossref.org/dialog/?doi=10.1007/164_2020_383&domain=pdf
mailto:j.george@dundee.ac.uk
https://doi.org/10.1007/164_2020_383#DOI


Graphical Abstract

XDH XO

X + H2O2/O2
.-

XOi

Ca2+

SH oxidation
Protease

O2 + HX

UA + H2O2/O2
.-O2 + X

Ischemia/Hypoxia

XOR

X + NADHNAD+ + HX

UA + NADHNAD+ + X

Xanthine oxidase (XO) and xanthine dehydrogenase (XDH) are collectively referred
to as xanthine oxidoreductase (XOR). XDH is initially synthesised as a 150-kDa
protein from which XO is derived, e.g. under conditions of ischemia/hypoxia either
reversibly by conformational changes (calcium or SH oxidation) or irreversibly by
proteolysis, the latter leading to formation of a 130-kDa form of XO. Both, XO and
XDH, catalyse the conversion of hypoxanthine via xanthine to uric acid, the former
by using oxygen forming superoxide and hydrogen peroxide and the latter NAD+.
However, XDH is in principle also able to generate ROS.

Keywords

Antioxidants · Endothelial dysfunction · Oxidative stress · Uric acid · Xanthine
oxidoreductase

1 Urate and Xanthine Oxidoreductase

Urate is a heterocyclic purine derivative. In humans and some primates, it is the final
product of purine breakdown. The majority of urate is filtered through the kidney
(60–70%) and at least 90% of this is re-absorbed through the GLUT9 and URAT1
anion transporters. Humans lack a functional uricase gene that is present in most
other lower mammals. Uricase further oxidises urate into water-soluble allantoin
(Chen et al. 2016).

Urate is thought to exert opposing actions on ROS extracellularly versus intracel-
lularly. Circulating urate is thought to contribute to 70% of all free radical scaveng-
ing capability of plasma. It is an effective scavenger of carbon-centred radicals and
peroxylradicals (Waring 2002). For example, it reacts with peroxynitrite (ONOO�)
to release nitric oxide (NO) and therefore induce vasodilatation (Skinner et al. 1998).
However, under hydrophobic conditions, it can accelerate the oxidation of LDL,
increased monocyte-chemoattractant protein (MCP)-1, high sensitivity C-reactive
protein and inflammatory interleukins (Bagnati et al. 1999). Therefore, it is thought
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that overall, hyperuricaemia contributes to the progression of CV disease because of
the overwhelming oxidant property of urate (Chen et al. 2016) as well as the free
radical by-products of its formation (George and Struthers 2008) (see below).

Xanthine oxidoreductase (XOR) is part of a group of enzymes known as the
molybdenum iron-sulphur flavin hydroxylases. It was first discovered in milk by
Schardinger in 1902 (Berry and Hare 2004) and is thought to be involved in
reactions that produce reactive oxygen species (ROS) such as nitrite which enable
newborn infants to overcome gut-associated bacterial gastroenteritis (Hancock et al.
2002; Stevens et al. 2000). XOR is widely distributed throughout various organs
including the liver, gut, lung, kidney, heart, brain and plasma (Pacher et al. 2006)
with the highest levels being found in the gut and the liver (Parks and Granger 1986).
In the myocardium, it is localised to the capillary endothelial cells (Cicoira et al.
2002). The gene encoding for XOR is located at the short arm of chromosome
2 (Ichida et al. 1993). It exists in two interconvertible forms known as xanthine
oxidase (EC 1.1.3.22) and xanthine dehydrogenase (EC 1.17.1.4) (Della Corte et al.
1969). Both enzymes consist of two identical subunits of 145 kDa.

The mechanism by which XOR catalyses hypoxanthine and xanthine conversion
is complex and has been previously described in detail (Berry and Hare 2004; Hille
and Massey 1981). A fully reduced XO contains six electrons, and its re-oxidation
involves electron transfer to oxygen molecules which generates two H2O2 and two
O2

� species (Hille and Massey 1981) for every fully reduced XO molecule. It is
interesting to note that XDH can theoretically produce more O2

� per mole of oxygen
during NADH oxidisation than XO. Along with NADPH oxidase, it is a major
generator of ROS in the human.

2 Allopurinol

Allopurinol (C5H4N4O) is the archetypal and longest established XO inhibitor in
clinical use. It is a weak acid with a dissociation constant (pKa) of 9.4. It has a
molecular mass of 136.11 g/mol. It is rapidly converted to oxypurinol by aldehyde
oxidoreductase. While allopurinol is an analogue of hypoxanthine, oxypurinol
(or alloxanthine) is an analogue of xanthine (Day et al. 2007). Oxypurinol is much
more lipid soluble than allopurinol (octanol/water partition coefficient 14 vs. 0.28 for
allopurinol) (Day et al. 2007).

2.1 Pharmacokinetics

Approximately 90% of allopurinol is absorbed from the gastrointestinal tract. It is
rapidly absorbed and reaches peak plasma concentrations within 30–60 min (Pea
2005) following oral administration. It is rapidly metabolised to its active metabolite
oxypurinol. For every 100 mg oral dose of allopurinol, 90 mg of oxypurinol is
formed (Day et al. 2007). When given orally, oxypurinol has a lower bioavailability
than allopurinol. An early pharmacokinetics study showed that 300 mg of
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allopurinol produced a slightly higher plasma levels than 600 mg of oral oxypurinol
(Elion et al. 1968). Allopurinol has a short half-life in plasma between 2 and 3 h and
has negligible protein binding. It has an apparent volume of distribution of 1.2 to
2.2 L/kg in healthy volunteers (Day et al. 2007). The renal clearance of allopurinol is
1.54 mL/min/kg (Day et al. 2007). Oxypurinol is detected in plasma 15–20 min after
an oral dose of allopurinol, reaches peak plasma levels in 3–4 h (Guerra et al. 2001)
and has a much longer plasma half-life between 14 and 30 h because it is reabsorbed
in the proximal tubule of the kidney (Pea 2005). It is responsible for much of the
hyperuricaemic action of allopurinol. It is excreted almost entirely unchanged in
urine. Therefore the renal clearance of oxypurinol is therefore the most important
aspect of the clinical pharmacokinetics of allopurinol (Day et al. 2007). Patients
treated with allopurinol excrete 70% of the dose as oxypurinol and only 10% as
allopurinol which indicates that the vast majority of allopurinol is converted to
oxypurinol (Elion et al. 1966). Thus, the major route of allopurinol elimination is
via oxidation to oxypurinol (Turnheim 1999). Turnheim et al. showed that although
allopurinol elimination is not reduced in the aged, the elimination of its metabolite
oxypurinol is reduced due to age-related reduction in renal function (Turnheim
1999).

The mechanism of XO inactivation by oxypurinol was determined by Massey
et al. (Massey et al. 1970). Oxypurinol strongly binds at the active site of XO,
resulting in the reduction of MoVI to MoIV. Its inhibition is time-dependent, and it is
important to maintain an effective concentration of the inhibitor as spontaneous
oxidation back from MoIV to MoVI will result in concomitant recovery of enzyme
activity. It is an excellent substrate with a Vmax which is sixfold faster than xanthine.
The mechanism of oxypurinol inhibition of its own production has been termed
“suicidal” (Spector 1977). In a healthy individual with a creatinine clearance of
120 mL/min, the clearance of oxypurinol is 23 mL/min. As oxypurinol is a small
molecule that is not bound to plasma proteins, it is freely filtered at the glomerulus
(Elion et al. 1968)

2.2 Dose-Response Studies

Dose-response studies of the hyperuricaemic effect of allopurinol suggest that this
increases relatively little with increasing doses of the drug (Day et al. 2007). The

Table 1 Steady-state oxypurinol concentration in healthy volunteers (adapted from Ref. (Graham
et al. 1996))

Allopurinol dose (mg) Oxypurinol concentration (mg/L) [approx concentration in mmol/L]

50 1.77 � 1.59 [0.01]

100 2.67 � 1.59 [0.02]

300 5.59 � 1.5 [0.04]

600 9.56 � 1.92 [0.07]

900 12.21 � 2.13 [0.09]
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EC50 for allopurinol has been calculated as 5.6 � 1.3 mg/L, which is identical to the
trough level for the 300 mg/day dose (5.6 � 0.6 mg/L). The steady-state oxypurinol
concentration over a dose range of 50-900 mg allopurinol/day is shown in Table 1.

The oxypurinol concentration in steady-state was found to increase in a linear
fashion up to the 600 mg/day dose of allopurinol. The concentration of oxypurinol
did not increase proportionally between 600 mg/day and 900 mg/day (Graham et al.
1996) suggesting that tubular reabsorption of oxypurinol may be saturated at higher
doses. The other possible explanation could be the saturation of xanthine oxidase,
but this is unlikely as Spiekermann et al. (Spiekermann et al. 2003) have recently
shown that complete inhibition of plasma XO activity in vivo requires an oxypurinol
concentration of 1 mmol/L. Beneficial effects seen with higher dose could then be
related to other effects of allopurinol. Although it is tempting to relate the efficacy of
allopurinol to the degree of urate lowering it produces, there are many more factors
that contribute to urate levels such as exogenous contributions from diet, endoge-
nous production as well as renal function.

2.3 Pharmacodynamics

Allopurinol is generally safe and well tolerated since it was introduced into clinical
practice 40 years ago. By the end of the 1980s, more than five million patient years
of treatment and over 240 million doses had been prescribed (Vazquez-Mellado et al.
2001). Common adverse effects of allopurinol are gastrointestinal disturbance,
hypersensitivity reactions (up to 8% of patients, sometimes occurring months to
years after commencing medication) and skin rash (Committee 2007). In a study by
McInnes et al., 6.2% of hospitalised patients monitored in a drug surveillance
programme received allopurinol. After the exclusion of skin reactions, the most
frequent reactions found were haematological abnormalities (0.6%), diarrhoea
(0.3%) and pyrexia (0.3%). These adverse effects were found to be dose-related
(McInnes et al. 1981). The rare allopurinol hypersensitivity syndrome (fever, rash,
vasculitis, eosinophilia and renal failure) occurs in 0.4% of patients but can have a
mortality of up to 25% (Gutierrez-Macias et al. 2005). It has been recently discov-
ered that the HLA-B*5801 allele is a very significant risk factor for the allopurinol
hypersensitivity syndrome (Hung et al. 2005) in Chinese patients. Whether or not
this allele confers the same risk to other populations is yet to be known.

Clinically significant interactions between allopurinol and the endogenous
purines mercaptopurine and azathioprine have been reported. As mentioned earlier,
the initial discovery of allopurinol was as an agent to potentiate the anti-tumour
effects of mercaptopurine so it is unsurprising that mercaptopurine levels are aug-
mented by allopurinol because it is metabolised by XO into inactive metabolites (Pea
2005). Allopurinol enhances the anticoagulant effect of warfarin and increases the
plasma concentration of didanosine, ciclosporin and theophylline (Committee
2007). The risk of allopurinol hypersensitivity syndrome is increased in elderly
patients on thiazide diuretics (Schlesinger 2004) and ampicillin (Vazquez-Mellado
et al. 2001) Both allopurinol and urate are removed by dialysis (Day et al. 2007).
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2.4 Indirect Antioxidant Action (XO-Inhibition Mediated)

Allopurinol has also been shown to normalise endothelial dysfunction in individuals
with Type 2 diabetes with mild hypertension and reduced plasma malondialdehyde
(MDA) levels (Butler et al. 2000). MDA results from acid hydrolysis of lipid
peroxides which are formed by free radical attack on plasma lipoproteins. It is
therefore used as an indirect measure of oxidised LDL.

In the experimental murine myocardial infarction model, allopurinol significantly
attenuated LV dilatation, hypertrophy, fibrosis and dysfunction. Once again, XO
expression (as determined by electron spin resonance spectroscopy) and myocardial
ROS generation were markedly increased in the post-MI ischemic model
(Engberding et al. 2004). This suggests a role for allopurinol in LV remodelling, a
possibility that we are investigating at present in our unit. Allopurinol has also been
shown to be beneficial in conditions such as post coronary artery bypass surgery
where it reduced ischemic events and produced less ST segment depression (Sisto
et al. 1995) as well as in hypercholesterolaemic patients (Cardillo et al. 1997).
Animal studies in other conditions such as diabetic retinopathy have yielded similar
results both in terms of indirect and direct (see below) action of allopurinol.
Allopurinol significantly improved the b-wave amplitude on electroretinography as
well as 8-isoprostanes, a biomarker of ROS formation. Despite lowering urate to a
similar degree, Benzobromarone did not result in any beneficial effect (Goharinia
et al. 2017).

A recent placebo-controlled clinical trial (n ¼ 100) in patients with acute coro-
nary syndrome (ACS) showed early (1 month) reduction of markers of oxidative
stress malondialdehyde (MDA), oxidised LDL. This reduction was sustained for up
to 2 years (Huang et al. 2017).

Allopurinol in chronic heart failure (CHF) was assessed by Doehner et al.
(Doehner et al. 2002) and by Farquharson et al. (Farquharson et al. 2002). Doehner
et al. showed that the degree of improvement in forearm blood flow correlated with
the degree of urate lowering. Interestingly, they also measured allantoin, a marker of
oxygen free radical generation, which was reduced by 20% following 300 mg/day
allopurinol. Farquharson et al. (Farquharson et al. 2002) from our unit found a 181%
change in forearm blood flow with 300 mg allopurinol. They also found a 33%
reduction in plasma MDA levels in patients treated with 300 mg allopurinol
suggesting that the improvement in endothelial function and NO bioavailability
seen was due (at least in part) to a reduction of ROS. Allopurinol also reduced
B-type Natriuretic peptide (BNP) in stable CHF patients, although the reduction did
not correlate with the fall in urate (Gavin and Struthers 2005). Uric acid also directly
inactivates NO (Gersch et al. 2008), and therefore allopurinol may increase NO
bioavailability through this indirect pathway also.

Our group demonstrated, for the first time, the antioxidant effect of high-dose
allopurinol in reducing vascular oxidative stress. We studied patients with chronic
heart failure and found that the effect of allopurinol on endothelial vascular function
was due to xanthine oxidase inhibition and not urate lowering (George et al. 2006).
We also demonstrated that there was a steep dose-response curve with high dose
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allopurinol (600 mg/day) significantly better than standard dose (300 mg/day) in this
respect. At high dose, allopurinol completely negated the benefits seen with high
dose intra-arterial vitamin C infusions (Fig. 1). This is further strengthened by
evidence that the beneficial effect of vitamin C co-infusion in patients with CHF
was greatest in patients with the highest levels of oxidative stress as measured by
extracellular SOD (ecSOD) (Landmesser et al. 2002) and XO activity.

This finding has been further confirmed by two other studies in coronary artery
disease (Rajendra et al. 2011) and heart failure (Ogino et al. 2009) and is now widely
accepted as a possible mechanism for the benefits seen with allopurinol. Our group
has also previously demonstrated that high-dose (but not low-dose) allopurinol
reduced oxidised LDL, further confirming allopurinol’s antioxidant impact. How-
ever, as xanthine oxidase is significantly upregulated in acute ischemia or inflamma-
tion (Spiekermann et al. 2003) and otherwise constitutionally is expressed at low
levels (Panus et al. 1992), there remains doubt that treating high-risk stable patients
with long-term high-dose allopurinol will provide any benefit at all. Large ongoing
trials such as ALL-HEART are seeking to address this question (Mackenzie et al.
2016). The biology of XO suggests that allopurinol is most beneficial in the acute
ischaemia/reperfusion/inflammation setting rather than the chronic stable setting.

The other possible explanation which also relates to urate and superoxide forma-
tion is that in patients with low baseline oxidative stress, there are proportionately
more urate (a known antioxidant) molecules to combat oxidative stress. In patients
with high background or ischemia-induced oxidative stress however, inhibition of
XO will reduce proportionately more superoxide (due to the cascade formation of
superoxide). The reduction in urate with allopurinol may be an unfortunate price to
pay, and the system may already be overwhelmed at this stage. This is supported by
evidence in rat myocardium where the magnitude of functional improvement seen
with XO inhibitors was dependent on the initial level of XO activity (Kogler et al.
2003). In chronic diseases such as CHF, sustained high levels of ROS may exceed
the capacity of cellular enzymatic and non-enzymatic antioxidants (Deanfield et al.
2007) to counter its effects. Using electron spin resonance, Spiekermann et al.
demonstrated that both NADPH oxidase and xanthine oxidase are upregulated in

Fig. 1 Absolute forearm blood flow data for acetylcholine (50, 100 nmol/min) + vitamin C 25 mg/
mL vs acetylcholine alone for – placebo, 300 mg allopurinol and 600 mg allopurinol (mean� SEM)
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patients with coronary artery disease (Spiekermann et al. 2003). Others have
demonstrated increased levels in CHF (Landmesser et al. 2002; Amado et al. 2005).

2.5 Direct Antioxidant Action

Allopurinol directly scavenges free radicals as demonstrated by Das et al. and others
(Das et al. 1987; Hoey et al. 1988; Ricardo et al. 1995) in in vitro hearts where
evidence of free radical scavenging occurred in the absence of XO activity. Further
evidence for a possible direct antioxidant effect of allopurinol comes from models of
experimental colitis where tungsten (a potent XO inhibitor) failed to improve
symptoms whereas allopurinol did (Keshavarzian et al. 1990). Augustin et al.
suggested that this direct effect was only seen at higher doses (Augustin et al.
1994). This was also seen in mice paracetamol toxicity models where lower doses
(sufficient to block XO activity) of allopurinol failed to show antioxidant protection
but higher doses did (Knight et al. 2001). There have been other non-XO effects of
allopurinol suggested such as copper chelation, preventing LDL oxidation as
described above (Malkiel et al. 1993), inhibition of heat shock protein (hsp) expres-
sion (Nishizawa et al. 1999) and calcium sensitisation (below). Allopurinol treat-
ment reduces early changes in inflammation such as leukocyte activation by
reducing adherence, rolling and extravasation (Granger et al. 1989). Similarly,
animal studies in global cerebral ischemia-reperfusion have demonstrated that the
ROS lowering effect of allopurinol was not related to its XO inhibition activity but
rather due to its direct free radical scavenging activity. This was not evident with
febuxostat (Yamaguchi et al. 2015).

Animal studies in experimentally induced uveitis show that at very high doses
(up to 50 mg/kg), allopurinol behaves as a free radical scavenger with intrinsic
antioxidant properties. Crucially, this was only achieved far beyond the XO inhibi-
tion dose of 10 mg/kg and not at that dose itself.

2.6 Mechano-energetic Uncoupling

This phenomenon refers to an imbalance between left ventricular performance and
myocardial energy consumption (Kittleson and Hare 2005). The role of XO inhibi-
tion may either be to maintain cardiac output while reducing myocardial oxygen
consumption or even to increase cardiac output without increasing myocardial
oxygen consumption. In dogs with pacing-induced heart failure, allopurinol
improved myocardial contractility, efficiency in oxygen utilisation, prevented
increases in systemic vasoconstriction and ameliorates reductions in myocardial
contractility (Amado et al. 2005; Ekelund et al. 1999; Saavedra et al. 2002). In
murine post-ischaemic cardiomyopathy models, allopurinol attenuated the increase
in end-systolic and end-diastolic volumes (Naumova et al. 2006), increased survival,
augmented ventricular function as well as reduced products of lipid peroxidation
(Stull et al. 2004).
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Khan et al. found a direct protein-protein interaction between XO and neuronal
NOS in the sarcoplasmic reticulum of cardiac myocytes (Khan et al. 2004). Allopu-
rinol improved myofilament calcium sensitivity as contraction force increases with-
out a concomitant rise in systolic Ca2+ influx. The effects were not seen in
endothelial NOS-deficient mice suggesting a role for neuronal NOS preventing
XO inhibition of cardiac excitation-contraction coupling (Khan et al. 2004). The
finding that allopurinol is a potent myofilament Ca2+ sensitizer, particularly in the
setting of ischaemia, is thought to be due to the inhibition of basal XO production.
As with the previous study by Khan et al., Perez et al. found an almost exclusive
increase in force generation without a lowering of inward transient Ca2+ (Perez et al.
1998).

Despite the small sample size (n ¼ 9), Cappola et al. showed using cardiac
catheterisation that direct intra-coronary infusions of allopurinol in these patients
resulted in a marked decrease in myocardial oxygen consumption (MVO2) with no
decrease in the rate of left ventricular pressure rise (dP/dT), stroke work or ventricu-
lar load (Cappola et al. 2001). Patients post-CABG given allopurinol have also been
shown to require less inotropic support (Sisto et al. 1995).

As alluded to earlier, the most potent ROS-generating systems are the NADPH
oxidase and xanthine oxidase enzymes, and angiotensin II is the most potent inducer
of NADPH oxidase (Griendling et al. 1994; Harrison et al. 2003). However, as we
have previously demonstrated, patients already on an ACE inhibitor or an AT1
receptor blocker still derive improvement in vascular function from XO inhibition
suggesting that there is still a significant level of oxidative stress present even in
patients who are optimally treated with current evidence-based treatments (George
et al. 2006). These actions are summarised in Fig. 2.

3 Febuxostat

3.1 Pharmacokinetics

Febuxostat (2-(3-cyano-4-[2-methylpropoxyl]phenyl)-4-methylthiazole-5-carbox-
ylic acid) is a thiazolecarboxylic acid derivative, selective for inhibition of both
the oxidised and reduced forms of xanthine oxidase, and does not resemble a purine
or pyrimidine (Ernst and Fravel 2009). Febuxostat has selective affinity for both the
oxidised and reduced forms of xanthine oxidase, with an in vitro inhibition (Ki)
value of<1 nM (mean [SD], 1.2 [0.05] � 10�10) (Takano et al. 2005). The drug has
an oral bioavailability of 85% (Kamel et al. 2017), achieves maximum plasma
concentration in approximately 1.5 h and has a mean elimination half-life varying
between 1.3 and 15.8 h (Khosravan et al. 2006). Febuxostat is mainly metabolised
via glucuronidation (22–44% of the dose) and oxidation (2–8%) with only 1–6% of
the dose being excreted unchanged via the kidneys (Khosravan et al. 2006). There-
fore renal function is not a key determinant in its use. It is now recognised that
Febuxostat is at least as effective as allopurinol in urate reduction (Faruque et al.
2013).
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Data on the antioxidant effects of febuxostat are conflicting. Theoretically, it is a
better antioxidant agent as inflammatory/hypoxic conditions upregulate tissue XO
expression which results in sequestration and immobilisation of XO by endothelial
glycosaminoglycans (GAG) . Immobilised GAG-bound XO is resistant to allopuri-
nol but not febuxostat (Malik et al. 2011). Detailed crystallography studies revealed
that febuxostat reaction with XO is confined to critical amino acid residues in the
tunnel leading to the Mo cofactor, where it effectively blocks substrate access to the
active site (Okamoto and Nishino 2008). Thus, febuxostat should not be affected by
enzyme redox state and interaction with XO should not induce ROS formation
(Malik et al. 2011).

Animal models of renal ischemia-reperfusion have demonstrated amelioration of
ROS and therefore tubular injury and interstitial fibrosis by febuxostat (Tsuda et al.
2012). In studies using streptozocin-induced diabetic rat model, febuxostat reduced
both urinary 8-OHdG, significantly decreased renal infiltration of macrophages
resulting in reduced oxidative stress, transcription levels of inflammatory genes
(E-selectin and VCAM), inflammation-induced enzymes (COX-2), inflammatory
mediators (NF-kB) and renal cortical nitrotyrosine. This suggests a possible thera-
peutic effect for febuxostat in slowing deterioration of kidney function in the setting
of diabetic nephropathy (Lee et al. 2014).

In small studies of patients with gout, febuxostat has been shown to have superior
effects on oxidative stress and pulse wave velocity compared to low-moderate dose
allopurinol (Tausche et al. 2014). In a study of haemodialysis patients, febuxostat
was shown to significantly reduce high-sensitivity CRP and asymmetric
dimethylarginine (ADMA) levels and improve endothelial dysfunction (reduced
ADMA-mediated eNOS inhibition) compared to placebo (Alshahawey et al.
2017). Furthermore, the increase in ADMA levels and inhibition of nitric oxide
production seen with proton pump inhibitors (PPI’s) has been shown to be blunted
by febuxostat (Pinheiro et al. 2016). Febuxostat has also been shown to reduce other
markers of oxidative stress such as oxidised LDL and EPA/AA (eicosapentaenoic
acid/arachidonic acid) ratio (Sezai et al. 2013).

However when the impact of antioxidant defence is studied, febuxostat seems to
reduce both biological antioxidant potential (BAP) and ROS metabolites
(derivatives of reactive oxygen metabolites (d-ROMs) in equal measure (Fukui
et al. 2015). In a study of obese adults with Type 2 diabetic nephropathy, febuxostat
showed no effect on adipose tissue thiobarbituric acid reducing substances (TBARS)
and adiponectin concentrations (Beddhu et al. 2016).

Recent large multi-centre trials of febuxostat have been reported showing mixed
effects. The febuxostat for Cerebral and Cardiorenovascular Events Prevention
Study (FREED) trial (Kojima et al. 2019) met its primary composite cardiovascular
endpoint, but this was driven by a reduction in progression to renal dysfunction.
There was no evidence of cardiovascular or cerebrovascular event rate reduction
with febuxostat. This latter finding is consistent with the findings of the CARES
(Cardiovascular Safety with Febuxostat vs Allopurinol) trial (White et al. 2018)
which demonstrated no beneficial effect of febuxostat on cardiovascular events and
in fact demonstrated that all-cause mortality and cardiovascular mortality were
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higher with febuxostat than with allopurinol (hazard ratio for death from any cause,
1.22 [95% CI, 1.01 to 1.47]; hazard ratio for cardiovascular death, 1.34 [95% CI,
1.03 to 1.73]). However, as Choi et al. point out, the use of non-XOI or placebo
group is needed to determine whether the results of the CARES trial were due to the
beneficial effects of allopurinol or the deleterious effects of febuxostat (Choi et al.
2018). Other ongoing trials such as Febuxostat versus Allopurinol Streamlined Trial
(FAST) may provide some clarity to this issue.

3.2 Mechano-energetic Uncoupling

In a trial of hyperuricaemic patients undergoing cardiac surgery (NU-FLASH trial)
comparing febuxostat with low-dose (300 mg) allopurinol, patients in the febuxostat
arm showed significant reductions in systolic blood pressure, pulse-wave velocity
and LV mass index compared to allopurinol (Sezai et al. 2013).

4 Topiroxostat

Topiroxostat [4-[5-(4-Pyridinyl)-1H-1,2,4-triazol-3-yl]-2- pyridinecarbonitrile] is a
non-purine XOR inhibitor, approved in Japan in 2013 for the treatment of patients
with hyperuricaemia. There is limited experience internationally with this agent.
Topiroxostat behaves initially as a competitive type inhibitor to xanthine oxidore-
ductase before forming a strong covalent linkage to molybdenum via oxygen in the
hydroxylation reaction intermediate (Chen et al. 2016). It also displays a potent
non-covalent competitive type inhibition of XOR with a Ki value of 5.7 � 10�9 M
(Matsumoto et al. 2011). Topiroxostat has good oral bioavailability with a half-life
of up to 7.5 h after oral administration. It is predominantly eliminated in the urine. It
is a strong inhibitor of Cyp 2C9 and has no inducing effect on CYP enzymes.
Topiroxostat has a greater inhibitory effect on plasma XOR compared to tissue XOR
(the opposite is observed with febuxostat) (Nakamura et al. 2016).

Mouse models of minimal change nephrotic syndrome demonstrated that
nitrotyrosine and 8-hydroxy-2-deoxyguanosine (8-OHdG) were significantly
ameliorated by topiroxostat (Kawamorita et al. 2017). The recently reported
TROFEO trial (Sezai et al. 2017) in hyperuricaemic patients with cardiovascular
disease comparing the effects of febuxostat and topiroxostat showed similar urate,
antioxidant, anti-inflammatory and reno-protective effects for both drugs. The
renoprotective effects of topiroxostat for hyperuricemic patients with overt diabetic
nephropathy (ETUDE) study concluded that high-dose topiroxostat (160 mg/day)
significantly reduced L-Fatty Acid Binding Protein (FABP), a validated biomarker
of tubulointestitial damage and oxidative stress (Mizukoshi et al. 2018). There has
not been any direct head-to-head antioxidant effect comparison between allopurinol
and topiroxostat.

Table 2 summarises the current clinical trial evidence using XO inhibitors on
ROS and other CV outcomes.
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Abstract

Monoamine oxidases (MAOs) are involved in the oxidative deamination of differ-
ent amines and neurotransmitters. This pointed them as potential targets for several
disorders and along the last 70 years a wide variety of MAO inhibitors have been
developed as successful drugs for the treatment of complex diseases, being the first
drugs approved for depression in the late 1950s. The discovery of two MAO
isozymes (MAO-A and B) with different substrate selectivity and tissue expression
patterns led to novel therapeutic approaches and to the development of new classes
of inhibitors, such as selective irreversible and reversible MAO-B inhibitors and
reversible MAO-A inhibitors. Significantly, MAO-B inhibitors constitute a widely
studied group of compounds, some of them approved for the treatment of
Parkinson’s disease. Further applications are under development for the treatment
of Alzheimer’s disease, amyotrophic lateral sclerosis, and cardiovascular diseases,
among others. This review summarizes the most important aspects regarding the
development and clinical use of MAO inhibitors, going through mechanistic and
structural details, new indications, and future perspectives.

Graphical Abstract
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Monoamine oxidases (MAOs) catalyze the oxidative deamination of different
amines and neurotransmitters. The two different isozymes, MAO-A and MAO-B,
are located at the outer mitochondrial membrane in different tissues. The enzymatic
reaction involves formation of the corresponding aldehyde and releasing hydrogen
peroxide (H2O2) and ammonia or a substituted amine depending on the substrate.
MAO’s role in neurotransmitter metabolism made them targets for major depression
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and Parkinson’s disease, among other neurodegenerative diseases. Currently, these
compounds are being studied for other diseases such as cardiovascular ones.

Keywords

Depression · MAO-A · MAO-B · Monoamine oxidases · Neurodegeneration ·
Oxidative stress · Parkinson

1 Overview

Monoamine oxidases (MAOs) are part of the family of flavin adenine dinucleotide
(FAD)-dependent enzymes that catalyze the oxidative deamination of different
amines and neurotransmitters. There are two different isozymes that are well
characterized (MAO-A and MAO-B), and they are located at the outer mitochondrial
membrane in most mammalian tissues with different expression patterns. MAOs are
responsible of neurotransmitters regulation by their degradation in which the enzy-
matic reaction involves formation of the corresponding aldehyde from the neuro-
transmitter to form the oxidized FAD and releasing hydrogen peroxide resulting
from reduction of molecular oxygen and ammonia or a substituted amine depending
on the substrate. The production of H2O2 by these enzymes might lead to the
generation of free radicals that can exert cytotoxicity under pathological conditions.
The relationship of MAOs with the neurotransmitter metabolism pointed them as
potential target for different disorders including major depression, Parkinson’s
disease (PD), Alzheimer’s disease (AD), Lewy body diseases with dementia, and
amyotrophic lateral sclerosis (ALS), and currently they are used in clinics for some
of these disorders.

In general, MAO inhibition has a long history since first drug was approved in the
late 1950s. Initially, iproniazid was tested as a treatment for tuberculosis; although it
was not effective, it showed an improvement in patient emotional state. It would be
later described as a non-selective irreversible MAO inhibitor of the hydrazine group
and approved in 1958 for depression. Nevertheless, those drugs showed high liver
toxicity and were associated to hypertensive crisis, secondary effects that resulted in
market removal of some of them. Thereafter, non-hydrazine MAO inhibitors were
developed as an alternative to avoid liver toxicity (i.e., tranylcypromine, early
1960s); however, hypertensive crisis as secondary effect was still present. Therefore,
some initially approved MAO inhibitors were retired as antidepressants and
substituted by other drugs directed to novel targets (Shulman et al. 2013; Youdim
et al. 2006; Edmondson and Binda 2018).

The discovery of two different MAO isozymes (MAO-A and B) with different
substrate selectivity and expression pattern in different tissues led to novel therapeu-
tic approaches and the development of new classes of inhibitors, such as selective
irreversible and reversible MAO-B inhibitors and reversible MAO-A inhibitors.
Typically, MAO-A is related to the oxidative deamination of serotonin, while
MAO-B catalyzes preferentially benzylamine and 2-Phenethylamine. Dopamine,
noradrenaline, adrenaline, tryptamine and tyramine exhibit similar substrate
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specificities for both isozymes. Hypertensive crises suffered by patients treated with
MAO inhibitors were then associated with a strong MAO-A inhibition, since this
enzyme metabolizes tyramine in the small intestine due to its higher expression
compared to MAO-B in that organ. The toxic effect is related with the ingestion of
food containing tyramine coupled to MAO-A inhibitors. This combination induces
tyramine accumulation leading to high blood pressure due to the displacement of
norepinephrine from neuronal storage, extremely increasing its concentration in the
bloodstream (Anderson et al. 1993). The related toxic effect is known as the “cheese
effect” (tyramine-induced hypertensive crisis of MAO-A inhibitors). In this sense,
selective MAO-B inhibitors provide an improved pharmacological profile avoiding
this effects; also reversible inhibitors of MAO-A (RIMAs) obtaining in some cases a
sufficient blockade without toxicity (Da Prada et al. 1988).

MAO-B inhibitors were extensively studied after the case of intoxication with
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) in 1980. It was discovered
that the toxicity induced by MPTP was related to its conversion to 1-methyl-4-
phenylpyridinium (MPP+) by MAO-B, a metabolite that induced Parkinsonian
symptoms. These symptoms were reversed by pargyline, a selective and irreversible
MAO-B inhibitor (Langston et al. 1984). This correlation induced an intensive
investigation of MAO-B inhibitors as potential therapeutics for the treatment
PD. Nowadays, three selective MAO-B inhibitors are approved for the treatment
of this disease: selegiline, rasagiline, and safinamide.

2 Structure and Binding Site of MAO

Human MAO proteins are flavoenzymes constituted by 527 and 520 amino acids for
MAO-A and MAO-B isozymes, respectively. They are attached to the mitochondrial
outer membrane as dimer structures (Fig. 1a) (Upadhyay et al. 2008). Both isozymes
share about 70% aminoacidic sequence with a flavin adenine dinucleotide (FAD)
coenzyme covalently bonded by 8α-methylene to Cys397 in MAO-B and Cys406 in
MAO-A (Hubalek et al. 2003). Studies on their crystal structures suggest that the
C-terminal α-helix would be related to the anchoring at the outer mitochondrial
membrane of each monomer of the dimer. Substrate entry to the catalytic site of each
monomer is independent from each other (Binda et al. 2002; Edmondson et al.
2009). Human MAO-A is demonstrated to be also a dimer, but it crystallizes as a
monomer due to its higher instability (Edmondson and Binda 2018).

The catalytic mechanism is similar in both enzymes; however, different binding
site structures revealed important aspects for substrate selectivity and inhibitors
binding. One of the most important differences is a unique 550 Å3 substrate cavity
present in MAO-A opposite to FAD coenzyme. MAO-B isozyme presents two
cavities, an entry cavity and a reactive site cavity, with total combined volume of
about 700 Å3 (Fig. 1b). MAO-B cavity exhibits an entrance cavity (290 Å3) that
precedes the flat hydrophobic substrate cavity (490 Å3) (Binda et al. 2002; De
Colibus et al. 2005). Open or closed conformation of Ile199 side chain in MAO-B
determines the connectivity between cavities, flanked by other important residues as
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Fig. 1 Structural details about MAO enzymes. (a) Schematic model of the human MAO-B crystal
structure PDB-ID 2V5Z (Binda et al. 2007) as a dimer inserted in a phospholipid bilayer shown as
sphere-stick representation. MAO-B protein is represented as dark green cartoon with FAD
coenzyme of each monomer as yellow sticks and binding site cavity as light orange surface. (b)
Zoom of the human MAO-B binding site with key residues as dark green sticks. (c) Detail of
different inhibitor binding modes. Isatin represented as pink sticks is located in the substrate cavity
near FAD coenzyme, 2-(2-benzofuranyl)-2-imidazoline represented as blue sticks is located in the
entrance cavity at the other end of the binding site, and safinamide represented as light green sticks
fits along the bipartite cavity. Isatin and 2-(2-benzofuranyl)-2-imidazoline come from crystal
structures (PDB-ID 1OJA and 2XFN) (Bonivento et al. 2010; Binda et al. 2003) aligned to 2V5Z
structure in complex with safinamide. (d) Comparison between binding site key residues of human
MAO-A (PDB-ID 2Z5X) (Son et al. 2008) and MAO-B (PDB-ID 2V5Z) isozymes represented as
yellow and dark green cartoon, respectively. Most of the residues are conserved and show
equivalent positions of the side chains, except for Phe208/Ile199 and Ile335/Tyr326 (MAO-A/
MAO-B), key residues for substrate and inhibitor specificity. All images were constructed using
PyMOL software [The PyMOL Molecular Graphics System, Version 2.2 Schrödinger, LLC]
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Tyr326 or Phe168 (Hubalek et al. 2005). In spite of the higher total pocket volume
for MAO-B, narrowness and stiffness of the bipartite cavity limit size of ligands in
comparison with the A isozyme, and depending on its nature, they will bind in
different positions along the cavity (Fig. 1c, discussed in the next section). The main
differences of both isozymes can be found in these residues: Ile199 and Tyr326 of
MAO-B instead of Phe208 and Ile335 of MAO-A. In this sense, MAO-A Phe208
side chain prevents the possibility of stablishing a double cavity. The human mutant
I199F MAO-B protein showed no binding for some selective MAO-B inhibitors
stating the importance of Ile199 gate as a determinant for MAO-B specificity
(Hubalek et al. 2005). Likewise, double I199A/Y326A human MAO-B mutation
led to a protein that exhibits binding properties closer to MAO-A, highlighting the
importance of Ile199 and Tyr326 side chains for selectivity (Milczek et al. 2011). In
addition, the hydrophobic environment near FAD and some polar residues as
Gln206 in MAO-B are important for substrate recognition and, therefore, inhibitor
orientation at the coenzyme surroundings (Bonivento et al. 2010; Dasgupta et al.
2018). Furthermore, the presence of aromatic amino acid residues such as Tyr398
and Tyr435 in MAO-B oriented perpendicular to the flavin ring has been suggested
as important for catalysis (Tyr407 and Tyr444 form a similar aromatic cavity in
MAO-A, see Fig. 1d). Mutations in Tyr435 residue revealed differences in catalysis
and function of this aromatic cage for substrate specificity (Li et al. 2006). Besides
that, Y407F/Y444F mutant MAO-A enzymes also led to modified catalytic
properties (Nandigama et al. 2001). Altogether, there are many structural evidences
and information about what are the most influential residues in relationship with
MAO activity and, therefore, crucial for inhibitor performance and design (for
review, see Edmondson and Binda (2018)). Structural knowledge and binding site
details are summarized in Fig. 1.

2.1 Mechanisms of MAO Catalysis and Inhibition

Compounds targeting MAO inhibition can be generally classified as irreversible or
reversible inhibitors. This refers to the ability to react covalently or not with the
enzyme, in particular with FAD coenzyme involved in catalysis. Irreversible
inhibitors block the enzyme, and they are not released from binding site over time
as a covalent bond is stablished. Conversely, reversible inhibitors are stabilized by
weaker interactions in the pocket for inhibition. Depending on the therapeutic
approach, reversible or irreversible inhibition will be desired. Classically, irrevers-
ible MAO inhibitors were associated with higher toxicity, although the development
of specific isozyme selective compounds would reduce these complications
(Youdim et al. 2006; Edmondson and Binda 2018; Anderson et al. 1993). In general,
irreversible inhibitors can be classified into different classes attending to its chemical
structure: hydrazines, cyclopropylamines, and propargylamines, among others. Irre-
versible inhibitors permanently deactivate the enzyme, and its action can only be
recovered by the expression of new enzyme. The formation of the enzyme-inhibitor
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adduct has been related to increased secondary effects and potential immunogenicity
of these adducts.

From a structural point of view, there are some important details to mention,
particularly for MAO-B inhibitors. Related to the well-known architecture of
MAO-B cavities, nature of the inhibitor will determine different binding site
conformations. Larger compounds will occupy both, entrance and substrate cavity,
inducing an open conformation of Ile199 side chain (i.e., safinamide, approved drug
for the treatment of PD). In this case, this compound guides its amine moieties to
flavin ring mimicking natural substrate orientation and stablishing hydrogen bonds
with Gln206 (Binda et al. 2007). This situation, with both cavities engaged, is found
also with other compounds (Binda et al. 2003). In turn, smaller compounds can bind
in the substrate cavity with a close conformation of Ile199 gate. Thus, depending on
the inhibitor size, connection between cavities will vary, regardless of nature of
inhibition (Fig. 1c) (Binda et al. 2003). Considering mechanistic details, known
irreversible inhibitors such as rasagiline stablish a covalent bond with N5 atom of the
flavin ring (Binda et al. 2004, 2005). Other mechanisms have been described for
other compounds as tranylcypromine, one of the first antidepressants, consisting in
covalent linkage in this case with C4A atom of the flavin ring (Bonivento et al.
2010).

Considering selectivity, compounds can exhibit different levels of inhibition
towards A or B isozyme. Apart from this, it is important to mention brain selectivity.
Some compounds, regardless its affinity for A or B enzymes, can exhibit preferential
brain activity and no peripheral MAO activities. Ladostigil, a compound that has
completed phase II clinical trials for mild cognitive impairment as dual
neuroprotective agent with cholinesterase and brain-selective MAO activity
(Schneider et al. 2019) is a good example of this situation. This compound did not
show intestinal MAO-A inhibition upon oral administration in rabbits, exhibiting
brain selectivity for MAO inhibition (Weinreb et al. 2012).

3 Therapeutic Value of MAO Inhibitors

Several chemical structures are described as MAO inhibitors, and many new
compounds are being developed. An extensive review about privileged scaffolds
as MAO inhibitors is described in Tripathi et al. (Tripathi et al. 2018). Here we
focused on preclinical and clinical studies with MAO inhibitors targeting several
diseases from classical to new therapeutic approaches.

3.1 Affective Diseases

Classically, the effectiveness of MAO inhibitors as antidepressants raised the
hypothesis of a potential overexpression of MAO enzymes as the cause of some
forms of depression, and on the opposite, reduced MAO activity has been related to
violent behavior (Alia-Klein et al. 2008). MAO inhibitors have been typically used
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for the treatment of depression and related disorders, and they were the first antide-
pressant drugs developed (Ramachandraih et al. 2011). The therapeutic value for this
and other related affective diseases is, in general, related to MAO-A inhibition in the
central nervous system (CNS), leading to increased levels of serotonin among other
neurotransmitters such as noradrenaline (Youdim et al. 2006; Finberg 2014; Finberg
and Rabey 2016). In addition, the selective MAO-A inhibitor 11C-harmine was used
for brain imaging and gave evidence of increased MAO-A levels in striatal, mid-
brain, and cortical locations of major depressive disorder patients (Meyer et al.
2006). In this line, MAO-A activity is potentiated upon chronic glucocorticoid
treatment in several experimental models, thus indicating relationship between stress
and increased MAO-A activity (Soliman et al. 2012). MAO-A overactivity results in
a decrease in monoamine neurotransmitters supporting the idea of using MAO
inhibitors for the treatment of this kind of diseases, in line with classic biogenic
amine hypothesis of depression (Ramachandraih et al. 2011; Finberg 2014). In
addition, different MAO-A gene polymorphisms have been connected with behav-
ioral traits, associating reduced MAO-A expression to aggressive mood and
overexpression to depression (Alia-Klein et al. 2008). Most relevant MAO inhibitors
for the treatment of affective disorders are summarized in Table 1.

Some of the first non-selective irreversible MAO inhibitors are still being used in
clinic (i.e., phenelzine and tranylcypromine). Nevertheless, the abovemention medi-
cal complications lead to new compound profiles. In this sense, reversible and
selective MAO-A inhibitors (RIMAs) appeared from 1980s to deal with “cheese
effect” among other complications. In relation with it, the safety of these compounds
was assessed by several clinical studies with tyramine combination (Finberg 2014;
Finberg and Rabey 2016). Also, a potential secondary effect is related to the
combination of irreversible MAO inhibitors and drugs with the ability to elevate
5-HT, such us serotonin reuptake inhibitors (SSRIs), leading to the serotonin toxicity
syndrome (Gillman 2006). Thus, in the case of needing a serotonin reuptake inhibi-
tor, it is necessary a washout period between 7 and 10 days for complete recovery of
MAO activity. The reversible mechanism of action facilitates the competition of
concentrated substrate with the inhibitor; thus, in case of high inhibition, the
substrate is able to displace the inhibitor from the catalytic site limiting the secondary
effects.

Moclobemide is the most important RIMA available for clinical use (approved in
several western countries such as United Kingdom) also pirlindole (available in
Russia) (Fasipe 2019; Lotufo-Neto et al. 1999). Other RIMAs were marketed;
however, most of them were rejected. They are valuable in the treatment of depres-
sion associated to aged people and also other affective disorders such as bulimia or
hypersomnia (Zisook 1985). In this line, compound CX157 was developed to
achieve higher levels of brain MAO-A inhibition, and it is the first RIMA with
documented reversible brain MAO-A inhibition which correlates to its plasma
concentration (Fowler et al. 2010). It ended phase II clinical trials for major
depressive disorder (NCT00739908); however, no more clinical studies have been
documented to date. Novel compounds targeting MAO-A are still being developed,
i.e., pyrazoline and hydrazone derivatives, that led to more potent MAO-A inhibitors
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than moclobemide that exerted antidepressant properties in behavioral in vivo tests
(Evranos-Aksoz et al. 2017).

Development of selective MAO-B inhibitors, accelerated for their use in PD,
leads to their evaluation in depression, considering that they do not induce hyperten-
sive crisis (“cheese effect”). A prominent example was selegiline, a selective irre-
versible MAO-B inhibitor, approved for major depressive disorder (Finberg and
Rabey 2016; Lee and Chen 2007). In order to increase CNS levels, it was
administrated as transdermal patch, a formulation that increased its brain distribu-
tion. Its high brain concentration inhibited both isozymes (A and B), since it is a
selective MAO-B inhibitor only at low concentrations. Therefore, under this admin-
istration regime, MAO-A inhibition was observed at CNS level without hepatic or
intestinal effects (Mawhinney et al. 2003). Seleginine was further evaluated clini-
cally for the treatment of attention deficit hyperactivity disorder (ADHD) in children
where it showed increased levels of attention similar to those achieved with methyl-
phenidate (first-line treatment) (Akhondzadeh et al. 2003; Rubinstein et al. 2006).
Rasagiline and safinamide, other selective irreversible and reversible MAO-B
inhibitors, respectively, were also found to be effective in the treatment of depression
associated to PD patients, as shown in different clinical trials (Barone et al. 2015;
Korchounov et al. 2012; Ryan et al. 2019; Smith et al. 2015) (Table 1).

3.2 Parkinson’s Disease

PD is a chronic and fatal neurodegenerative disease that affects mainly the
nigrostriatal dopaminergic neurons, resulting in tremor, muscle rigidity,
bradykinesia, and instability. Following the development of MAO inhibitors as
treatments for depression and other affective disorders, and considering the implica-
tion of MAO enzymes in the metabolism of dopamine, their application for the
treatment of PD started to be clinically tested. Furthermore, the target in this case
was MAO-B inhibition that also led to reduced toxicity risk. In general, MAO-B
inhibitors are indicated for patients showing mild motor deficits as results in clinical
trials in early PD demonstrated mobility scores improvement compared to levodopa.
These compounds showed benefits in the rate of motor fluctuations with reduced
adverse effects compared to other dopaminergic agents (Caslake et al. 2009). In that
sense, the application of MAO-B inhibitors for PD relies on several observations:
(1) both MAO-A and MAO-B isozymes show similar rates for dopamine metabo-
lism (Youdim et al. 2006); (2) levels of MAO-B are increased in PD conditions as
consequence of gliosis, considering that this enzyme is mainly present in glial cells
(Nagatsu and Sawada 2006); (3) human basal ganglia dysfunction is closely related
to PD, and these structures contain higher levels of MAO-B isozyme. In this sense,
MAO-B activity has been found to be increased in PD affected areas as substantia
nigra (Youdim et al. 2006; Mallajosyula et al. 2008); (4) aging is the most important
PD risk factor, and MAO-B levels increase with age, as observed in human brain
postmortem studies. Thus, MAO-B overactivity might be related to
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neurodegeneration as a consequence increased ROS levels (Mallajosyula et al. 2008;
Fowler et al. 1997).

ROS are considered to play a central role on the onset and progression of the
disease. In PD there is a selective loss of dopaminergic neurons in the substantia
nigra pars compacta, and this neuronal death is considered to be linked to oxidative
stress due to dopamine metabolism (Segura-Aguilar et al. 2014). In brief, tyrosine is
converted into L-DOPA by tyrosine hydroxylase (TH) and then decarboxylated by
the DOPA-decarboxylase to generate dopamine in the brain (Meiser et al. 2013). The
metabolism of dopamine by MAO enzymes, or its auto-oxidation, leads to the
production of reactive oxygen species (ROS) (Blesa et al. 2015). On the one hand,
the auto-oxidized form of dopamine, a quinone-related structure, is a powerful
electrophile that exerts high toxicity to the cell. On the other hand, MAOmetabolism
of dopamine releases hydrogen peroxide that decomposes to generate ROS, thus,
exacerbating cellular damage. In this line, dopaminergic neurons present in
substantia nigra are surrounded by astrocytes containing high levels of MAO-B
enzyme; thus, they are exposed to increased oxidative stress, as previously
described. In general, neurons contain lower levels of glutathione (GSH) than
astrocytes to control oxidative stress; therefore, they are highly susceptible to this
toxic stimulus (Mallajosyula et al. 2008; Sian et al. 1994). In fact, decreased levels of
GSH increase neuronal vulnerability to free radicals that induce mitochondrial
dysfunction and maintain α-synuclein in a protofibril state. α-Synuclein protofibril
finally aggregates to form Lewy bodies observed in postmortem brain of PD patients
(Croisier et al. 2005; Poewe et al. 2017). Most relevant MAO inhibitors for PD
treatment are summarized in Table 2.

The first MAO inhibitor approved for the treatment of PD was selegiline
(L-deprenyl), a selective irreversible MAO-B inhibitor. This compound was
marketed on the 1980s and used in combination with L-DOPA or levodopa, a
dopamine precursor that was the main treatment for PD symptoms. This inhibitor
belongs to propargylamine class of compounds, in general, acting through covalent
bonding to N5 atom of flavin ring of FAD coenzyme, as previously mentioned. It
suffers first-pass metabolism to generate amphetamine and methamphetamine
(Yasar et al. 2006), related with potential CNS and cardiovascular secondary effects
(Gal et al. 2005). Nevertheless, there is no reported toxicity derived from selegiline
metabolites probably due to the safer clinical doses used, although it could contribute
to sleep disturbances (Muller et al. 2013; Yasar et al. 1996). Conversely, it has been
reported a psychostimulant-like behavioral effects related with production of
selegiline-derived amphetamine metabolites at higher doses (Yasar et al. 2006).
Although it can be used in monotherapy (Youdim et al. 2006), clinical trials
demonstrated that levodopa dosing can be reduced 30–40% when combined with
selegiline (Myllyla et al. 1997); additionally, the DATATOP study demonstrated
that only 26% of selegiline treated patients needed levodopa combination after
12 months compared to 47% of placebo group (Parkinson Study 1989). Thereafter,
the SELEDO study demonstrated that the mean time delay for an increase of 50% of
levodopa dosage in selegiline treated patients was 4.9 years, compared to 2.6 years
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of placebo patients (Przuntek et al. 1999). This is important for reducing levodopa-
induced dyskinesia observed in levodopa-treated PD patients.

Another propargylamine potent selective irreversible MAO-B inhibitor,
rasagiline, was then developed on the 2000s and approved for the treatment of
PD. This compound is not metabolized into amphetamine as selegiline, offering an
improved profile in terms of potential neurotoxicity (Edmondson and Binda 2018).
Rasagiline can improve motor behavior, motor complications, mood, and sleep
disorders due to its additional glutamate antagonizing properties (Muller et al.
2013; Dong et al. 2016). After satisfactory safety clinical trials, rasagiline showed
reduced PD advance (Rabey et al. 2000), and this observation was further evaluated
in the TEMPO study. Results from this study suggested a potential disease
modifying activity of rasagiline that reduced the disease progression and increased
patient quality of life (Parkinson Study 2002, 2004). Considering these encouraging
results, a new clinical trial was designed to evaluate the effectiveness of rasagiline in
combination with levodopa in advanced PD patients, the LARGO study (Rascol
et al. 2005). In this case, rasagiline showed reduced off-time duration intraday and
improved clinical global improvement and motor function on patients. More
recently, a new double-blind clinical trial was conducted to further evaluate the
potential disease modifying ability of rasagiline in PD, the ADAGIO study (Olanow
et al. 2009). The results showed a possible disease modifying effect of rasagiline
given at 1 mg daily dosage; however, it did not show this effect at 2 mg daily dosage;
thus, these divergent results are not conclusive (Rascol et al. 2011; Jankovic et al.
2014).

As previously depicted, irreversible inhibitors led to strong and long-lasting
inhibition, and new enzyme has to be synthesized. In that sense, reversible inhibition
appears to be more manageable, maintaining selectivity to the B isozyme.
Safinamide, a reversible and highly selective MAO-B inhibitor, was then developed
following this idea and has been recently approved as an adjunctive treatment to
L-DOPA for mild- to late-stage PD (Borgohain et al. 2014). Separately from
selective reversible MAO-B inhibition, this drug acts through multiple mechanisms
of action. It is able to block sodium and calcium channels and reduce excessive
glutamate release (Stocchi et al. 2006). It has shown a safer profile, and there is
evidence of improved motor symptoms in early PD patients (Edmondson and Binda
2018; Bette et al. 2018; Fabbri et al. 2015). Initial clinical studies (study 015 and
continued in study 017) showed improved motor scores in safinamide treated
patients as well as improved quality of life (Schapira et al. 2013). Thereafter, the
MOTION study also demonstrated benefits in the ADL score, heath-related quality
of life, better cognition, and increased rate of responders (Stocchi and Torti 2016).
Thereafter, the SETTLE trial (in combination with levodopa) demonstrated a signif-
icant increase in the on-time and improved motor symptoms (Schapira et al. 2013)
(For a critical review of safinamide clinical evidence in PD, see Bette et al. (2018)).
In addition, a recent post hoc analysis of the 2-year study 018 revealed a reduction on
chronic pain suffered by PD patients with a reduction on pain drugs usage (Cattaneo
et al. 2018). Finally, the recent SIN-DEP-PAR and SELEDO clinical studies further
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confirm the beneficial effects of seleginine for the management of PD (Muller and
Mohr 2019).

Apart from MAO-B inhibition-related aspects, this kind of inhibitors exhibit
MAO-independent activities, also responsible of its beneficial effects as mentioned
for safinamide. It has been demonstrated that selegiline exerts neuroprotective
activities against MPTP toxicity also in cell lines lacking MAO-B (Le et al. 1997).
In this sense, rasagiline and selegiline have been effective in several neuroprotection
models of disease, and they have demonstrated antiapoptotic properties, an effect
attributed to the propargylamine moiety (Szoko et al. 2018).

During the last years, new multitarget drugs derived from rasagiline have been
developed for the treatment of PD among other neurodegenerative diseases.
Ladostigil, an example of rasagiline multitarget derivative, inhibits brain acetylcho-
linesterase, butyrylcholinesterase, and brain MAO-A and MAO-B isozymes after
chronic treatment in rats. Furthermore, it exerts neuroprotection against MPTP
toxicity in mice, among other activities (Youdim 2013). Related to its
neuroprotective profile in preclinical models, ladostigil has completed phase IIb
clinical trials for mild cognitive impairment and Alzheimer’s disease
(AD) (NCT01354691, NCT01429623) (discussed below). M30, another rasagiline
derivative, is a multitarget iron chelator that exhibits brain-selective MAO inhibition
and neuroprotection against MPTP, lacatcystin, and 6-hydroxydopamine in animal
models of PD. The protective properties of M30 were also dependent to the ability of
the drug to activate the hypoxia-induced factor (HIF) and derived induction of
neurotrophins as brain-derived neurotrophic factor (BDNF), vascular endothelial
growth factor (VEGF), erythropoietin, and glia-derived neurotrophic factor (GDNF)
(Youdim 2013). Finally, it was demonstrated that M30 elevated dopaminergic and
transferrin receptor cell count in the substantia nigra of MPTP-treated mice
(Youdim 2012). Apart from the previously mentioned increase in MAO activity
with PD and ageing, iron was also observed to increase in such conditions stating the
promising future of multitarget iron chelators (Youdim et al. 2014).

Last years, repurposing programs are being used for the development of new
treatments for complex diseases, due to their interesting cost reduction. In that sense,
glitazones, used as antidiabetic drugs, were evaluated for PD as they showed
MAO-B inhibition properties. This is the case of pioglitazone and rosiglitazone.
Crystal structure of pioglitazone in complex with MAO-B explained binding mode
through both the entrance and substrate cavities (Binda et al. 2011a). Several studies
position this compound for potential PD treatment: (1) acute treatment of MPTP
mice leaded to the absence of striatal dopamine reduction and improved motor
behaviors (Barbiero et al. 2011); (2) beneficial effects on rotenone model of PD in
rats related to recovery of striatal dopamine levels and locomotion (Ulusoy et al.
2011); (3) improvements in the 6-OHDA model in rats: reduced mortality rate,
attenuated microglial activation, exerted antidepressant-like effects, induction of
hippocampal neurogenesis (often associated with depression in PD patients), and
protection against hypolocomotion (Bonato et al. 2018; Machado et al. 2019); and
(4) decreased neuroinflammation in the midbrain and striatum and improved motor
phenotype in Cox10/DAT-cre mice (dopaminergic neuron knockout of Cox10
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essential for maturation of COXI, catalytic subunit of Complex IV of mitochondrial
respiratory chain) (Pinto et al. 2016). Phase II clinical trials in early PD patients was
carried out although pioglitazone was not found to modify progression of the disease
(NCT01280123) (Neurol 2015). On the other hand, rosiglitazone showed low
selectivity for MAO-B inhibition (Binda et al. 2011a) and also reported properties
of this drug in PD models: (1) pre-treatment with rosiglitazone prior to 6-OHDA
insult in rats leads to protection against striatal dopaminergic death and decrease in
some pro-inflammatory markers as TNF-α (Lee et al. 2012) and (2) partial recovery
of striatal dopamine content and dopamine neuron degeneration in substantia nigra
after rosiglitazone treatment in MPTP mice (Carta et al. 2011). The protective effects
of this kind of compounds may be MAO-independent, at least in part, as
demonstrated by importance of peroxisome proliferator-activated receptor γ
(PPARγ) activation by glitazones for neuroprotection in substantia nigra and its
related anti-inflammatory actions (Martin et al. 2012).

Another important example of repurposing is the case of the antiepileptic drug
zonisamide, compound approved for the treatment of PD in Japan. Its binding mode
was elucidated in the substrate cavity in complex with MAO-B (Binda et al. 2011b).
Among several results in PD-related models, it has been demonstrated implication of
zonisamide as MAO inhibitor, showing an attenuation of striatal dopamine and
tyrosine hydroxylase reduction in MPTP mice (Sonsalla et al. 2010). Zonisamide
has also showed a neuroprotective profile in a genetic mouse model of PD, reducing
motor symptoms (Sano et al. 2015), enhancing L-DOPA treatment (Nishijima et al.
2018), and exhibiting a reduction in associated dyskinesia in 6-OHDA rats (Oki et al.
2017). In this line, zonisamide has been evaluated in several clinical trials, most of
them in Japan (Murata et al. 2015, 2016, 2018), and there is one recent open study in
advanced PD in Egyptian population (NCT04182399). As previously mentioned, it
was approved in Japan for use as anti-PD agent in 2009, in patients treated with other
drugs in combination with L-DOPA that show inadequate responses (Grover et al.
2013) (Table 2).

3.3 Other Neurodegenerative Disorders

Given the neuroprotective profile of several MAO inhibitors, they could be useful for
treatment of other neurodegenerative diseases. These complex diseases share many
physiopathological mechanisms, in which MAO enzymes are involved, such as
oxidative stress and neuroinflammation.

In this sense, several MAO-B inhibitors have been evaluated as potential
treatments of AD. This is the most prevalent neurodegenerative disease, and it is
characterized by progressive memory loss and incapacitation for daily task. AD
major symptoms are accompanied by depression, agitation, delusions, and
hallucinations. AD patients showed higher levels of MAO-B activity, and this may
lead to an exacerbated oxidative stress condition in this disease (Kennedy et al.
2003). MAO activation has also been related to cognitive impairment, altering
balance of neurotransmitters, and the formation of amyloid plaques through the
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modulation of amyloid precursor protein (APP) processing by MAO (for review, see
Cai (2014)). These evidences prompted the application of MAO inhibitors as
potential treatments of AD. In this line, selegiline and rasagiline have been evaluated
in clinical trials for AD (NCT01701089, NCT00104273, NCT02359552). Initial
clinical trials with seleginine pointed to a potential cognitive and behavioral
improvement after 3–6 months treatment (Campi et al. 1990; Filip and Kolibas
1999); however, these results were not corroborated in other cases (Tariot et al.
1987; Burke et al. 1993). Further post hoc analysis determined that selegiline might
have a short-term beneficial effect with no clinical relevance.

Given the potential protective effects of these compounds, also novel rasagiline
derivatives have been tested. This is the case of M30 and ladostigil, previously
introduced in this review for the treatment of PD. These compounds were developed
as multitarget drugs combining interesting activities for the treatment of neurode-
generative diseases (see Sect. 3.2). M30 has been observed to be involved in
regulation of amyloid β (Aβ), inhibiting its accumulation in APP/presenilin
1 mice, neurogenesis, suppression of oxidative stress, pro-cognitive, and anti-
inflammatory effects (improvement in a rat model of AD with amyloid pathology
McGill-R-Thy1-APP transgenic rats) (Cai 2014; Kupershmidt et al. 2012; Pimentel
et al. 2015; Zheng et al. 2010). Ladostigil was shown to be related with APP
translation and processing (Yogev-Falach et al. 2006) and neuroinflammation in a
model of aged rats (Panarsky et al. 2012). These among other properties such as its
acetylcholinesterase inhibition point out ladostigil as a new candidate for AD
treatment, and phase II clinical trials has been conducted (NCT01354691,
NCT01429623). Although it was safe and well tolerated, ladostigil did not delay
progression to dementia. In spite of its failure, ladostigil treatment was associated
with reduced brain and hippocampus volume loss (Schneider et al. 2019).

Apart from the abovementioned compounds, many others have shown potential
therapeutic value for AD: (1) harmine improved memory and learning in animal
models and exerted anti-inflammatory properties in LPS-mouse model (Dos Santos
and Hallak 2017; Liu et al. 2017b); (2) methylene blue relationship between seroto-
nin levels and psychological symptoms of AD could be an approach for this
compound. Apart from this, methylene blue has shown attenuation of the formation
of amyloid plaques, neurofibrillary tangles of tau protein, and involvement in
mitochondrial function restoration, among others (Oz et al. 2009). It is currently
under clinical trials (NCT02380573); (3) KDS2010 is a novel compound highly
potent and selective reversible MAO-B inhibitor (Fig. 2). It has demonstrated
learning and memory improvements, promotion of synaptic transmission, and
reduction of astrogliosis and astrocytic GABA levels in APP/presenilin 1 mice
(Park et al. 2019). Importantly, abundant GABA production by MAO-B in reactive
astrocytes has been linked to AD-like pathology in animal models of AD (Jo et al.
2014); (4) ASS234 is a multitarget compound that inhibits acetylcholinesterase,
butyrylcholinesterase, and MAO enzymes (Fig. 2). From crystal structure in com-
plex with MAO-B, it is known that it acts as irreversible inhibitor binding to the FAD
coenzyme (Esteban et al. 2014). It has been shown that ASS234 is able to restore
scopolamine-induced cognitive impairment and prevent Aβ aggregation in animal
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models of AD (Marco-Contelles et al. 2016); (5) sembragiline has shown potent and
reversible MAO-B inhibition with an improved safety profile, regarding serotonin
syndrome and the “cheese effect” observed with other MAO inhibitors (Fig. 2).
Interestingly, this compound was protective against oxidative stress and astrogliosis
in transgenic mice overexpressing MAO-B in astroglia (Borroni et al. 2017). In
accordance with these promising results and after phase I trials, sembragiline was
evaluated in phase II clinical trials for AD (MAyflOwer RoAD study) suggesting
potential benefits on behavioral symptoms in some subpopulations (NCT01677754)
(Nave et al. 2017). No differences were found between treated groups and placebo in
ADAS-Cog11 scale performance, missing the primary endpoint. Positron emission
tomography measurements have demonstrated that same dose used in phase II
clinical trial (NCT01677754) achieved near-complete brain MAO-B inhibition in
AD patients daily treated with sembragiline (NCT01701089) (Sturm et al. 2017).

Amyotrophic lateral sclerosis (ALS) and Huntington’s disease (HD) share many
of the pathophysiological characteristics of PD and AD. Although selegiline was
shown to be ineffective in clinical trials for ALS (Lange et al. 1998), other MAO
inhibitors have demonstrated potential properties. Previously mentioned iron chela-
tor M30 was evaluated in SOD1-G93A transgenic mouse model of ALS in combi-
nation with high-calorie energy supplemented diet, and it has been related with
protective effects on motor performance and increased survival, with brain MAO
inhibition and reduction in dopamine metabolism (Golko-Perez et al. 2016). Other
MAO inhibitors such as rasagiline have been evaluated in clinical trials for ALS.
This compound was safe in ALS patients, also suggesting potential disease
modifying properties in some subpopulations of the study when co-administered
with riluzole (NCT01879241) (Ludolph et al. 2018). However, when administered
alone it did not show any alteration of the disease progression when compared to
control after 12 months (Statland et al. 2019).

Fig. 2 Chemical structure of novel MAO inhibitors for the treatment of AD (KDS2010, ASS234,
sembragiline) and ischemic stroke (nialamide)
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Regarding dopamine imbalance present in HD (Chen et al. 2013), MAO
inhibitors have been evaluated for this condition. MAO activity is increased in
brain tissue from HD patients and mouse striatal neural cells expressing huntingtin.
Treatment with MAO inhibitors (clorgyline, phenelzine, selegiline) improved oxi-
dative stress condition and survival of these cells (Ooi et al. 2015). In this line,
clorgyline treatment of YAC128 HD mice restored dopamine, serotonin, and nor-
epinephrine levels in the striatum (Garcia-Miralles et al. 2016).

Other related diseases such as cerebral ischemia have been postulated for MAO
inhibition treatment. Probably related to its neuroprotective activities, selegeline
treatment within 48 h after stroke improved patient recovery in a phase II study
(Sivenius et al. 2001; Bartolo et al. 2015). Recently, the MAO inhibitor nialamide
has shown to be protective in terms of improved functional recovery and survival
after post-ischemic administration in a stroke mouse model (Liu et al. 2019) (Fig. 2).

3.4 Cardiac Diseases

Apart from the deeply discussed role of oxidative stress in neurodegenerative
diseases, it also appears as an important factor for cardiovascular diseases. Serotonin
and norepinephrine, which are MAO-A substrates, are related with cardiac function.
On the one hand, variations in serotonin levels can lead to cardiovascular dysfunc-
tion, being important regulator of heart function (Cote et al. 2004). On the other
hand, norepinephrine metabolism by MAO-A is increased in mice subjected to
hemodynamic stress leading to enhanced oxidative stress, hypertrophy, chamber
dilation, and reduced systolic function; clorgyline treatment of these animals showed
beneficial effects on cardiac function (Kaludercic et al. 2010). Levels of MAO-A are
increased in several models of cardiomyopathies, and cardiac-specific MAO-A
overexpression in transgenic mice was related with oxidative mitochondrial damage,
cardiomyocyte necrosis, and chronic ventricular dysfunction (Villeneuve et al.
2013). Recent studies with reversible MAO-A inhibitor moclobemide exhibited
myocardium protection in rats submitted to acute volume overload (Huuskonen
et al. 2019). There are some studies in the same way with MAO-B demonstrating
a role of enhance activity of this isozyme in cardiac injuries after chronic hemody-
namic stress (Kaludercic et al. 2014). All this shows the potential for the future
clinical use of MAO inhibitors for the treatment of heart disease.

4 Summary and Future Prospects

MAO inhibitors have provided a number of successful drugs for the treatment of
complex diseases, being the first drugs approved for depression. During the last
70 years, the advances on the knowledge of the crystal structures of both isozymes,
MAO-A and MAO-B, tissue distribution, and substrate selectivity have led to the
development of a plethora of highly selective reversible and irreversible inhibitors
with clinical application. These advances overcome the deleterious side effects
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improving the efficacy and security of these classes of advanced drugs. Novel
therapeutics as MAO inhibitors included classical applications such as major depres-
sive disorder, transient resistant depression, bipolar depression, etc., and it is
expected as exponential growth of their application in this therapeutic area. None-
theless, novel therapeutic areas are under use due to the development of selective
MAO-B inhibitors such us the treatment of neurodegenerative diseases. In particular,
the treatment of Parkinson’s disease is a prominent example with four compounds in
clinical use. Further applications are under development for the treatment of
Alzheimer’s disease, amyotrophic lateral sclerosis, and cardiovascular diseases.
The ubiquitous distribution of MAO enzymes ensures future exciting development
of novel therapeutics including the development of novel and safer formulations.
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Abstract

Myeloperoxidase participates in innate immune defense mechanism through
formation of microbicidal reactive oxidants and diffusible radical species. A
unique activity is its ability to use chloride as a cosubstrate with hydrogen
peroxide to generate chlorinating oxidants such as hypochlorous acid, a potent
antimicrobial agent. However, chronic MPO activation can lead to indiscriminate
protein modification causing tissue damage, and has been associated with chronic
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inflammatory diseases, atherosclerosis, and acute cardiovascular events. This has
attracted considerable interest in the development of therapeutically useful MPO
inhibitors. Today, based on the profound knowledge of structure and function of
MPO and its biochemical and biophysical differences with the other homologous
human peroxidases, various rational and high-throughput screening attempts
were performed in developing specific irreversible and reversible inhibitors.
The most prominent candidates as well as MPO inhibitors already studied in
clinical trials are introduced and discussed.

Graphical Abstract

Keywords

Eosinophil peroxidase · Irreversible inhibition · Lactoperoxidase ·
Myeloperoxidase · Peroxidasin · Reversible inhibition · Thyroid peroxidase

1 Introduction

Myeloperoxidase (MPO) is a member of the peroxidase-cyclooxygenase superfam-
ily (Zámocký et al. 2008, 2015) and mainly stored in azurophilic granules of
neutrophils and to a lesser extent in monocytes, but its expression has also been
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observed in neurons (Green et al. 2004) and endothelial cells (La Rocca et al. 2009).
MPO is an essential part of host defense in the innate immune system (Klebanoff
2005; Davies et al. 2008; Nauseef 2014). During neutrophil activation, MPO is
released into the phagolysosome, while assembly and activation of membrane-
associated NADPH oxidase result in the production of superoxide and in conse-
quence hydrogen peroxide (Winterbourn et al. 2016). Finally, MPO catalyzes the
H2O2-mediated oxidation of two-electron donors (chloride, bromide, thiocyanate)
and one-electron donors (ascorbate, tyrosine, sertotonin, urate, etc.) to the
corresponding hypohalous acids and radicals. Among others, reaction products of
MPO like hypochlorous acid and hypothiocyanous acid support microbial killing
within the phagolysosome (Klebanoff et al. 2013; Winterbourn and Kettle 2013).
However, evidence has emerged that MPO-derived oxidants contribute to tissue
damage and the initiation and propagation of acute and chronic vascular inflamma-
tory diseases. Under pathological conditions, persistent activation of the MPO–H2O2

system of activated phagocytes may adversely affect tissues. Hypochlorous acid is
able to initiate modification reactions targeting lipids, DNA and (lipo)proteins,
including halogenation, nitration and oxidative crosslinking (Malle et al. 2007),
which may cause and promote chronic inflammation and development of diseases
(Davies and Hawkins 2020). As a consequence, several therapeutic intervention
strategies aiming at efficient MPO inhibition were tested in the last decades. These
include (1) active site blockade of MPO, (2) irreversible suicide inhibition, (3) diver-
sion of MPO from the chlorination cycle, and (4) application of HOCl scavengers to
prevent initiation and propagation of diseases with an inflammatory component. It is
the aim of this review to provide an overview about potential inhibitors and their
mode of action that is based on our present knowledge about structure–function
relationship of MPO.

Importantly, MPO inhibitors must not affect other human peroxidases which
show high structural and functional similarities with MPO (Furtmüller et al. 2006;
Zámocký et al. 2015; Nicolussi et al. 2018). These include thyroid peroxidase
(TPO), eosinophil peroxidase (EPO), lactoperoxidase (LPO), and peroxidasin
(PXDN). Dimeric membrane-anchored TPO catalyzes iodination of tyrosine
residues in thyroglobulin and, finally, the synthesis of the thyroid hormones triiodo-
thyronine (T3) and thyroxine (T4) (Ruf and Carayon 2006). Together with MPO
monomeric LPO and EPO have been shown to be an essential part of host defense in
the innate immune system and comprise the frontline defense against invading
pathogens (Ihalin et al. 2006; Malik and Batra 2012). Finally, PXDN is embedded
in the extracellular matrix and catalyzes the formation of hypobromous acid, which
mediates the formation of essential sulfilimine cross-links between methionine and
hydroxylysine residues in collagen IV. This confers critical structural reinforcement
to the extracellular matrix (Soudi et al. 2012, 2015; Colon et al. 2017; Paumann-Page
et al. 2017, 2020). All these essential biological functions should not be affected by
MPO inhibitor.
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2 Structural and Functional Features of Myeloperoxidase

Myeloperoxidase is a glycosylated, soluble, cationic, and homodimeric heme
enzyme (Fig. 1a) with a molar mass of around 146 kDa (Furtmüller et al. 2006;
van Antwerpen et al. 2010; Nauseef 2018). The two protomers are functionally
independent, crosslinked by a single disulfide bridge and composed of a heavy and
light chain. Most importantly, MPO contains one posttranslational modified heme
b per protomer. The characteristic sequence motif -X-G-Q-X-X-D-H-D-X- allows
the assignment of myeloperoxidase (but also TPO, EPO, LPO, and PXDN) to the
peroxidase-cyclooxygenase superfamily (Zámocký et al. 2015). The motif includes
the distal catalytic histidine (H95, MPO numbering) with two adjacent aspartates,
i.e. D94 being involved in ester bond formation with the prosthetic group and D96
acting as ligand in the distal Ca2+-binding site that enhances the conformational
stability of the heme cavity (Fiedler et al. 2000; Furtmüller et al. 2006; Carpena et al.
2009) (Fig. 1b). The fully conserved glutamine (Q91) seems to be involved in halide
binding (Blair-Johnson et al. 2001). Another conserved sequence motif is -X-R-X-
X-E-X-, which includes the catalytic R239 and E242 that are involved in the
formation of the second ester bond with the modified prosthetic group (Fig. 1b).
The proximal heme ligand H336 is hydrogen bonded to the amide side chain of fully
conserved N421 (Fig. 1b). The resulting imidazolate character partially stabilizes the
highly reactive redox intermediate Compound I (see below) (Carpena et al. 2009;
Grishkovskaya et al. 2017). A comparison of the crystal structures of human mature
MPO, partially unprocessed monomeric promyeloperoxidase (proMPO)
(Grishkovskaya et al. 2017) and bovine lactoperoxidase (Singh et al. 2008)

Fig. 1 Overall and active site structure of human myeloperoxidase. (a) Overall structure of mature
homodimeric human MPO. One monomer is shown as ribbon structure, the other with transparent
surface. The heavy chain is depicted in green, the light chain in pale cyan, sugars in cyan, and the
prosthetic group in orange. (b) Conserved active site residues of MPO including the non-planar
porphyrin ring and its covalent ester bond to D94 and E242, the sulfonium linkage with M243 and
the catalytic residues H95, R239, and Q91, which are involved in the heterolytic cleavage of
hydrogen peroxide and halide binding. The figure was constructed using the coordinates deposited
in the Protein Data Bank (accession code 1CXP)
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demonstrates an almost identical heme cavity architecture. In contrast to MPO and
LPO, no crystal structures for TPO, EPO, and PXDN are available but sequence
alignment and modelling suggest a similar active site.

All five human peroxidases have two heme to protein ester bonds, which are
formed autocatalytically (Colas and Ortiz de Montellano 2003; Nicolussi et al.
2018). Importantly, MPO has an additional sulfonium ion linkage between the
β-carbon of the vinyl group on pyrrole ring A and the sulfur atom of Met243
(Fiedler et al. 2000). As a consequence, MPO has unique biochemical and biophysi-
cal features, which can be exploited in the design of inhibitors as demonstrated
below.

Figure 2a shows the distal H-bonding in the ferric resting state of MPO involving
five water molecules (W1–W5). The waters are part of a pronounced hydrogen
bonding network with H95, R239, Q91, and the heme pyrrole ring C propionate as
well as between themselves (Fig. 2a). Distal H95 is hydrogen bonded via W1 and
W2 with Q91 (Fig. 2a), whereas upon bromide binding, the halide replaces W2. No
crystal structure of a MPO-Cl� complex is available so far. In the MPO–CN�

–Br�

complex (Fig. 2b), Br� substitutes W5 and does not directly interact with neither the
low-spin ligand nor with H95 (Blair-Johnson et al. 2001). Thus this structure most
probably does not mirror the oxoiron(IV) structure of the Compound I-chloride
complex which is necessary for efficient oxygen transfer and formation of HOCl
(see below). In general, at pH 7.4 chloride is weakly bound to ferric MPO
(KD ¼ 100 mM) (Furtmüller et al. 2006). In the MPO–CN�-SCN� complex
(Fig. 2c), thiocyanate is arranged almost parallel with the heme plane and replaces
W2, W3, and W5, respectively (Blair-Johnson et al. 2001).

Aromatic one-electron donors (as well as several inhibitors) bind at the substrate
channel entry to the heme cavity as already demonstrated by Hori et al. (1994) for
benzylhydroxamic acid and salicylhydroxamic acid (SHA), which both act as
substrate and inhibitor of MPO. The 2.3 Å resolution X-ray crystal structure of the
MPO-SHA complex (Davey and Fenna 1996) shows an interaction of the benzene
ring of SHA with pyrrole ring D and the side chain of Arg239. The hydroxamic

Fig. 2 Water and halide binding in the distal cavity of human myeloperoxidase. (a) Ferric resting
state of MPO, (b) MPO-cyanide-bromide complex, (c) MPO-cyanide-thiocyanate complex. PDB
accession codes 1CXP, 1D7W, and 1DNW, respectively
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group is hydrogen bonded to distal H95 and Q91 but is not directly associated with
the heme iron.

The posttranslational modification of the prosthetic group and formation of three
covalent bonds (Fig. 1b) not only increases the overall conformational and thermal
stability of MPO (Banerjee et al. 2011), but additionally has a strong impact on its
redox properties. Typically, in (unmodified) heme b peroxidases, the ferric state is
stabilized by a negative reduction potential of the redox couple Fe(III)/Fe
(II) (Battistuzzi et al. 2001). By contrast, in MPO the corresponding E�0 value is
significantly more positive mainly due to the electron withdrawing effect of the
MPO-typical sulfonium ion linkage (E�0 is 0.005 V) (Battistuzzi et al. 2006, 2011).
In addition the prosthetic group in MPO is strongly distorted thereby diminishing the
interaction of the pyrrole nitrogens with the heme iron (Fig. 1b). The impact of the
MPO-typical sulfonium ion bond on its redox and enzymatic feature could be
demonstrated by comprehensive mutational studies (Battistuzzi et al. 2011).

The fact that the homologous human peroxidases EPO, LPO, TPO, and PXDN
exhibit more negative reduction potentials of the redox couple Fe(III)/Fe
(II) compared to MPO, i.e. LPO (�0.176 V), PXDN (�0.128 V), and EPO
(�0.126 V) (Battistuzzi et al. 2010, 2011; Paumann-Page et al. 2017) can be
explored in inhibitor design (Jantschko et al. 2005) because the molecular factors
which determine E�0 of the Fe(III)/Fe(II) also influence E�0 of the catalytically
relevant redox couples like Compound I/Fe(III) and Compound I/Compound
II. Indeed, the hierarchy observed for E�’[Fe(III)/Fe(II)], namely,
MPO > EPO > PXDN > LPO, is also reflected in E�’[Compound I/Fe(III)] and
E�’[Compound I/Compound II] (Arnhold et al. 2003, 2006; Zederbauer et al.
2007a, b; Battistuzzi et al. 2011). Myeloperoxidase Compound I is an extremely
strong oxidant with E�`values of the couples Compound I/Fe(III) of 1.160 V
(Arnhold et al. 2001) and Compound I/Compound II of 1.350 V (Furtmüller et al.
2003, 2005). The respective standard reduction potentials in LPO and EPO are less
positive (Arnhold et al. 2001; Furtmüller et al. 2005). Here, it is important to note
that recombinant monomeric, partially unprocessed proMPO shares the same heme
cavity and substrate channel architecture as well as almost identical redox and
enzymatic properties with mature leukocyte MPO (Grishkovskaya et al. 2017;
Furtmüller et al. 2001) and thus can be used in the design and testing of MPO
inhibitors.

Figure 3 summarizes the redox interconversions of human myeloperoxidase. As
already mentioned, MPO is an efficient catalyst of one- and two-electron oxidation
reactions. Compound I [oxoiron(IV) porphyrin π-cation radical] is the central redox
intermediate for both the halogenation cycle (Reactions 1 & 2) as well as for the
peroxidase cycle (Reactions 1, 3 & 4). Compound I is rapidly formed by oxidation of
the ferric resting state by hydrogen peroxide according to Reaction 1 (Fig. 3). Here,
the fully conserved H95-R239 couple supports the heterolytic cleavage of H2O2

(Poulos and Kraut 1980; Marquez et al. 1994; Furtmüller et al. 2006.). The main
physiological activity of MPO (as well as of EPO, LPO, TPO, and PXDN) includes
the two-electron oxidation of (pseudo-)halides (X�, i.e. Cl�, Br�, I�, SCN�) to the
corresponding (pseudo-)hypohalous acids (HOX, i.e. HOCl, HOBr, HOI, HOSCN)
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according to Reaction 2 (Fig. 3). However, only MPO Compound I is able to
efficiently react with chloride at pH 7.0 (Furtmüller et al. 1998 ,2000), thereby
reflecting the high reduction potential of the redox couple Compound I/Fe(III)
(Battistuzzi et al. 2006; Arnhold et al. 2001, 2003). With decreasing pH chloride
oxidation is increased (Furtmüller et al. 1998; Ramos et al. 2008). In general,
oxidation of halides strictly follows the hierarchy of the E�0 of the redox couple
HOX/X�, H2O, i.e. 1.28 V (X� ¼ Cl�), 1.13 V (Br�), 0.78 V (I�), and 0.56 V
(SCN�), respectively (Arnhold et al. 2006). As a consequence, MPO is the only
HOCl source in the human body, whereas EPO and PXDN are known to efficiently
oxidize Br� to HOBr.

Besides the halogenation reaction MPO can follow the peroxidase cycle (Fig. 3).
Here Compound I is reduced via Compound II [oxoiron(IV)] to the ferric resting
state by two one-electron donors (AH2, i.e. tyrosine, serotonin, ascorbate, urate,
nitrite, etc.) thereby releasing the corresponding radicals (•AH). As mentioned above
MPO Compound I is an extremely strong one-electron oxidant, which is reflected by
oxidation of substrates with very positive E�0 values (Jantschko et al. 2002, 2005).

Fig. 3 Reactions of human myeloperoxidase. The halogenation cycle includes Reactions 1 and
2, whereas the peroxidase cycle involves Reactions 1, 3, & 4. In both cycles MPO Compound I acts
as strong oxidant of both one- and two-electron donors. Compound III is catalytically inactive and is
formed from ferric or ferrous MPO with excess of superoxide (Reaction 6) or dioxygen (Reaction
7), respectively. Reversible inhibitors follow Reactions 1 & 3 and are trapped in the Compound II
state due its poor oxidation capacity. Suicide inhibitors are oxidized in the peroxidase cycle and the
resulting radicals interact with either the protein or the prosthetic group thereby irreversibly
inhibiting MPO. Finally, inhibitors bind (reversibly) to the heme cavity thereby blocking substrate
access or product release
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This unique property can be exploited in the design of specific and reversible
inhibitors of MPO (Jantschko et al. 2005; Soubhye et al. 2010, 2013; Aldib et al.
2012). These potential inhibiting compounds are not oxidized by the other homolo-
gous human peroxidases, but can divert MPO from the halogenation cycle to
Compound II. The latter has a significantly lower oxidation capacity compared to
Compound I thus trapping MPO in the Compound II state and dampening its
chlorination activity. Importantly, the binding and oxidation site(s) for (aromatic)
substrates are identical in Compound I and Compound II, i.e. the hydrophobic heme
periphery at the entrance to the distal cavity close to the pyrrole ring D (Jantschko
et al. 2005; Soubhye et al. 2010; Aldib et al. 2012).

Further reactions of MPO include complex formation between the ferric protein
with low-spin or high-spin ligands (Reaction 8) or formation of the catalytically
inactive Compound III. The latter can be formed either from ferric MPO in the
presence of millimolar superoxide (Reaction 6) or from ferrous MPO by dioxygen
binding (Reaction 7) (Jantschko et al. 2003, 2004) or during inhibition reactions via
Compound III (Reaction 9) (Fig. 3).

3 Strategies of Design of Inhibitors of Human Peroxidases

As outlined above MPO may be released extracellularly during (patho)physiological
conditions (Klebanoff 2005) thereby promoting the production of (highly) oxidative
molecules in extracellular fluids including HOCl (Klebanoff 2005), HOSCN (Gau
et al. 2016), nitrogen monoxide, peroxynitrite (Eiserich et al. 1998), and other
radicals (Davies 2010). These compounds easily react with host tissue causing
oxidative damage (Soubhye et al. 2016a). In addition, circulating MPO may oxidize
secondary messengers like NO (Eiserich et al. 1998), hormones like thyroxin
(Klebanoff and Green 1973) or estradiol (Klebanoff 1977). Moreover, MPO has
been implicated in the acceleration of inflammation by stimulating the release of
inflammatory mediators and activation of proteases (Clark and Klebanoff 1979). In
this context, it has been suggested that MPO might be an important target to develop
new anti-inflammatory agents and its inhibition might be useful to cure the inflam-
mation unlike the known non-steroidal anti-inflammatory drugs (NSAIDs) that treat
only the symptoms but not the origin of the disease (Lazarević-Pasti et al. 2015;
Malle et al. 2007). According to the role of MPO in immune system, the only
expected side effect of MPO could be impairing the activity of neutrophils against
pathogens. However, this effect is assumed to be reduced by using relatively polar
molecules which would not be able to penetrate the cell membranes and could target
only the extracellular enzyme (Soubhye et al. 2016a).

Access and binding to the heme periphery of substrates and potential inhibitors
are guided by the same principles. The prosthetic group of MPO is located in a
crevice, about 15 Å in depth, with access to the solvent via an open channel,
approximately 10 Å in diameter. Binding studies of aromatic molecules like
benzylhydroxamic acid and salicylhydroxamic acid (SHA) have indicated that the
respective aromatic ring binds to the hydrophobic region at the entrance to the distal
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heme pocket between pyrrole ring D and the side chain of Arg239 (Fig. 4). The
hydroxamic acid moiety is hydrogen bonded to both the distal H95 and Q91 amide
group but is not coordinated to the heme iron (Ikeda-Saito et al. 1991; Hori et al.
1994; Davey and Fenna 1996). Although SHA binding displaces three water
molecules from the distal cavity (W1, W2, and W3), no significant conformational
differences between the active site regions of the complex and the native enzyme
became apparent. Recently, the well-established interaction of SHA with MPO was
used to validate the docking procedure for screening of large databases for selection
of potential MPO inhibitors (Soubhye et al. 2017a, b).

Similar binding modi were observed for melatonin (N-acetyl-5-
methoxytryptamine) and serotonin (5-hydroxytryptamine) binding to ferric MPO
in computational docking studies (Hallingbäck et al. 2006). Both indole derivatives
were shown to bind with their indole rings parallel to the heme plane and close
enough to pyrrole ring D to achieve stacking. The ligand side chain was never
directed toward the distal cavity, whereas the indole substituent at position 5 was
close to the heme center (Hallingbäck et al. 2006). Computational docking of
Compounds I and II demonstrated that both melatonin and serotonin were pushed
about 1Å away from the ferryl oxygen, which abolished the 5-substituent to point to
the heme center thus favoring an alternative binding mode with a rotated indole still
parallel to pyrrole ring D (Hallingbäck et al. 2006). Following studies demonstrated
that most aromatic inhibitors follow similar binding modi.

Figure 4 depicts the crystal complexes of various compounds binding at the heme
periphery including the irreversible MPO inhibitor 2-thioxanthine, the reversible
MPO inhibitor 7-benzyl triazolopyridines (Shaw et al. 2020), and the MPO
inhibiting protein SPIN from Staphylococcus aureus (de Jong et al. 2017).

Based on the mechanism of the inhibition of MPO, inhibitors have been divided
into two main classes:

Fig. 4 Binding of MPO inhibitors at the heme periphery. (a) Binding site for 2-thioxantine, (b)
7-benzyl triazolopyridine, and (c) for SPIN (SPIN for Staphylococcal Peroxidase Inhibitor).
Figure 3 was constructed using the coordinates deposited in the Protein Data Bank, accession
code (A) 3ZS0, (B) 6WYD, and (C) 6BMT, respectively
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1. Irreversible inhibitors that act as substrate of MPO and are oxidized by Com-
pound I and Compound II in the peroxidase cycle (Fig. 3). The oxidized
(radicalic) reaction product attacks the heme group and establishes a covalent
bond. As a consequence, the access to the heme cavity is blocked irreversibly.

2. Reversible inhibitors bind to the active site of MPO by non-covalent interactions
with high affinity and low dissociation rate (Soubhye et al. 2016a). In addition,
they may react easily and quickly with Compound I of MPO but slowly with
Compound II. Formed radicals do interact neither with the protein nor with the
prosthetic group. Such inhibitors may lose their activity in the physiological
environment because of the presence of one-electron donors which can reduce
Compound II to the ferric state (Soubhye et al. 2016b).

4 Irreversible MPO Inhibitors

Mechanism-based inhibitors are oxidized by MPO and the resulting products bind to
the active site via covalent bond formation thereby causing irreversible inhibition.
Such inhibitors prevent MPO from recovering its activity and therefore need lower
doses than reversible inhibitors (Lundblad 2005). Additionally, the administration
schedule is different with less doses needed. In this type of inhibition, the potency of
the inhibitor is usually evaluated by the ki of the reaction between the inhibitor and
the enzyme rather than the IC50 value (Adam et al. 2001). In case of MPO, the
inhibitor needs to be oxidized by either Compound I or Compound II (Soubhye et al.
2016a).

p-Aminobenzoic acid hydrazide (ABAH) was the first specific irreversible MPO
inhibitor (Kettle et al. 1995, 1997; Burner et al. 1999). It has been shown that MPO
oxidizes its hydrazide group to the corresponding hydrazyl radical which forms
covalent acyl adducts with the active site (Forbes et al. 2012). Due to its commercial
availability and low price, ABAHwas widely used to evaluate the inhibition of MPO
as a new strategy for treatment of inflammatory syndromes such as atherosclerosis in
in vitro or animal models (Bekesi et al. 2005) as well as multiple sclerosis (MS),
Parkinson’s disease (PD), and Alzheimer’s disease (AD) (Forghani et al. 2012). In
vivo experiments in animals demonstrated that ABAH can prevent the development
of myeloid inflammation, demyelinating diseases such as MS (Forghani et al. 2012),
and blood–brain barrier (BBB) dysfunction (Üllen et al. 2013). Moreover, ABAH
has been found to be useful to avert the growth of aortic atherosclerosis (Bekesi et al.
2005) and to block the formation of DNA double-strand breaks (Papież et al. 2015).
It has also been reported that the inhibition of MPO by ABAH in mice with ischemic
stroke can increase the neurogenesis (Kim et al. 2016). However, due to its low
molecular mass that leads to a large distribution in the body and the reactive
hydrazide group, ABAH may inhibit also other enzymes causing several unwanted
side effects (Lipinski et al. 2001; Smith 2011). These characteristics preclude ABAH
from usage as drug and in human tests.

Another interesting family of MPO inhibitors is based on the xanthine scaffold. It
is well known that urate, a xanthine derivative, is a good substrate for MPO (Stamp
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et al. 2014). Therefore, xanthine has been used as a backbone for developing new
inhibitors (Tiden et al. 2011). In this context, potent inhibitors derived from 2-
thioxanthine have been developed by AstraZeneca. Several compounds were
identified and tested in vivo and ex vivo, namely AZD-5904 and AZD-3241, and
these inhibitors can be administered orally (Fig. 5) (Maiocchi et al. 2017; Jucaite
et al. 2015). These compounds have been identified as irreversible MPO inhibitors. It
has been proposed that thioxanthine is oxidized by Compound I to the corresponding
free radical that covalently binds to the prosthetic group and blocks the substrate
entry channel (Fig. 4a) (Tiden et al. 2011). Likewise, AstraZeneca has developed
other MPO inhibitors with similar structures, but they have also discovered novel
potent inhibitors derived from 1-[2-(aminomethyl)benzyl]-2-thioxo-1,2,3,5-
tetrahydro-4H-pyrrolo[3,2-d]pyrimidin-4-one (Fig. 5). Among these inhibitors,
AECTPPO has shown the best activity at low nanomolar range and also the highest
selectivity. AECTPPO has been designed for the treatment or the prevention of
cardiovascular diseases (Inghardt et al. 2016). However, it is not known whether
these inhibitors act reversibly or irreversibly but, owing to their structural similarity
with thioxanthine, it is reasonable to assume that they belong to the irreversible
inhibitors (Inghardt et al. 2016). Nevertheless, not all the inhibitors carrying
2-thioxopyrimidin-4-one exhibit irreversible inhibition for MPO. Li et al. have
shown that inhibitors derived from thioxodihydroquinazolinone inactivate MPO
reversibly (Li et al. 2015).

New irreversible MPO inhibitors derived from thiouracil have been developed by
Pfizer, based on their structural analogy to thioxanthine (Fig. 5) (Ruggeri et al.
2015). Compound PF-06282999 has shown the best potency and selectivity toward
MPO. It can easily be absorbed from gastro-intestinal tract giving a plasma concen-
tration corresponding to its IC50 in vitro (Ruggeri et al. 2015). As the structure of
PF-06282999 is related to thioxanthine compounds, it has been proposed that the
mechanism of inactivation is similar (Ruggeri et al. 2015).

From the armamentarium, two compounds have been identified as mechanism-
based inhibitors of MPO, namely paroxetine (Soubhye et al. 2014) and hydralazine
(Soubhye et al. 2017a). The selective serotonin transporter inhibitor paroxetine
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exhibits irreversible MPO inhibition at low nanomolar range (Soubhye et al. 2014).
It has been suggested that one of the oxygens of benzodioxol group of paroxetine is
oxidized by Compound I into a carbene which in turn reacts with the heme group
causing the degradation of the enzyme. At high concentrations of paroxetine, MPO
activity can be partially recovered suggesting that the antidepressant drug can inhibit
MPO via both reversible and irreversible pathways (Soubhye et al. 2014). In
contrast, hydralazine has been found to be oxidized by Compound I into hydralazyl
radicals and subsequently to reactive oxygen-centered radicals. The latter may react
irreversibly with the heme (Soubhye et al. 2017a). According to the ADME profile
of paroxetine and hydralazine, it has been demonstrated that after oral administration
of doses usually recommended in the clinical guidelines (between 10 and 30 mg per
day and between 40 and 300 mg per day, respectively), their plasma concentrations
could be sufficient to inhibit MPO irreversibly (Lima et al. 2008; Shepherd et al.
1981). In vitro experiments have demonstrated that paroxetine was able to inhibit the
MPO-mediated oxidation of LDL at low nanomolar range suggesting that it can be
used as a hybrid drug for preventing atherosclerosis associated with major depres-
sion (Soubhye et al. 2014), while hydralazine did not show good inhibition of LDL
oxidation at the therapeutic concentrations (Soubhye et al. 2017a).

Due to the low activity of hydralazine on the oxidation of LDL, attempts were
made to improve its activity. By dynamic combinatorial chemistry, a hydrazone
compound was obtained from hydralazine and glycolaldehyde (HYDG). The
resulting compound showed an activity 10-fold higher than hydralazine. Further
study on this compound has established that HYDG acts as irreversible MPO
inhibitor. Furthermore, in vivo experiments have demonstrated that HYDG can
inhibit MPO for more than 24 h with one dose (Soubhye et al. 2017b).

5 Reversible MPO Inhibitors

Several compounds have been identified as reversible MPO inhibitors. All of these
inhibitors are good electron donors for Compound I but poor substrates for Com-
pound II. These inhibitors (1) bind reversibly with high affinity via non-covalent
interactions to the active site (Soubhye et al. 2016b) and (2) efficiently reduce
Compound I to Compound II while keeping the binding between the enzyme and
the inhibitor. As a consequence, the inhibitor switches the enzyme from the chlori-
nation cycle to the peroxidation cycle (Jantschko et al. 2005). In contrast, some
reversible inhibitors have been suggested to follow other inhibition pathways. It has
been proposed that derivatives of hydroxamic acid are oxidized by Compound I and
promote the redox interconversion into Compound III which is catalytically inactive.
Therefore hydroxamic acids are thought to inhibit MPO by pushing it out the
chlorination cycle without accumulating Compound II (Ikeda-Saito et al. 1991;
Forbes et al. 2013).

Naturally occurring polyphenols and flavonoids are common examples for
reversible MPO inhibitors (Boufadi et al. 2014). Quercetin, kaempferol, and
epicatechin showed high activity on MPO (Spalteholz et al. 2008). Such compounds
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can be found in high amount in plants such as capers (Inocencio et al. 2000), onions
(Slimestad et al. 2007), sweet potatoes (Jiang et al. 2011), green and black teas
(Langley-Evans 2000), propolis (Boufadi et al. 2014), tomatoes (Zhao et al. 2015),
and cacao (Schewe and Sies 2005), for example. This widespread abundance of
flavonoids in plants commonly used in alimentation gives these compounds special
importance for clinical use as MPO inhibitors. Indeed, several studies have been
published showing the effects of natural compounds on MPO in vivo. It has been
reported that polyphenols can be absorbed from intestine easier when they are
administered as crude extracts or plants than giving them as isolated compounds
(Manach et al. 2004; Rasoanaivo et al. 2011; Boufadi et al. 2017). In vivo
experiments have shown that the oral administration of plant polyphenols can
suppress (1) lipid peroxidation of LDL caused by MPO/nitrite or peroxynitrite
(Schewe and Sies 2005; Kostyuk et al. 2003), (2) MPO-mediated injury of endothe-
lial cell (Tian et al. 2017), and (3) development of colitis (Nastase et al. 2016), and
leads to muco-protective effects (Rtibi et al. 2016). It has been suggested that
polyphenols including flavonoids might exhibit beneficial roles in two ways:
(1) by reversible inhibition of MPO, and (2) by scavenging the oxidative reaction
products of MPO (Loke et al. 2008). Kinetic studies on reactions of flavonoids with
MPO Compounds I and II and with oxidative products of the enzyme suggested that
these antioxidants mainly prevent oxidative damage by inhibition of MPO rather
than detoxification of the oxidative reaction products (Skaff et al. 2007; Pattison and
Davies 2004, 2006).

Random and rational screening of libraries comprising known drugs led to the
discovery of several new reversible MPO inhibitors (Soubhye et al. 2016a). Most of
these molecules belong to the NSAIDs family (e.g., nimesulide, flufenamic acid, and
mefenamic acid) (Soubhye et al. 2016a). However, these anti-inflammatory agents
did not show enough potency to be used as MPO inhibitor at a safe dose. Although
the in vitro activity of dapsone on MPO is similar to those of the NSAIDs inhibitors,
the former has shown a strong anti-inflammatory effect in humans at the therapeutic
doses due to its capacity of MPO inhibition (Stendahl et al. 1978; Foye et al. 2013;
Bozeman et al. 1992). Anyway, in vitro experiments have demonstrated that none of
these drugs can inhibit MPO-mediated oxidation of LDL (Soubhye et al. 2016a).
Recently, mesna (2-mercaptoethane sodium sulfonate), which is used as a medica-
tion for reducing hemorrhagic cystitis and hematuria associated with cancer chemo-
therapy, has shown inhibitory properties on MPO. It inhibits the enzyme by
switching the chlorination cycle to the peroxidase cycle thus preventing the enzyme
to generate HOCl. However, it is not known whether mesna is able to dampen LDL
oxidation, CNS tissue damage or whether it inactivates MPO in vivo (Jeelani et al.
2017).

The endogenous indolic compounds melatonin and tryptophan have been
identified as potent reversible MPO inhibitors (Galijasevic et al. 2008; Ximenes
et al. 2005). They inhibit MPO by high affinity binding and efficient oxidation by
Compound I but poor oxidation by Compound II (Galijasevic et al. 2008; Ximenes
et al. 2005). In this context, attempts were made to develop new potent indole-
derived inhibitors with high activities and low toxicity which allows them being used
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in vivo (Soubhye et al. 2016a). Several potent inhibitors derived from
3-alkylfluoroindole were developed (Soubhye et al. 2010, 2013). It has been
demonstrated that 3-(4-aminobutyl)-5-fluoro-1H-indole (AB5FI),
3-(5-aminopentyl)-5-fluoro-1H-indole (AP5FI), 3-(2-(2-aminoethylthio)ethyl)-5-
fluoro-1H-indole (AETE5FI), 3-(4-aminobutyl)-7-fluoro-1H-indole (AB7FI),
3-(2-(2-aminoethylthio)ethyl)-7-fluoro-1H-indole (AETE7FI), and 4-(5-fluoro-1H-
indol-3-yl)butanamide (5FIBAD) are potent MPO inhibitors (Fig. 6). The mecha-
nism of inhibition by these molecules includes high affinity binding at the heme
periphery followed by oxidation by Compound I thereby generating Compound II
that accumulates (Soubhye et al. 2010, 2013).

All the 3-alkylfluoroindole derivatives depicted in Fig. 6 have been shown to
exhibit inhibitory activities at low nanomolar level (IC50 < 20 nM) and prevent
MPO-mediated LDL oxidation. The in vivo toxicological experiments have
suggested that this family of inhibitors has large safety margin (Soubhye et al.
2013, 2014). However, with the exception of 5FIBAD, 3-alkylfluoroindole
inhibitors have been shown to exhibit also inhibitory effects on the serotonin
transporter (SERT) roughly at the same concentrations required for MPO inhibition.
However, the high activity of these inhibitors on both MPO and SERT can be
considered as a double-edged sword. On the one hand are safety issues due to
promotion of the serotonin syndrome, but on the other hand these compounds can
be used as hybrid molecules for treating and preventing atherosclerosis associated
with major depressive disorder (MDD) (Soubhye et al. 2013, 2014). In any case,
among the indolic inhibitors, 5FIBAD showed high potency toward MPO with high
selectivity toward SERT. Indeed, the in vivo toxicological tests have demonstrated
that 5FIBAD has the largest safety margin among this family of molecules (Soubhye
et al. 2013).

As mentioned above, aromatic hydroxamic inhibit MPO by promoting Com-
pound III formation via Compound I (Davies and Edwards 1989; Ikeda-Saito et al.
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1991; Forbes et al. 2013). Based on this fact, very potent inhibitors were developed
starting from aromatic hydroxamic acids. Among these inhibitors, HX1 showed the
best activity and selectivity (Fig. 6). It has been suggested that HX1 inhibits MPO
reversibly via accumulation of the nitrosyl ferrous complex of ferrous MPO [NO-Fe
(II)] (Forbes et al. 2013). Despite its high activity on MPO in vitro, there are no data
about the activity and toxicity of HX1 in vivo. However, ex vivo experiments
demonstrated that HX1 prevents the formation of HOCl released by stimulating
neutrophils at very low concentrations.

Similar to 3-alkylfluoroindole inhibitors, the tripeptide N-acetyl
lysyltyrosylcysteine amide (KYC) inhibits MPO by causing accumulation of Com-
pound II but with less potency (Zhang et al. 2013). Preclinical studies on KYC in
mice showed that this safe inhibitor can reduce the migration of myeloid cells in
conditions such as middle cerebral artery occlusion (MCAO) (Zhang et al. 2016). In
addition, KYC has shown useful efficacy in treating brain damage after stroke
(Yu et al. 2016), and vascular disease (Zhang et al. 2013).

Next, triazolopyrimidine was also shown to act as reversible MPO inhibitor.
However, it suffers from poor stability in acidic media and is an irreversible inhibitor
of the DNA repair protein methyl guanine methyl transferase (MGMT). Consequently,
a structure-based drug design was employed to discover benzyl triazolopyridine
derivatives with improved MPO potency, as well as acid stability, no reactivity with
MGMT, and selectivity against thyroid peroxidase (TPO). Finally, structure–activity
relationships, a crystal structure of the MPO-inhibitor complex (Fig. 4b), and acute
in vivo pharmacodynamic data have been reported (Shaw et al. 2020).

Recently, with the aid of secretome phage display, a highly conserved protein that
specifically binds and inhibits MPO was detected and designated as “staphylococcal
peroxidase inhibitor” (SPIN). A co-crystal structure of SPIN bound to MPO
suggested that SPIN blocks substrate access to the catalytic heme by inserting an
N-terminal β-hairpin into the MPO active-site channel (de Jong et al. 2017) whereas
the C-terminal domain specifically binds to human MPO (Fig. 4c). Further studies
have to show whether SPIN can be used as starting scaffold for the design and
production of a new generation of reversible and specific MPO inhibitors.

6 MPO Inhibitors in Clinical Development

Although MPO has been implicated in many chronic inflammatory syndromes, no
medication targeting this enzyme is available so far. In fact, the identification of
MPO as a target for developing drugs is relatively recent (Malle et al. 2007).
However, several potent MPO inhibitors have been obtained in the last decade but
only few of them have been subjected to preclinical trials (Ruggeri et al. 2015; Dong
et al. 2016; Maiocchi et al. 2017; Jucaite et al. 2015; Zhang et al. 2013; Yu et al.
2016). It is remarkable that most compounds subjected to clinical trials are irrevers-
ible inhibitors. The Astra Zeneca compound AZD-3241 is currently in clinical trials
for multiple system atrophy and phases 1 and 2 were already completed. The phases
1 and 2 of its clinical trials were already completed. The preliminary results have
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shown good efficacy in neuro-inflammation in patients suffering from PD and
multiple system atrophy with good tolerance when administered orally at a treatment
dose of 600 mg twice a day (Jucaite et al. 2015). ADME-T profile of another
compound in clinical trial, PF-06282999, which has been established in mice, rats,
dogs, and monkeys, indicated that the inhibitor is absorbed by intestinal tract with a
bioavailability suitable for in vivo inhibition of MPO. In addition, the results of
phase 1 trials suggested a good safety profile (Ruggeri et al. 2015).

Many preclinical and ex vivo experimental data also suggest that the inhibition of
MPO not only prevents inflammation but also improves tissue injury. Indeed, it has
been reported that the administration of MPO inhibitors in vivo can prevent endo-
thelial cells dysfunction as well as the oxidation of LDL and therefore slow down the
development of atherosclerosis (Maiocchi et al. 2017; Bekesi et al. 2005). Moreover,
inhibition of MPO may be useful for treating and preventing MS (Forghani et al.
2012), BBB dysfunction (Üllen et al. 2013), chronic obstructive pulmonary disease
(Churg et al. 2012), neuro-inflammation in patients suffering from PD and multiple
system atrophy (Jucaite et al. 2015), and it can improve neurogenesis after ischemic
stroke (Kim et al. 2016). However, MPO inhibitors cannot be given alone as a
medication for treating or preventing the chronic inflammatory disorders but they
must be administered with a combination of other drugs such as anti-hypertensives,
diuretics, peripheral vasodilators, and lipid modifying agents (Inghardt et al. 2016).
It has been recommended to use MPO inhibitors in inflammatory diseases associated
with enhanced neutrophil attack such as chronic obstructive pulmonary disease,
cystic fibrosis, and systemic autoimmune diseases (Forbes et al. 2013). Many
authors suggested MPO inhibitors as essential medications for preventing athero-
sclerosis in patients with hyperlipidemia (Liu et al. 2012, 2015; Malle et al. 2007; Ali
et al. 2016; Nicholls and Hazen 2008; Shao and Heinecke 2009; Nicholls 2005). In
all cases, more experiments are needed to compare the benefit of the synthesized
MPO inhibitors versus natural antioxidant agents since the latter can be used as safe
food supplements or, more simply, through a balanced diet (Boufadi et al. 2017).

7 Conclusions

Reactive oxidants released by human myeloperoxidase are involved in the develop-
ment of several diseases including chronic inflammatory diseases, atherosclerosis,
and acute cardiovascular events and are considered as a major problem for human
health (Malle et al. 2007; Lazarević-Pasti et al. 2015; Soubhye et al. 2016a). Many
potent specific reversible and irreversible MPO inhibitors have been developed
based on our profound knowledge of structure and function of this human heme
peroxidase and its homologous human counterparts as well as novel (virtual) high-
throughput screening procedures. But only a few drug candidates have been
subjected to preclinical or clinical experiments. Despite satisfying results obtained
in preclinical and ex vivo tests, only two compounds have been studied in clinical
trials so far, namely AZD-3241 and PF-06282999 and the beneficial effect of MPO
inhibition in the treatment and prophylaxis of inflammatory disorders is still under
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discussion. Nevertheless, the availability of potent MPO inhibitors found among
marketed drugs, such as paroxetine, as well as the fact that these drugs are used for a
long time in large populations, might allow epidemiological studies for evaluation of
the impact of MPO inhibition in the improvement of inflammatory syndromes.
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Abstract

The mammalian thioredoxin system is driven by NADPH through the activities of
isoforms of the selenoprotein thioredoxin reductase (TXNRD, TrxR), which in
turn help to keep thioredoxins (TXN, Trx) and further downstream targets
reduced. Due to a wide range of functions in antioxidant defense, cell prolifera-
tion, and redox signaling, strong cellular aberrations are seen upon the targeting
of TrxR enzymes by inhibitors. However, such inhibition can nonetheless have
rather unexpected consequences. Accumulating data suggest that inhibition of
TrxR in normal cells typically yields a paradoxical effect of increased antioxidant
defense, with metabolic pathway reprogramming, increased cellular proliferation,
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and altered cellular differentiation patterns. Conversely, inhibition of TrxR in
cancer cells can yield excessive levels of reactive oxygen species (ROS) resulting
in cell death and thus anticancer efficacy. The observed increases in antioxidant
capacity upon inhibition of TrxR in normal cells are in part dependent upon
activation of the Nrf2 transcription factor, while exaggerated ROS levels in
cancer cells can be explained by a non-oncogene addiction of cancer cells to
TrxR1 due to their increased endogenous production of ROS. These separate
consequences of TrxR inhibition can be utilized therapeutically. Importantly,
however, a thorough knowledge of the molecular mechanisms underlying effects
triggered by TrxR inhibition is crucial for the understanding of therapy outcomes
after use of such inhibitors.
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The mammalian thioredoxin system is driven by thioredoxin reductases (TXNRD,
TrxR), which keeps thioredoxins (TXN, Trx) and further downstream targets
reduced. In normal cells, inhibition of TrxR yields a paradoxical effect of increased
antioxidant defense upon activation of the Nrf2 transcription factor. In cancer cells,
however, inhibition of TrxR yields excessive reactive oxygen species (ROS) levels
resulting in cell death and thus anticancer efficacy, which can be explained by a
non-oncogene addiction of cancer cells to TrxR1 due to their increased endogenous
production of ROS. These separate consequences of TrxR inhibition can be utilized
therapeutically.
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1 Thioredoxin Reductases and Redox Biology

Redox biology is fundamental to all aspects of life, and altered redox processes are
related to several diseases, including aspects of excessive levels of ROS, hypoxia,
ischemia-reperfusion injury, and disturbed compartmentalized formation of reactive
oxygen species (Forbes et al. 2008; Ryter et al. 2007; Ye et al. 2015). Enzymatically
regulated formation of reactive oxygen species, especially H2O2, is also essential in
several physiologically normal intracellular signaling pathways (Finkel 2000, 2011;
Holmstrom and Finkel 2014; Rhee 2006). Different therapies that target the enzy-
matic systems of redox biology may thereby affect normal physiological events as
well as pathways distorted in disease. Most if not all therapies that perturb redox
states of cells will be likely to involve, or at least affect, the thioredoxin (Trx) and
glutathione (GSH) systems, which are the main mammalian enzyme systems for
control of reductive pathways in cells (Arnér 2009; Nordberg and Arnér 2001;
Rundlöf and Arnér 2004). Direct drug targeting with inhibition of both of these
two redox pathways can have therapeutic effects in cancer treatment (Harris et al.
2015), but simultaneous targeting of both pathways can also result in major
unwanted toxicity and severe side effects. Several lines of observations suggest
that targeting of Trx reductases (TrxRs) alone may however yield therapeutic
efficacy in disease with less severe toxicity to normal cells. This will be discussed
here, but first the selenoprotein nature of TrxRs shall be introduced.

Selenium (Se) is an essential trace element for mammals, due to its role as the
defining constituent of the 21st amino acid, selenocysteine (Sec), found in
selenoproteins (Johansson et al. 2005). The human genome has 25 selenoprotein-
encoding genes, mostly encoding enzymes with a single catalytic Sec residue in their
active sites (Kryukov et al. 2003). The chemical features of Sec make this amino acid
an ideal catalyst for redox reactions, with Sec being much more chemically reactive
than its more common sulfur-containing Cys analog (Arnér 2010) and also more
resistant to overoxidation (Reich and Hondal 2016). Sec can in many cases be
regarded as a “super cysteine,” which helps to explain the higher activities of
selenoenzymes that are typically seen when compared to their corresponding Sec-
to-Cys mutants (Johansson et al. 2005; Reich and Hondal 2016). Some of the
mammalian selenoproteins are essential, as illustrated by the early embryonic lethal-
ity in mouse knockout models for cytosolic thioredoxin reductase (TrxR1, encoded
by Txnrd1) (Bondareva et al. 2007), mitochondrial thioredoxin reductase (TrxR2,
Txnrd2) (Conrad et al. 2004), and glutathione peroxidase 4 (GPx4,Gpx4) (Yant et al.
2003). It was also shown that GPx4 protects cells against ferroptosis in a strictly
Sec-dependent manner, which may be one of the major functions explaining a need
for Sec in this enzyme and for selenoprotein expression overall, at least in certain cell
types (Ingold et al. 2017).
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Interestingly, cellular TrxR1 status also effectively controls cellular phenotype
and differentiation patterns, with its genetic deletion reprogramming metabolism in
hepatocytes of mouse liver (Iverson et al. 2013), activating Nrf2 (Cebula et al. 2015)
and promoting fibroblasts in culture to undergo adipogenesis (Peng et al. 2016).
Such effects of TrxR1 on cellular differentiation relate, among other mechanisms, to
modulation of PTP1B signaling linked to tyrosine receptor stimulation (Dagnell
et al. 2013b, 2017) and to the direct modulation of redox-sensitive transcription
factors such as Nrf2, HIF, and NFκB (Johansson et al. 2017; Kipp et al. 2017). It is
clear that TrxR1 can modulate cellular signaling pathways on many different, yet
interlinked, levels in cells (Dagnell et al. 2018). A better understanding of those
pathways will be important in order to understand and predict the possible outcomes
of drug-mediated TrxR inhibition.

1.1 TrxR Genes and Proteins

The mammalian Trx system is an important reductive enzyme system in cells that
acts together or in parallel with the glutathione (GSH) system (Arner and Holmgren
2000; Becker et al. 2000; Gromer et al. 2004; Nordberg and Arnér 2001). The Trx
system encompasses Trx1 (encoded in human by TXN) and several additional
Trx-fold enzymes, being kept reduced and thus redox active by the actions of
thioredoxin reductases (TrxRs) using NADPH. The Trx-fold proteins can subse-
quently act to support reductive pathways or modulate redox regulatory systems in a
multitude of cellular functions. The human genome encodes three specific TrxR
isoenzymes, namely, cytosolic TrxR1 (encoded by TXNRD1), mitochondrial TrxR2
(encoded by TXNRD2), and testis-specific TGR (encoded by TXNRD3), with all
three enzymes being selenoproteins (Arner and Holmgren 2000; Arnér 2009;
Gromer et al. 2004; Martin 1995; Miranda-Vizuete et al. 2004; Nordberg and
Arnér 2001). The differences between these isoforms are discussed further in Sect.
1.2.

Most studies with regard to effects of inhibitors have been performed on TrxR1 or
TrxR2, while TGR has been much less studied. However, several pathogenic
parasites rely on TGR orthologs, which may be inhibited through drug therapy as
a novel form of antiparasitic therapy. This includes targeting of the TGR enzyme in
Schistosoma mansoni (Kuntz et al. 2007; Lea et al. 2008; Rai et al. 2009; Silvestri
et al. 2018; Simeonov et al. 2008), Schistosoma japonicum (Huang et al. 2015; Song
et al. 2012), Fasciola gigantica, Fasciola hepatica, and other helminth parasites
(Maggioli et al. 2011; Shukla et al. 2018; Williams et al. 2013), the tapeworm
Mesocestoides vogae (Pasquet et al. 2015), Taenia crassiceps cysticerci (Martinez-
Gonzalez et al. 2015), Echinococcus granulosus (Saiz et al. 2014), and additional
cestode and trematode flatworms (Otero et al. 2010; Ross et al. 2012). The rest of this
chapter shall however discuss drug targeting of the human forms of TrxR.
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1.2 Isoforms and Expression Patterns of Human TrxRs

The human TXNRD1 gene encodes predominantly cytosolic TrxR1, which is ubiq-
uitously expressed and has Trx1 as its major substrate (Arner and Holmgren 2000;
Rundlof and Arner 2004; Rundlof et al. 2004; Sun et al. 2001b). Mitochondrial
TrxR2 encoded by TXNRD2 reduces mitochondrial Trx2 as its main substrate (Lee
et al. 1999; Miranda-Vizuete et al. 1999; Rigobello et al. 1998). The TXNRD3 gene,
finally, encodes TGR (thioredoxin glutathione reductase) that has a glutaredoxin
(Grx) domain at the N-terminal part of the protein, in addition to its major TrxR
module that otherwise is similar in domain structure to that found in TrxR1 and
TrxR2. TGR is involved in maturation of sperm cells and mainly expressed in early
spermatids (Su et al. 2005; Sun et al. 2001a, 2005).

The TXNRD1 gene on chromosome 12 (12q23-q24.1) has a complex organiza-
tion, with numerous transcripts displaying extensive splicing at their 50-ends, thus
producing several different protein isoforms of TrxR1 (Osborne and Tonissen 2001;
Rundlof et al. 2000, 2004; Su and Gladyshev 2004; Sun et al. 2001b). One isoform,
TXNRD1_v3 (“v3”), has three additional exons encoding a Grx domain, which is
expressed in N-terminal fusion to the classical TrxR1 module. This is similar to TGR
but v3 has a dithiol active site in contrast to the monothiol site found in TGR
(Dammeyer et al. 2008; Rundlof et al. 2004, 2007; Su and Gladyshev 2004).
Humans, chimpanzees, and dogs express v3, but mice or rats do not (Su and
Gladyshev 2004). The v3 enzyme can be myristoylated and palmitoylated, being
targeted to cell membranes where it seems to associate with lipid rafts and trigger
formation of filopodia (Cebula et al. 2013; Damdimopoulou et al. 2009; Dammeyer
et al. 2008). It is not clear if v3 is also targeted by drugs inhibiting TrxR, but this
possibility should not be disregarded. Other major splice variants of TrxR1 are
TXNRD1_v1 that is the “classical” form of the enzyme and TXNRD1_v2 (also
called TrxR1b) that can be channeled to the nucleus and there interact with tran-
scription factors including the estrogen receptor (Arnér 2009; Damdimopoulos et al.
2004).

The human TXNRD2 gene is found on chromosome 22 (22q11.21) and mouse
Txnrd2 on chromosome 16. Similarly to TXNRD1 there is evidence for extensive
alternative splicing at the 50-end of the corresponding transcripts, encoding protein
variants with different N-terminal domains (Sun et al. 2001c). Thus, also in the case
of TrxR2 there is a chance that drug inhibition of the enzyme also targets several
isoforms within the same cells, or in different organs. It should here be noted that not
all TrxR isoenzymes are expected to be targeted with the same efficiency upon use of
inhibitors, with the final effects both depending upon different affinities for the
specific enzymes and upon possible compartmentalization effects. In a side-by-
side comparison, it was indeed shown that TrxR1 and TrxR2 differ in their
sensitivities to different inhibitors (Rackham et al. 2011) and certain compounds,
such as auranofin or isothiocyanates, were shown to target mainly mitochondrial
TrxR2 before they inhibit TrxR1 within the cellular context (Brown et al. 2008; Cox
et al. 2008).
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The human TXNRD3 gene encoding TGR is located at chromosome 3 (3q21.3),
while mouse Txnrd3 is at chromosome 6. These are yet the least characterized TrxR-
encoding genes and also the least characterized TrxR isoenzymes. It should none-
theless be noted that TGR has the same Sec-containing active site motif as the other
TrxRs, and it is thus both possible and plausible that also TGR may be targeted upon
the use of drugs inhibiting TrxR isoenzymes.

1.3 Catalytic Mechanisms and Propensity for Drug Inhibition
of TrxR

All human TrxRs share the same C-terminal -Gly-Cys-Sec-Gly-COOH motif being
the proper active site reducing Trx (Arscott et al. 1997; Gladyshev et al. 1996; Lee
et al. 2000; Tamura and Stadtman 1996; Zhong et al. 1998, 2000; Zhong and
Holmgren 2000). Several crystal structures of Sec-to-Cys substituted mutant
enzymes revealed the general domain structure and catalytic mechanism of mamma-
lian TrxRs (Biterova et al. 2005; Eckenroth et al. 2006, 2007a, b; Fritz-Wolf et al.
2007; Sandalova et al. 2001), with a crystal structure of Sec-containing TrxR1
subsequently confirming the proposed formation of a selenenylsulfide at the
C-terminus of the oxidized protein (Cheng et al. 2009). Importantly, in the
NADPH-reduced enzyme, the selenenylsulfide becomes reduced to a selenolthiol
motif, with its highly reactive and nucleophilic Sec residue being fully exposed to
solvent and thus serving as a prime target for inhibition by electrophilic compounds
(Cheng et al. 2009).

The first part of the reductive half-reaction of TrxR1 utilizes NADPH to reduce an
enzyme-bound FAD in one subunit of the dimeric enzyme. The reduced FAD
subsequently reduces a disulfide in a -CVNVGC- active site motif present in the
same subunit, thus producing a dithiol. This part of the catalytic cycle is similar to
that seen in glutathione reductase and other enzymes of the pyridine nucleotide
disulfide oxidoreductase family (Williams 1992). However, instead of next reducing
a substrate in solution, as with GSSG reduction by glutathione reductase, the
C-terminal selenenylsulfide motif in the opposing subunit of TrxR1 is reduced,
which may finally reduce substrates of TrxR1 including Trx1 (Cheng et al. 2009).
Mammalian TrxRs also reduce several other substrates in addition to Trxs. Two
additional and potentially important direct protein substrates of mammalian TrxR1
are glutaredoxin 2 (Johansson et al. 2004) and TRP14 (also called TXNDC17)
having several redox signaling roles in cells (Espinosa and Arner 2019; Jeong
et al. 2004; Pader et al. 2014; Woo et al. 2004). Another protein substrate of TrxR
of potential importance is protein disulfide isomerase (PDI) that, like other ER
proteins including CaBP1 and CaBP2 (Erp57), carries Trx domains with active
sites that can be reduced by TrxR (Lundström-Ljung et al. 1995). It is interesting
that cytosolic TrxR1 somehow reduces ER-resident proteins, which indeed can
explain phenomena such as the reductive activation of immunotoxins through PDI
being reduced by TrxR (Bellisola et al. 2004) or reduction of the disulfides in
misfolded ER proteins being dependent upon TrxR1 (Poet et al. 2017). TrxR1 was
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also shown to directly reduce the active site of another protein of the Trx family,
Trx-like-1 (TXL-1, TXNL-1 or TRP32) (Jimenez et al. 2006), that is a cytosolic
protein (Lee et al. 1998) involved in glucose metabolism (Jimenez et al. 2006) and
endocytosis (Felberbaum-Corti et al. 2007). Additional protein disulfide substrates
for TrxR include Trx isoforms in male germ cells (Jimenez et al. 2002, 2004;
Miranda-Vizuete et al. 2004) and the antibacterial peptide NK-lysin (Andersson
et al. 1996). Furthermore, TrxR activities are important in controlling the
persulfidation states of proteins, including key signaling proteins (Doka et al.
2016, 2020). Again, all of these enzymatic functions may be considered to be
inhibited or affected upon the use of TrxR inhibitors.

TrxRs also have non-protein substrates that can play functional roles in a cellular
context. This includes reduction of dehydroascorbate (May et al. 1997), lipoic acid
(Arnér et al. 1996), cytochrome c (Nalvarte et al. 2004), toxoflavin (Gencheva et al.
2018), ubiquinone (Xia et al. 2003), and several other quinone compounds (Cenas
et al. 2004). It is not clear if TrxR-mediated reduction of such substrates has a
physiological importance, but also these activities will naturally be affected upon
TrxR inhibition.

2 Inhibitors of Thioredoxin Reductases

TrxR1 is inhibited by a wide range of different compounds. The relative ease of
inhibiting TrxR1 is mainly explained by its exceptionally reactive Sec residue that
easily becomes covalently derivatized by many electrophilic inhibitors (Becker et al.
2000; Carvalho et al. 2008; Cebula et al. 2015; Krishnamurthy et al. 2008; Liu et al.
2008a; Prast-Nielsen et al. 2011; Witte et al. 2005). However, TrxR1 is a complex
enzyme, and it should not be disregarded that inhibition of the enzyme can be
achieved by reversible or irreversible interactions also of other motifs in TrxR1
than its Sec residue. For comprehensive discussions of different classes of TrxR1
inhibitors, see prior reviews on the topic (Arnér 2009; Cai et al. 2012; Cebula et al.
2015; Eriksson et al. 2009; Gromer et al. 2004; Liu et al. 2008a; Rackham et al.
2011; Urig and Becker 2006; Wipf et al. 2004; Zhang et al. 2016, 2018, 2019). Here
the different classes of TrxR inhibitors shall not be repeated. Instead, we shall
discuss the different cellular consequences of TrxR inhibition and their therapeutic
potential.

3 Consequences of Thioredoxin Reductase Inhibition

A large number of compounds that inhibit TrxR1 have anticancer effects, and,
moreover, several clinically used anticancer agents are known to inhibit TrxR1
(Arnér 2009; Arnér and Holmgren 2006; Cai et al. 2012; Casini et al. 2008; Chew
et al. 2008; Eriksson et al. 2009; Fang et al. 2005; Gromer et al. 2004; Hashemy et al.
2006; Hedstrom et al. 2009; Lincoln et al. 2003; Liu et al. 2008a, b; Lu et al. 2007,
2006; Marzano et al. 2007; Peng et al. 2013; Prast-Nielsen et al. 2010; Prast-Nielsen
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et al. 2011; Shi et al. 2014; Urig and Becker 2006; Wang et al. 2008; Wipf et al.
2004; Witte et al. 2005). It is not clear, however, whether an efficient anticancer
therapy can be developed solely upon TrxR1 inhibition and/or if any specific
consequences of TrxR1 targeting can form the basis for a successful anticancer
therapy. Some inhibitors of TrxR1 however show clear antitumoral efficacy in
mouse models (Stafford et al. 2018; Ye et al. 2017). It is furthermore possible,
perhaps even plausible, that TrxR inhibition in normal non-cancerous cells may have
therapeutic potentials for use in other diseases than cancer. This will be
discussed next.

3.1 Paradoxically Increased Antioxidant Defense

The nuclear factor erythroid-2-related factor 2 (Nrf2) transcription factor activates
transcription of several key enzymes supporting cellular antioxidant systems
(Copple et al. 2008; Osburn and Kensler 2008; Tong et al. 2006; Zhang 2006). It
has been suggested that antitumoral immune system functions require Nrf2 activa-
tion (Ghosh et al. 2015; Mougiakakos et al. 2012; Zhang 2006; Zhao et al. 2014)
and, interestingly, many inhibitors of TrxR1 also activate Nrf2, indeed suggesting a
direct functional link between TrxR1 and Nrf2 (Cebula et al. 2015). A question is
whether Nrf2 activation in normal cells can be achieved by drug-mediated TrxR1
inhibition and whether this may have any therapeutic value. It would be possible that
such therapy can be used to protect normal cells from damage by excessive ROS
levels and indeed also perhaps strengthen the antitumoral immunity. Interestingly, it
was, perhaps at first seemingly paradoxically so (Lei et al. 2016), found that TrxR1
inhibition in normal cells becomes highly protective against subsequent oxidative
challenges, as a result of a strong Nrf2 activation (Iverson et al. 2013; Locy et al.
2012; Rollins et al. 2010). Such protective effects may help explain how the TrxR1-
inhibiting compounds curcumin (Fang et al. 2005; Liu et al. 2008a) or
isothiocyanates (Bacon et al. 2007; Brown et al. 2008; Hu et al. 2007; Jakubikova
et al. 2006) have chemopreventive effects, provided that Nrf2 has the anticancer
preventive capacity that has been proposed (Brigelius-Flohe 2008; Brigelius-Flohe
and Banning 2006; Chew et al. 2010; Higgins and Hayes 2011; Hu et al. 2007; Lee
et al. 2007; Lu et al. 2006; Poerschke et al. 2012; Surh et al. 2008; Zhang 2006).

3.2 Affected Cell Differentiation Patterns

Mouse embryos lacking TrxR1 die prior to gastrulation and they display a lack of
mesoderm formation (Bondareva et al. 2007). Conditionally knocked-out TrxR1 in
hepatocytes of mouse liver triggers hyperproliferation, lack of signs of excessive
ROS levels, metabolic aberrations, and very strong Nrf2 activation (Prigge et al.
2012a; Rollins et al. 2010; Iverson et al. 2013; Prigge et al. 2017; Suvorova et al.
2009), similar effects as those seen upon drug-mediated inhibition of TrxR1 (Locy
et al. 2012), again suggesting that TrxR1 can be linked to control of Nrf2, with
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activation of Nrf2 upon inhibition or loss of TrxR1 (Cebula et al. 2015; Schmidt
2015). Txnrd1-deficient mouse embryonic fibroblasts also display striking features
in culture, with an increased cell differentiation, insulin responsiveness, and sponta-
neous adipogenesis (Peng et al. 2016). Notably, in such cells lacking TrxR1, its
major substrate Trx1 is still reduced (Peng et al. 2016), likely through the action of
GSH-dependent glutaredoxins (Du et al. 2013). This suggests that any effects of
TrxR1 inhibition on cellular phenotypes must not necessarily be due to impaired
Trx1 activities. TrxR1-lacking cells nonetheless show increased responses to PDGF
in conjunction with exaggerated oxidative inhibition of PTP1B (Dagnell et al.
2013a), again illustrating strong effects of TrxR1 status on cellular signaling
pathways. Similar effects may hence be triggered also upon use of TrxR1 inhibitors.
In other words, it is possible that inhibition of TrxR1 increases the overall antioxi-
dant capacity of normal cells due to Nrf2 activation, and it may also be possible that a
number of immature cell types can become triggered to a propensity for increased
differentiation.

3.3 Effects on the Immune System

Antitumoral efficacy of the immune system is an important feature for final eradica-
tion of cancer in any form of cancer therapy (Ruffell and Coussens 2015; Shahabi
et al. 2015; Vinay et al. 2015). Important in this context is that the Trx system can
modulate the effectiveness of the immune system against cancer at least by two
different mechanisms. First, activation of Nrf2 seems to be important for antitumoral
activities of the immune system (Ghosh et al. 2015; Manda et al. 2015; Mougiakakos
et al. 2012; Ruffell and Coussens 2015; Vinay et al. 2015), which may hence be
another potentially beneficial consequence of TrxR1 inhibition in cancer therapy.
Second, if TrxR1 becomes inhibited in cancer cells, this might increase the secretion
from these cells of Trx1 as well as its C-terminally truncated protein Trx80; both of
those proteins when present in serum act as co-cytokines and chemokines that may
be proposed to attract antitumoral immune cells toward the tumor (Arner and
Holmgren 2000; Arnér and Holmgren 2006; Backman et al. 2007; Hori et al.
1993; Pekkari et al. 2005; Pekkari and Holmgren 2004). It should also be noted
that auranofin, a classically used antirheumatic drug, is a very potent inhibitor of
TrxR (Cox et al. 2008; Gromer et al. 2002; Marzano et al. 2007; Omata et al. 2006;
Rigobello et al. 2005), and although it is not clear if or how TrxR inhibition is part of
the antirheumatic efficacy of this gold compound, auranofin is now also being
repurposed for use in therapy of cancer and other diseases where TrxR1 inhibition
may be viewed as beneficial (Roder and Thomson 2015). It is also of significant
interest that TrxR1 targeting yields prevention of STAT3 activation as a secondary
downstream effect, which may also contribute to the anticancer efficacy of TrxR1
inhibitors (Busker et al. 2020).
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3.4 Anticancer Therapy

It is rather well established that cancer cells have increased endogenous ROS levels
(Luo et al. 2009). The activities of their antioxidant systems are thereby also
increased, which in turn makes tumor cells more vulnerable to treatments that further
enhance their ROS levels (Gorrini et al. 2013; Wondrak 2009). Indeed, Nrf2 is
typically highly activated in cancer cells as a means to support their own survival
(Brigelius-Flohe and Flohe 2011; Ganan-Gomez et al. 2013; Mitsuishi et al. 2012;
Osburn and Kensler 2008; Singh et al. 2008). The expression levels of TrxR1 in turn
modulate the cytotoxic profiles of redox active anticancer drugs in cancer cells
(Eriksson et al. 2009). It is thus not far-fetched to believe that TrxR1 targeting
may be a plausible mechanism of action for anticancer drugs, and the notion that
cancer cells have an inherently increased level of ROS that can be targeted for
therapy is indeed gaining wide recognition (Galluzzi et al. 2013; Harris et al. 2015;
Luo et al. 2009; Manda et al. 2015; Shi et al. 2014; Trachootham et al. 2006, 2009).
This property of cancer cells also explains why they typically exhibit high endoge-
nous Nrf2 activities, with increased levels of enzymes in the GSH and Trx systems,
as a means of surviving (Brigelius-Flohe and Flohe 2011; Higgins and Hayes 2011;
Mitsuishi et al. 2012; Singh et al. 2008; Zhang 2006). It should thus be a natural
consequence that inhibition of TrxR in cancer cells should help triggering their cell
death, while normal cells should typically survive the loss of TrxR activity (Arnér
2009; Arnér and Holmgren 2006; Chew et al. 2010; Harris et al. 2015; Shi et al.
2014; Trachootham et al. 2009). This may hence be a major principle by which TrxR
inhibition can yield anticancer efficacy and reduction of tumor mass. This notion is
further corroborated by findings showing that the lack of TrxR1 in cancer cells
impairs their capacity to form tumors (Hatfield et al. 2009; Mandal et al. 2010; Yoo
et al. 2006, 2007).

An additional effect of drug targeting of TrxR1 in cancer cells, which may
contribute to tumor cell death, is the conversion of the enzyme to toxic
pro-oxidant redox cycling forms of the protein, named SecTRAPs (Selenium
compromised thioredoxin reductase-derived apoptotic proteins) that can further
increase ROS levels and thus also help killing cancer cells (Anestål and Arnér
2003; Anestål et al. 2008; Cai et al. 2012; Cebula et al. 2015; Hashemy et al.
2006). These mechanisms of action are also compatible with the activities of novel
TrxR1 inhibitors showing anticancer efficacy (Stafford et al. 2018).

As explained above, since compounds that target TrxR1 in cancer cells will likely
also induce robust Nrf2 responses in normal cells that, paradoxically, protect normal
cells from oxidative damage (Iverson et al. 2013; Lei et al. 2016; Locy et al. 2012;
Prigge et al. 2012b), this opens the possibility that specific targeting of TrxR1 can
have dual effects in anticancer therapy, namely, protection of normal cells with a
boost of the immune system by Nrf2 activation on one hand and lethality to cancer
cells due to excessive ROS levels on the other.
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4 Conclusions

As discussed herein, the outcome of TrxR inhibition will depend upon the cellular
context in which the enzyme is inhibited, as well as upon the nature of the isoenzyme
(s) or isoform(s) of TrxRs that are being targeted. Notwithstanding the complexity of
the profile of TrxR enzymes in cells, the picture emerges that inhibition of these
enzymes in normal cells can trigger Nrf2 activation that protects these cells from
excessive ROS levels, which in turn boosts the functions of the immune system. In
contrast, cancer cells seem to be excessively sensitive to TrxR1 inhibition, and drugs
inhibiting the enzyme can thereby have direct anticancer properties. In combination,
these consequences of TrxR inhibition suggest that inhibitors of these enzymes are
amenable to therapy development for treatment of a number of different diseases,
mainly cancer but also diseases where normal cells suffer from injuries due to
increased levels of ROS.
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Abstract

Reactive oxygen species (ROS) dysregulation is a hallmark of cardiovascular
disease, characterised by an imbalance in the synthesis and removal of ROS.
ROS such as superoxide (•O2

�), hydrogen peroxide (H2O2), hydroxyl (OH•)
and peroxynitrite (ONOO�) have a marked impact on cardiovascular function,
contributing to the vascular impairment and cardiac dysfunction associated with
diseases such as angina, hypertension, diabetes and heart failure. Central to the
vascular dysfunction is a reduction in bioavailability and/or physiological
effects of vasoprotective nitric oxide (NO•), leading to vasoconstriction, inflam-
mation and vascular remodelling. In a cardiac context, increased ROS genera-
tion can also lead to modification of key proteins involved in cardiac
contractility. Whilst playing a key role in the pathogenesis of cardiovascular
disease, ROS dysregulation also limits the clinical efficacy of current therapies,
such as nitrosovasodilators. As such, alternate therapies are sought. This review
will discuss the impact of ROS dysregulation on the therapeutic utility of NO•
and its redox sibling, nitroxyl (HNO).
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Graphical Abstract

Both nitric oxide (NO) and nitroxyl (HNO) donors signal through soluble guanylyl
cyclase (sGC). NO binds to the Fe(II) form of sGC and nitroxyl possibly to both sGC
heme and thiol groups. In the vasculature, nitroxyl can also signal through voltage-
dependent (Kv) and ATP-sensitive (KATP) K

+ channels as well as calcitonin gene-
related peptide (CGRP). In the heart, HNO directly targets critical thiols to increase
myocardial contractility, an effect not seen with NO. The qualitative effects via
elevation of cGMP are similar, i.e. lusitropic in the heart and inhibitory on vasocon-
striction, inflammation, aggregation and vascular remodelling. Of pathophysiologi-
cal significance is the fact the efficacy of NO donors is impaired by ROS,
e.g. through chemical scavenging of NO, to generate reactive nitrogen oxide species
(RNOS), whilst nitroxyl is apparently not.

Keywords

Cardiovascular · Nitric oxide · Nitroxyl · Reactive oxygen species

1 Pharmacology of NO• Versus HNO

HNO, the one-electron reduced and protonated form of NO•, possesses several
unique biological and pharmacological properties as compared to its redox sibling
that confers therapeutic advantages (Paolocci et al. 2007; Irvine et al. 2008; Bullen
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et al. 2011a, b). Like NO•, HNO stimulates soluble guanylyl cyclase (sGC), in both
the vasculature and myocardium, to increase intracellular cyclic guanosine-30,5-
0-monophosphate (cGMP) and has vasodilatory (Fukuto et al. 1992; Irvine et al.
2003; Bullen et al. 2011a, b; Andrews et al. 2015; Zhu et al. 2015), anti-aggregatory
(Bermejo et al. 2005; Chirkov and Horowitz 2007; Bullen et al. 2011a, b), anti-
proliferative (Tsihlis et al. 2010) and anti-inflammatory (Andrews et al. 2016)
actions. However, given the preference of HNO for interaction with ferric (Fe3+)
as opposed to ferrous (Fe2+) heme groups (Miranda et al. 2003), it has been
speculated that HNO may preferentially target the oxidised form of sGC (Fe3+-
sGC) which predominates in disease conditions associated with ROS dysregulation.
To date, however, evidence in support of this concept is lacking (Miller et al. 2009;
Zeller et al. 2009). A key distinguishing feature of HNO as compared to NO• is its
ability to interact directly with thiols and thiol-containing proteins leading to their
oxidation (Fukuto et al. 2013). Specifically, HNO interacts with thiols in a reversible
(disulphide formation) or irreversible (sulfinamide formation) manner, whereas NO•
first undergoes autoxidation before thiol nitrosation. This evidence is of particular
relevance in the heart, where the unique ability of HNO to increase myocardial
contractility (an effect not seen with NO•) is due to its interaction with thiols
(Paolocci et al. 2001a, b, 2003). Specifically, HNO modulates critical cysteine
residues on ryanodine receptors (RyR2) (Cheong et al. 2005) in the sarcoplasmic
reticulum (SR), SR Ca2+-ATPase (SERCA2) (Tocchetti et al. 2007) and
phospholamban (Sivakumaran et al. 2013; Keceli et al. 2019) to facilitate Ca2+

cycling. Moreover, HNO targets cysteine moieties in actin-myosin filaments (Gao
et al. 2012) to further enhance myocardial contractility. Therefore, HNO serves as a
positive cardiac inotrope, in both healthy and failing hearts (Paolocci et al. 2001a, b,
2003), and has significant clinical potential in the treatment of acute decompensated
heart failure (Sabbah et al. 2013; Kemp-Harper et al. 2016) as will be discussed later
in this review (see Sect. 5).

2 Relationship Between ROS and NO•/HNO Action

A further distinguishing feature between NO• and HNO is their interaction with
ROS, such as superoxide (•O2

�). •O2
� reacts directly and rapidly

(5–10 � 109 M�1 s�1) with NO• (Gryglewski et al. 1986; Beckman and Koppenol
1996), leading to the generation of the powerful oxidant, peroxynitrite (ONOO�).
ONOO� further exacerbates the oxidative environment, uncoupling endothelial NO
synthase (eNOS) (Kuzkaya et al. 2003), leading to •O2

� generation and reduced NO•
synthesis. ONOO� can also attenuate NO• signalling by oxidising sGC and render-
ing it unresponsive to NO• (Evgenov et al. 2006; Stasch et al. 2006). Thus, the direct
interaction of NO• with ROS limits the bioavailability and efficacy of endogenous
NO• (Paolocci et al. 2001a, b) and underlies much of the pathology of cardiovascular
disease. Indeed, in the vasculature, a loss in vasoprotective NO• augments vaso-
spasm, promotes immune cell infiltration, stimulates vascular smooth muscle cell
proliferation and promotes platelet aggregation (Ritchie et al. 2017). Conversely in
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the myocardium, a deficiency in endogenous NO• can impact diastolic function, with
a reduction in cardiac relaxation and compliance, together with increased cardiac
hypertrophy and fibrosis (Ritchie et al. 2017). Besides, the clinical utility of NO•-
based therapeutics (e.g. nitrosovasodilators) is impacted by increased ROS genera-
tion such that tolerance, pseudo-tolerance and NO• resistance can arise (see Sect. 5).

In direct contrast to NO•, HNO is, for the most part, resistant to scavenging by
ROS (Miranda et al. 2002; Leo et al. 2012). The interaction between •O2

� and HNO
is unfavourable and as such oxidants are not generated in the presence of HNO and
ROS dysregulation. Importantly, this opens up the potential for HNO donors in
cardiovascular disease settings whereby the efficacy of HNO may be preserved yet
that of NO• donors compromised. Indeed, preclinical studies in cardiovascular
disease models (e.g. hypercholesterolemia, hypertension, diabetes, heart failure)
(Paolocci et al. 2003; Bullen et al. 2011a, b; Leo et al. 2012; Wynne et al. 2012;
Irvine et al. 2013a, b; Tare et al. 2017; Qin et al. 2020) have provided evidence for
preserved efficacy of HNO donors (e.g. Angeli’s salt; isopropylamine NONOate,
IPA/NO) in the face of impaired NO• signalling, together with resistance to tolerance
development with continued use (Irvine et al. 2011, 2007; Andrews et al. 2015).
Moreover, in the clinical setting, the anti-aggregatory actions of HNO are
maintained in patients with coronary artery disease, yet those to NO• are impaired
(Dautov et al. 2013).

Whilst we have addressed the impact of ROS upon NO• and HNO, it is also
relevant to consider the ability of these redox siblings themselves to limit ROS
production. Within the vasculature and myocardium, the NADPH oxidase (Nox)
family of ROS-generating enzymes (e.g. Nox1, 2, 4 and 5) are key contributors to
ROS dysregulation (Selemidis et al. 2008; Thomas et al. 2008; Drummond et al.
2011). NO• donors (e.g. DETA/NONOate) inhibit Nox2 oxidase activity in human
endothelial cells by S-nitrosylation of the organiser subunit, p47 phox (Selemidis
et al. 2007). Similarly, we have shown that the HNO donors, Angeli’s salt and
IPA/NO, directly target vascular Nox2 oxidase to suppress •O2

� generation in the
cerebral vasculature, potentially via interaction with reactive cysteine thiols within
p47 phox (Miller et al. 2013). These actions of HNO are rapid (3 min) as compared
to NO• (6 h) and may reflect the direct vs. indirect interaction of HNO and NO• with
thiols, respectively (Fukuto et al. 2013). Also, HNO may serve as a one-electron
reductant (donating its hydrogen atom) and can stimulate the activity of the antioxi-
dant protein, heme oxygenase-1 (Mondoro et al. 2001).

Collectively, HNO possesses a suite of properties which are amenable to use in
the treatment of cardiovascular diseases associated with ROS dysregulation includ-
ing (1) resistance to scavenging by •O2

�, (2) an ability to limit •O2
� generation,

(3) resistance to tolerance development, (4) direct interaction with thiols,
(5) vasoprotective actions (vasodilator, anti-aggregatory, anti-proliferative and
anti-inflammatory) and (6) cardioprotective actions (positive cardiac inotrope and
lusitrope, anti-hypertrophic) (Sabbah et al. 2013; Cao et al. 2015; Bullen et al.
2011a, b). The impact of ROS dysregulation and the therapeutic utility of HNO
versus NO• in vascular and cardiac diseases will be explored.
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3 Vascular Actions of NO• Versus HNO: Impact of ROS
Dysregulation

3.1 Angina: Impact of NO• Versus HNO

Patients with stable angina pectoris experience chest pain, mainly under exertion, a
condition underpinned by coronary artery disease and marked vascular ROS gener-
ation. The presence of atherosclerotic lesions within the coronary vasculature
compromises coronary blood flow reserve and oxygen supply and is associated
with a loss of vasoprotective endothelial-derived NO• (Cox et al. 1989; Schachinger
et al. 2000; Tousoulis et al. 2014) and increased ROS generation (Azumi et al. 2002;
Guzik et al. 2006). Organic nitrates, such as glyceryl trinitrate (GTN) or isosorbide
dinitrate (ISDN), donate NO• and have been mainstay treatments for this condition
for >100 years, leading to an improvement in coronary blood flow, unloading of the
heart (via peripheral vasodilation) and improved myocardial oxygen matching.
Nitrates also inhibit platelet aggregation, beneficial actions in the maintenance of
perfusion to the ischemic myocardium. However, the susceptibility of organic
nitrates to tolerance development with continued use (Daiber et al. 2008; Munzel
et al. 2013) necessitates the implementation of nitrate-free periods, placing patients
with angina at risk of a cardiovascular event. Tolerance development arises, to a
large extent, as a consequence of the impaired generation of NO• from organic
nitrates and is associated with ROS dysregulation (Fayers et al. 2003) (see Sect. 5).

Moreover, organic nitrates and other NO•-based therapies are subject to the
phenomenon of NO• resistance, whereby their vasodilatory and anti-aggregatory
efficacy is impaired, independent of prior exposure (Chirkov and Horowitz 2007).
Such a loss in anti-platelet and vasodilatory efficacy of nitrosovasodilators is a
significant limitation for this drug class in the treatment of acute cardiovascular
emergencies, such as acute myocardial infarction, transient myocardial ischaemia
and acute decompensated heart failure. Importantly, ROS are a key contributor to
this loss in NO• responsiveness (NO• resistance), with •O2

� scavenging NO• and
promoting the oxidation of its target, sGC (Ritchie et al. 2017) (see Sect. 5).

HNO donors offer a clear advantage over traditional organic nitrates in the
treatment of stable angina pectoris. Thus we have shown in preclinical studies that
(1) the vasodilatory and anti-aggregatory actions of HNO are preserved in hyper-
cholesterolemia in the presence of increased •O2

� generation (Bullen et al. 2011a, b),
(2) HNO donors are not susceptible to the development of tolerance either in vitro
(Irvine et al. 2007; Andrews et al. 2015) or in vivo (Irvine et al. 2011) and (3) HNO
donors do not cause endothelial dysfunction (Irvine et al. 2011). Moreover, our
studies in human isolated arteries have shown that HNO donors do not induce cross-
tolerance to GTN (Andrews et al. 2015) and vice versa. In addition, in patients with
coronary artery disease, we have shown that the HNO donor IPA/NO partially
circumvents NO• resistance (Dautov et al. 2013). Thus, the ability of IPA/NO to
increase platelet cGMP and inhibit platelet aggregation was found to be substantially
higher than that of the NO• donor sodium nitroprusside. Such favourable properties
of HNO are due to a large extent to its resistance to scavenging by •O2

� (Miranda
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et al. 2002; Leo et al. 2012). These findings suggest that HNO donors may be of use
in the treatment of angina, either as a stand-alone therapy or co-administered with
GTN to allow the use of lower concentrations of nitrates, thereby minimising the
potential for tolerance development. We also speculate that HNO donors may have
clinical utility in the treatment of acute cardiovascular emergencies (Velagic et al.
2020).

3.2 Hypertension: Impact of NO• Versus HNO

Hypertension (average systolic blood pressure � 140 mmHg, average diastolic
blood pressure > 90 mmHg) is a major risk factor for heart attack or stroke
(Messerli et al. 2007). It is associated with endothelial dysfunction, increased
vascular tone, vascular inflammation and remodelling (Touyz 2004; Iadecola and
Davisson 2008; Dinh et al. 2014). Elevated ROS generation is a major contributor to
the pathogenesis of the disease (Lee and Griendling 2008) with the NADPH oxidase
family of enzymes, particularly Nox1 and Nox2, playing a key role (Wingler et al.
2001; Wind et al. 2010; Drummond et al. 2011). ROS generation has a significant
impact on the NO-sGC-cGMP signalling pathway in hypertension (Schachinger
et al. 2000), leading to impaired endogenous NO• synthesis and/or effect (endothe-
lial dysfunction) (Schulz et al. 2011), partially via sGC oxidation, which renders the
enzyme unresponsive to NO• (Ruetten et al. 1999; Kloss et al. 2000; Zalba et al.
2000). Such dysfunction is particularly evident in aged, hypertensive rodents. Whilst
nitrosovasodilators are potent vasodilators and may compensate for the
hypertension-associated reduction in endogenous NO• bioavailability, they them-
selves are susceptible to scavenging by •O2

� and may have reduced efficacy due to
sGC dysfunction. Their clinical utility is further limited by tolerance development,
systemic hypotension and reflex tachycardia. Therefore, NO•-based therapeutics,
such as sodium nitroprusside, are only used in the acute management of hypertensive
crises.

HNO donors, on the other hand, may offer an alternative therapeutic strategy. We
and others have shown that HNO is a potent vasodilator, lowering blood pressure
in vivo (De Witt et al. 2001; Paolocci et al. 2003; Irvine et al. 2013a, b) and causing
relaxation in isolated rodent (Irvine et al. 2003; Favaloro and Kemp-Harper 2007;
Bullen et al. 2011a, b; Wynne et al. 2012) and human arteries (Andrews et al. 2015).
In the vasculature, HNO signals predominantly via the sGC-cGMP pathway but
unlike NO• can also target voltage-dependent (Kv) (Irvine et al. 2003; Favaloro and
Kemp-Harper 2009) and ATP-sensitive (KATP) K

+ channels and calcitonin gene-
related peptide (CGRP) (Favaloro and Kemp-Harper 2007) to evoke vasorelaxation.
Interestingly, at high concentrations, HNO can oxidise critical thiols on sGC,
inhibiting its activity, a potential mechanism to limit excessive vasodilatation to
HNO donors (Miller et al. 2009). Importantly the vasorelaxant efficacy of HNO is
preserved in hypertension, with vasorelaxant responses to the HNO donors Angeli’s
salt and IPA/NO maintained in isolated aorta from angiotensin II-infused mice
(Wynne et al. 2012) and spontaneously hypertensive rats (SHR) (Irvine et al.
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2013a, b) and the blood pressure-lowering actions preserved in conscious SHR
(Irvine et al. 2013a, b). Together with increased ROS generation, hypertension is
also associated with thiol depletion. Given HNO does not interact with •O2

�

(Miranda et al. 2002; Leo et al. 2012) and is scavenged by thiols (Wink et al.
1998), preserved efficacy of HNO in the context of hypertension is supported.

3.3 Diabetes: Impact of NO• Versus HNO

Diabetes is associated with a plethora of cardiovascular complications, including
coronary artery disease, peripheral vascular disease and heart failure (Almourani
et al. 2019). Central to the disease pathology is hyperglycaemia-induced ROS
generation (Ritchie and Abel 2020). Thus in the diabetic vasculature, increased
activity of NADPH oxidase (Nox1, Nox2) is evident (Drummond et al. 2011;
Antonopoulos et al. 2015) together with mitochondrial dysfunction and ROS gener-
ation (Nishikawa et al. 2000) and elevated thioredoxin-interacting protein (TXNIP;
negative regulator of antioxidant thioredoxin) (Schulze et al. 2004). These pathways
work in concert to promote diabetes-associated vascular ROS dysregulation and
have a significant impact on NO•-sGC/cGMP signalling.

Specifically, hyperglycaemia can cause a reduction in endogenous NO• genera-
tion via decreased synthesis and oxidation (via ONOO� generation) of the eNOS
cofactor tetrahydrobiopterin (BH4) (Xu et al. 2007) leading to impaired
endothelium-dependent vasodilation (Heitzer et al. 2000; Okon et al. 2005). Such
endothelial dysfunction may also reflect a loss in NO• responsiveness per se (NO•
resistance) in the diabetic vasculature. This concept is supported by the finding that
in patients with type 2 diabetes, vasorelaxation to SNP is attenuated in isolated
mammary arteries (Okon et al. 2005) and brachial-artery flow-mediated vasodilation
to SNP impaired (Williams et al. 1996; van Etten et al. 2002; Shemyakin et al. 2012).
Indeed, a reduction in vascular sGC expression has been reported in experimental
models of diabetes (Silva et al. 2015) and oxidation of sGC evident in patients with
type 2 diabetes (Stasch et al. 2006). Importantly, NO• resistance extends beyond the
diabetic vasculature with resistance to the anti-aggregatory actions of NO• also
apparent in patients with type 2 diabetes (Anderson et al. 2005).

NO• resistance has significant implications when treating diabetic patients during
a cardiovascular emergency (e.g. acute myocardial infarct, transient myocardial
ischaemia). In such a situation, immediate vasodilatory and anti-aggregatory actions
are required. However, due to the reduced responsiveness of the diabetic vasculature
and platelets to NO•, NO•-based therapies are precluded. As suggested above, HNO
donors may be of use in the face of NO• resistance. In the setting of diabetes and
associated ROS dysregulation, we and others have shown that the vasoprotective
actions of HNO are maintained. Indeed, in the diabetic rat vasculature endothelium-
dependent relaxation mediated by NO• is impaired, but that mediated by HNO is
preserved (Leo et al. 2012; Kahlberg et al. 2016; Tare et al. 2017). Furthermore,
vasorelaxation to HNO donors is preserved in the resistance vessels (Tare et al.
2017) and coronary vasculature (Qin et al. 2020) of diabetic animals. With an ability
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to cause venous (unload the heart) and arterial (improve coronary blood flow)
dilation, coupled with anti-aggregatory actions, HNO has the potential to mitigate
an ischemic event (Pagliaro et al. 2003).

4 Cardiac Actions of NO• Versus HNO: Impact of ROS
Dysregulation

4.1 Acute Impact of NO• Versus HNO on Cardiac Function

The ability of a cardioactive agent to acutely enhance cardiac function, both cardiac
relaxation and compliance (diastolic function) and contractility (systolic function), is
a favourable therapeutic property in several cardiac pathologies. The NO redox
siblings NO• and HNO exhibit such traits, to varying degrees. Of the spectrum of
cardiac actions described for HNO in particular, its ability to enhance cardiac
contractile function has attracted considerable research attention. Paolocci and
colleagues provided the first evidence of a direct HNO-mediated inotropic effect at
the level of individual cardiomyocytes (Tocchetti et al. 2007), in which Angeli’s salt
elicited prompt (<1 s) concentration-dependent enhancement of cardiomyocyte
shortening in adult mouse cardiomyocytes in vitro. This HNO enhancement of
contractile function has been confirmed by several subsequent reports, for both
prototypical and next-generation HNO donors, across cardiomyocytes (Kohr et al.
2010) (Yong et al. 2010; Sivakumaran et al. 2013; Roof et al. 2017) and myocardial
preparations in vitro (Dai et al. 2007; El-Armouche et al. 2010; Gao et al. 2012;
Sabbah et al. 2013; Chin et al. 2014, 2016; Roof et al. 2017; Qin et al. 2020), as well
as in large animal models in vivo (Paolocci et al. 2001a, b, 2003; Sabbah et al. 2013;
Hartman et al. 2018). Whilst current evidence suggests that HNO donors enhance
cardiac output in humans, their potential to acutely and specifically improve
myocardial contractile function (to the extent that this has now been demonstrated
in small and large animal models) remains to be investigated (Tita et al. 2017;
Cowart et al. 2019), as noted by a recent editorial (Parissis et al. 2017). Contributing
mechanisms to the HNO donor-mediated enhanced contractile function include
heightened sensitivity of cardiomyocyte myofilaments to calcium and increased
calcium release from, and reuptake by, the sarcoplasmic reticulum (Cheong et al.
2005; Dai et al. 2007; Tocchetti et al. 2007; Froehlich et al. 2008; Lancel et al. 2009;
Kohr et al. 2010; Ding et al. 2011; Gao et al. 2012; Sivakumaran et al. 2013;
Hartman et al. 2018; Keceli et al. 2019). These positive inotropic actions of HNO
are largely considered attributed to the reactivity of HNO with key thiol residues
(e.g. on cysteines in calcium-handling and myofilament proteins, including
ryanodine receptors, SERCA2a and phospholamban), with a potential smaller con-
tribution from sGC-mediated actions (Kemp-Harper et al. 2016). The precise nature
by which HNO interacts with these specific thiols to elicit these actions, and what
properties discriminate these thiols from other thiols, remains, however, to be
resolved (Fukuto 2019).
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In contrast, evidence of potential positive inotropic actions of NO• in the litera-
ture is harder to find, and this likely reflects the relative lack of reactivity of NO•with
critical thiol residues capable of enhancing intracellular calcium flux and/or myofil-
ament calcium sensitivity, as previously reviewed (Irvine et al. 2008; Ritchie et al.
2017). Our own efforts have suggested that the pure NO• donor DEA-NO can
augment LV systolic and developed pressures, as well as LV + dP/dt, in the rodent
myocardium in vitro, but only at relatively high doses that likely are secondary to
changes in haemodynamic load (Chin et al. 2014). Similar to its positive inotropic
actions, HNO elicits robust relaxation responses in the myocardium (Chin et al.
2014, 2016; Roof et al. 2017; Hartman et al. 2018). There is evidence that NO• also
enhances cardiac relaxation in this context (Carroll et al. 1986; Paulus et al. 1994;
Chin et al. 2014).

The specific impact of ROS dysregulation on the positive inotropic and lusitropic
actions of HNO and NO• has mostly been inferred from their relative changes in
potency in disease states associated with high ROS levels and from the reported
impact of ROS, such as •O2

�, on NO sibling bioavailability (outlined above). Given
that HNO is impervious to reactivity with •O2

�, whereas NO• is highly susceptible
to it (Irvine et al. 2008, 2013a, b), the positive inotropic and lusitropic actions of
HNO are more likely to be preserved than those of NO• under elevated oxidative
stress; this is however yet to be specifically interrogated. For example, Paolocci and
others have shown that HNO donors maintain these actions of enhanced contractile
function and relaxation in animal models of heart failure (Paolocci et al. 2003;
Sabbah et al. 2013; Roof et al. 2017; Hartman et al. 2018), but concomitant read-
outs of ROS generation were not obtained. Similarly, a recent Phase II clinical trial
of the HNO donor BMS-986231 (previously known as CXL-1427) suggests
improved cardiac index and pulmonary capillary wedge pressure in patients with
chronic heart failure (Tita et al. 2017), where a high level of ROS is likely evident
(Ritchie et al. 2009, 2017). The specific impact of ROS dysregulation on the acute
inotropic and lusitropic actions of the two redox siblings may extend beyond their
differential susceptibility to reactivity with ROS. As recently reviewed, myofilament
proteins themselves are targets for oxidative post-translational modifications (Cuello
et al. 2018), particularly at cysteine residues. Hence future studies examining the
impact of concomitant elevated ROS levels (resulting from either acute exposure to
pro-oxidants such as hydrogen peroxide or pyrogallol or to, e.g., sustained heart
failure, ischaemic heart disease, diabetes or atherosclerosis, etc.) on the acute
inotropic and lusitropic responses to HNO and NO• (together with the simultaneous
impact on levels of both ROS and ROS-mediated post-translational modifications)
are clearly warranted.

4.2 Impact of NO• Versus HNO on Cardiac Remodelling

Increased left ventricular (LV) mass is a key characteristic of heart failure, which
represents a combination of LV cardiomyocyte hypertrophy and cardiac fibrosis
(Rudolph et al. 2009). These structural manifestations precede (and contribute to the
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development of) impairments in LV contractility and relaxation. Of the various cell
types of which the heart is comprised, cardiomyocytes and cardiac fibroblasts (and
associated extracellular matrix proteins) are the primary culprits of increased LV
mass (Hannan et al. 2003; Ritchie et al. 2009). Given that increased LV mass
remains a significant independent risk factor for cardiovascular morbidity and
mortality, as first revealed by the Framingham Heart Study (Dunn et al. 1990; Ho
et al. 1993), effective therapeutic means to limit this is favourable. The NO redox
siblings NO• and HNO both exhibit the ability to impact on cardiac remodelling, to
variable degrees, exploiting cGMP to achieve this (Ritchie et al. 2009).

Both exogenous (through use of NO• donors) and endogenous NO• exhibit robust
anti-hypertrophic actions in neonatal and adult rodent cardiomyocytes in vitro
(Calderone et al. 1998; Ritchie et al. 1998; Wollert and Drexler 2002; Irvine et al.
2013a, b). These anti-hypertrophic NO• actions are also seen in the intact heart.
Direct evidence supporting this comes from acute ex vivo perfusion of isolated
hearts with an NO• donor (Rosenkranz et al. 2002). Similar in vivo anti-hypertrophic
NO• actions are suggested by the ability of the NOS substrate L-arginine to limit L-
NAME-induced LV hypertrophy (Paulis et al. 2008), in addition to the impact of
genetic manipulation of nNOS and eNOS on cardiac morphology (Barouch et al.
2002; Loyer et al. 2008). Further in humans, it has been suggested that impaired
endogenous NO• generation is a contributor to increased LV mass (Sverdlov et al.
2011). Concerning the other predominant component of LV remodelling, anti-
fibrotic NO• actions have been reported in both primary cardiac fibroblasts in vitro
(Calderone et al. 1998) and inferred in vivo in the context of NOS3 deficiency
(Ichinose et al. 2004), as has been reviewed (Ritchie et al. 2009, 2017; Farah et al.
2018). Given the high (and rapid) susceptibility of NO• to reactivity with ROS such
as •O2

� (as described above) and resultant ONOO� generation (Munzel et al. 2005),
together with the combined phenomena of NO• resistance and nitrate tolerance
(Horowitz 2004; Chirkov and Horowitz 2007; Ritchie et al. 2017), the utility of
NO• donors as a therapeutic approach to blunt LV remodelling in the clinic is
limited.

In direct contrast to NO•, its redox sibling HNO is mostly impervious to reactivity
with ROS and hence offers potential therapeutic promise for targeting cardiac
remodelling, even in the context of concomitant ROS dysregulation (Ritchie et al.
2009, 2017; Kemp-Harper et al. 2016). Our own efforts provided the first evidence
of anti-hypertrophic HNO actions, taking advantage of the prototypical HNO donors
Angeli’s salt and IPA-NO, in neonatal rat cardiomyocytes (Lin et al. 2012; Irvine
et al. 2013a, b). These actions were dependent on sGC/cGMP signalling and were
associated with suppression of NADPH oxidase activity and expression. Further, the
ability of an HNO donor to stimulate sGC activity was impervious to prior exposure
of the purified enzyme to the oxidant pyrogallol (whereas the ability of an NO• donor
in this context was impaired). Taking these in vitro, relatively short-term studies
(48 h) into the intact heart over the longer term in vivo, daily administration of the
HNO donor 1-nitrosocyclo hexyl acetate (1-NCA) over the final 4 weeks of diabetes
limited cardiac remodelling (including cardiomyocyte hypertrophy and pro-fibrotic
connective tissue growth factor expression) in vivo in mice, actions associated with a
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reduction in myocardial NADPH oxidase (Cao et al. 2015). Comparable evidence
for anti-hypertrophic and/or anti-fibrotic NO• actions, in the face of enhanced ROS
generation, in this in vivo context are however lacking.

4.3 Ischaemia-Reperfusion (I-R) Injury: Impact of NO• Versus HNO

Myocardial I-R impairs both cardiomyocyte viability and LV function in vitro and
in vivo Elevated ROS are not only evident in the acute phase of I-R-induced LV
dysfunction (Goh et al. 2007) but also during the evolving heart failure that develops
over the longer-term post-myocardial infarction (Hill and Singal 1996). I-R injury
reflects a combination of damage to the coronary vasculature that perfuses the
myocardium and to the cardiomyocytes responsible for maintaining contractile
function. Given that both NO• and HNO elicit robust vasoprotective dilator actions,
limit cardiac remodelling and can acutely enhance cardiac function, we now consider
their respective potential protective actions in the context of I-R.

Both redox siblings have been shown to limit infarct size and cardiomyocyte
injury resulting from I-R insults (via direct actions specifically at the cardiomyocyte
as well as secondary to their vasodilator properties), as we have recently reviewed
(Ritchie et al. 2017). A shared contributing mechanism of these cardioprotective
actions of both HNO and NO• is sGC/cGMP/PKG, although both may elicit a
component of cardiomyocyte-sparing actions in I-R injury that are independent of
this pathway (Garreffa et al. 2006; Phillips et al. 2009; Sun et al. 2013; Tullio et al.
2017), with reports suggesting roles for S-nitrosothiols (in the case of NO•) and
calcitonin gene-related peptide (specific for HNO) in the literature. Secondly, we
consider their respective abilities to acutely enhance coronary vasodilation, both in
normal physiology and in the context of I-R. Whilst the HNO donor Angeli’s salt
and the NO• donor DEA/NO elicit comparable dose-dependent vasodilation
responses in the coronary vasculature (Chin et al. 2016), following I-R injury, the
vasodilator response to the HNO donor was preserved, whilst that of the NO• donor
was markedly impaired. These observations reflect the relative sensitivity of an NO•
donor (but not an HNO donor) to vascular ROS dysregulation (Leo et al. 2012).
These preserved vasoprotective actions are in contrast to the impact of I-R injury on
responsiveness to both redox siblings. Under normoxic conditions, the HNO donor
was superior to the NO• donor with respect to acute dose-dependent inotropic and
lusitropic responses; neither nitrogen oxide donor elicited a robust acute myocardial
response following I-R injury (Chin et al. 2016). However, despite this impact of I-R
injury on the inotropic responsiveness to acute exposure to Angeli’s salt (~2 min),
administration of an HNO donor for the full duration of post-ischaemic reperfusion
(~30 min) offers cardioprotective recovery of LV contractile function, with reduced
ventricular fibrillation (Pagliaro et al. 2003; Chin et al. 2016). NO• reactivity with
ROS and sGC oxidation (secondary to I-R-induced ROS dysregulation) are the
likely potential contributing mechanisms to loss of vasodilator responsiveness to
NO• in this context.
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4.4 Chronic Heart Failure: Potential Impact of NO• Versus HNO

In recent years, next-generation HNO donors have been developed and have
progressed into clinical trials, mainly focussing on acute decompensated heart failure
as the therapeutic indication (as reviewed (Kemp-Harper et al. 2016)). Drug devel-
opment in this field focussed in particular on avoiding the generation of by-products
simultaneously with the desired HNO (as is seen with both Angeli’s salt and
IPA-NO) whilst considering aqueous solubility, stability at physiological pH and
half-lives of HNO donors. In the context of heart failure, the ability of HNO donors
to acutely enhance inotropic function has been well-documented (discussed above).
The ability of NO redox siblings to limit heart failure with chronic administration
over the longer term has, however, received considerably less research attention.
This fact is perhaps less surprising in the case of NO• donors, given their suscepti-
bility to reactivity with ROS, as well as to nitrate tolerance and NO• resistance, but
such consideration for the case of HNO donors in the management of chronic heart
failure is clearly warranted. As detailed above, HNO donors are in contrast impervi-
ous to reactivity with ROS, exhibit anti-hypertrophic and anti-fibrotic actions and
elicit robust enhancement of LV function and vasodilator effects. As we have
reviewed, both heart failure with reduced ejection fraction (HFrEF) and heart failure
with preserved ejection fraction (known as HFpEF) are aetiologies mostly without
effective therapeutic options, conditions in which longer-acting HNO donors offer
promise (Kemp-Harper et al. 2016). The HNO donor 1-NCA has been shown to limit
diabetes-induced diastolic dysfunction in mice when administered over a 4-week
period (Cao et al. 2015), but its physical properties limit its utility in the clinic
(existing as a blue oil).

5 Current Clinical Status of NO•Donors in the Context of ROS
Dysregulation and Cardiovascular Disease

NO• donors can be classified as:

1. Agents which release NO• via enzymatic cleavage (the organic nitrates)
2. Agents which release NO• via a non-enzymatic process (sodium nitroprusside,

molsidomine)

Additionally, inorganic nitrates and nitrite may generate NO•: the process
involves a complex process of enzymatic conversion of nitrate to nitrite (typically
by oral bacteria) followed by systemic reduction of nitrite to NO• (Amdahl et al.
2019). The organic nitrates are sometimes complexed with molecules exerting other
effects. For example, nicorandil, a prophylactic anti-anginal agent, consists of an
organic nitrate moiety coupled with a potassium channel opening agent. However, in
practice, many of the effects of nicorandil suggest that effects of NO• release may
predominate (Rajaratnam et al. 1999).
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In general, organic nitrates are utilised for the prophylaxis of angina pectoris and
play a secondary role in the management of systolic heart failure (Elkayam et al.
2004). However, there is evidence that the combination of ISDN with hydralazine
may increase survival in patients with systolic heart failure (e.g. African Americans)
(Taylor et al. 2004). Furthermore, short-acting preparations of both GTN and ISDN
are used for the acute relief of angina symptoms, whilst intravenously infused
organic nitrates are useful in the management of unstable angina pectoris and have
accessory roles in the emergency management of acute myocardial infarction
(Pasupathy et al. 2017). Sodium nitroprusside is utilised mainly for the acute
management of hypertensive crises.

The phenomenon of nitrate tolerance, or progressive attenuation of organic
nitrate effect during long-term continuous therapy, has represented a major concern
regarding the clinical efficacy of organic nitrates (Munzel et al. 2014). Apart from
the strategy of ensuring that organic nitrates are utilised with a “nitrate-free interval”
incorporated into the treatment regimen, no means for limiting nitrate tolerance have
thus far been identified.

As regards the mechanisms underlying the development of tolerance, there is
substantial evidence that, at least in the clinical setting, tolerance is organic nitrate-
selective and is associated with impaired cleavage of NO• from organic nitrate
molecules (Sage et al. 2000). It is clear that several enzymes are involved in this
process of organic nitrate cleavage and concomitant NO• release, but the strongest
evidence implicates aldehyde dehydrogenase type 2 (ALDH2), which is inactivated
in the presence of nitrate tolerance (Daiber and Munzel 2015).

Many recent studies have raised the possibility that the development of nitrate
tolerance is associated with dysregulation of ROS. For example, this can be
demonstrated in the context of the continuous administration of large doses of
organic nitrates to healthy subjects (Gori et al. 2001; Daiber and Munzel 2015).
The implications of association of incremental ROS generation with continuous
administration of nitrates include the potential for nitrate tolerance to impact on
responses to endogenous as well as exogenous NO• and for the long-term adminis-
tration of organic nitrates to be counterproductive: indeed, some, but not all, clinical
data support this postulate (Sage et al. 2000). Similarly, some, but not all, clinical
studies have demonstrated the presence of cross-tolerance between organic nitrates
and NO•.

The problem of pseudo-tolerance to organic nitrates is essentially a rebound
phenomenon that occurs when organic nitrate therapy is suddenly withdrawn, for
example, by an abrupt cessation of infusions or of a controlled delivery source of
NO• release (Ferratini 1994). Nitrate withdrawal angina was first observed in the
contest of the munitions industry but remains a clinical problem today. The rebound
reflects nitrate-induced release of catecholamines in many patients, and the algebraic
consequences on the vascular tone of sudden diminution of NO-induced vasodilator
effect, combined with continued catecholamine-related increases in vasomotor tone.
Thus, strategies involving the use of “nitrate-free periods” are not clinically ideal.

Finally, nitrates, as well as endogenous NO•, are subject to the phenomenon of
NO• resistance, which presents as de novo, rather than acquired, impairment of
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haemodynamic and anti-aggregatory responses (Chirkov and Horowitz 2007). NO•
resistance has now been described in a large number of conditions associated with
ROS dysregulation, including stable and unstable angina pectoris; congestive heart
failure; diabetes, especially with concomitant hyperglycaemia; aortic stenosis; coro-
nary artery spasm; and polycystic ovarian syndrome. As such, NO• resistance may
contribute to the progression and worsening of these conditions and attenuates the
effectiveness of acute organic nitrate therapy to treat crises such as acute ischaemia
or heart failure. A number of agents have been suggested as possible means for
limiting NO• resistance clinically: these include ACE inhibitors in the context of
heart failure (Willoughby et al. 2012), the “metabolic” anti-ischaemic agent
perhexiline in the case of severe myocardial ischaemia (Willoughby et al. 2002),
hydralazine in chronic heart failure and intravenously infused N-acetylcysteine in
acute ischaemia and heart failure (Velagic et al. 2020). Rapid correction of
hyperglycaemia via insulin infusion also markedly potentiates responses to NO•
(Worthley et al. 2007).

6 Current Clinical Status of HNO Donors in the Context
of ROS Dysregulation and Cardiovascular Disease

The seminal finding by Paolocci and colleagues that HNO serves as a positive
cardiac inotrope in the setting of heart failure (Paolocci et al. 2001a, b, 2003),
together with its spectrum of vaso- and cardioprotective actions, catapulted interest
in developing HNO donors for the treatment of acute decompensated heart failure
(ADHF). In patients with ADHF, pre-existing heart failure is exacerbated together
with a varying degree of left ventricular systolic dysfunction. ROS dysregulation is
evident in these patients with elevated plasma levels of uric acid (Bishu et al. 2012).
Key to the treatment of ADHF is an improvement in arterial oxygenation, and loop
diuretics are used for this purpose (Cotter et al. 1998). However, this approach does
not address the underlying cause of ADHF development, and alternative therapies
are sought. Such approaches include positive cardiac inotropes (e.g. dobutamine,
levosimendan) to enhance cardiac contractility (Follath et al. 2002; Hsiao and
Greenberg 2016), yet currently available agents only provide short-term improve-
ment. There is also interest in the use of vasodilator therapies in this disease setting,
yet the underlying ROS generation and resistance of some heart failure patients to
organic nitrates (Armstrong et al. 1980) limit the use of NO•-based therapies. With
an ability to enhance cardiac contractility and unload the heart (venous dilation),
resistance to scavenging by •O2

�, ability to circumvent NO• resistance and lack of
tolerance development, HNO donors offer an exciting option in the treatment
of ADHF.

Towards this goal, novel synthetic HNO donors have recently been developed.
The prototypical HNO donors, Angeli’s salt (Hughes and Cammack 1999;
Demoncheaux et al. 2003; DuMond and King 2011), IPA/NO (Miranda et al.
2005; Shoman et al. 2011), Piloty’s acid (Pino and Feelisch 1994; Zamora et al.
1995) and acyloxy nitroso compounds (e.g. 1-NCA) (Sha et al. 2006) used in
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preclinical studies, were not suitable for clinical use given their short-half lives,
highly alkaline vehicles and active by-products (Table 1). A series of next-
generation pure HNO donors have been synthesised and include compounds such
as CXL-1020 (Sabbah et al. 2013), CXL-1036 (Kemp-Harper et al. 2016) and

Table 1 HNO donors and their properties

HNO donor Structure Properties

Angeli’s salt • Dissociates at physiological pH
and temperature to yield HNO
• t1/2 ~ 2.5 min
• NO• donor at pH < 4 and high
concentrations (>10 μM)
• Co-releases nitrite

Piloty’s acid • Decomposes to release HNO
• Rate of HNO release dependent
upon pH
• t1/2 ¼ 36 h
• HNO donor only above
physiological pH
• NO• donor at physiological pH
• Co-releases benzensulfinate

Isopropylamine
NONOate (IPA-NO)

• Dissociates at physiological pH
and temperature to yield HNO
• t1/2 ~ 2.3 min
• Donates NO• at pH < 7
• No co-release of nitrite
• Nitrosamine by-product

1-Nitrosocyclo
hexyl acetate
(1-NCA)

• Undergoes hydrolysis to yield
HNO
• Rate of HNO release dependent
upon pH
• t1/2 ¼ >13 h at neutral pH
• Co-releases nitrite and NO•

CXL-1020 • Spontaneously decomposes at
physiological pH to yield HNO
• t1/2 ¼ 2–3 min
• Inert organic by-product,
CXL-1051

CXL-1036 Not disclosed • 40% oral bioavailability
• t1/2 ¼ 30 min

BMS-986231
(CXL-1427)

Not disclosed • Decomposes at physiological pH
• t1/2 ¼ 0.7–2.5 h
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BMS-986231 (formerly known as CXL-1427) (Cowart et al. 2019) (Table 1).
CXL-1020, 2-methylsulfonyl benzene N-hydroxy sulphonamide, spontaneously
decomposes under physiological pH to generate HNO (half-life 2 min) and an
inert organic by-product, CXL-1051 (Sabbah et al. 2013). CXL-1020 has efficacy
in patients with ADHF, with a 6 h intravenous infusion leading to a reduction in
pulmonary capillary wedge pressure and increase in cardiac and stroke volume index
(Sabbah et al. 2013). No serious adverse effects were noted with only a modest
decrease in systemic vascular resistance and no increase in heart rate. These findings
were promising and highlighted that HNO donors, unlike legacy inotropes, were not
associated with adverse effects such as tachycardia and arrhythmias. However,
longer periods of infusion of CXL-1020 (24–48 h, i.v.) were associated with irrita-
tion at the site of infusion (Arcaro et al. 2014; Mebazaa et al. 2015); therefore the
focus turned to new-generation HNO donors without such limitations.

BMS-986231 (half-life, 40–144 min) is a key candidate and has a favourable
safety profile, with a recent Phase I clinical trial in healthy volunteers demonstrating
BMS-986231 (24 h and 48 h intravenous infusion) to be well tolerated (Cowart et al.
2019) up to a dose of 10 μg/kg/min, with headaches the most frequently reported
side effect (common for vasodilator therapy). Importantly, haemodynamic efficacy
was evident with BMS-986231 lowering systolic and diastolic blood pressure and
increasing cardiac index, in a well-tolerated and dose-dependent manner. A Phase
IIa clinical trial in patients with decompensated heart failure reported that
BMS-986231 (6 h intravenous infusion) caused dose-dependent (5, 7 and 12 μg/
kg/min) reductions in pulmonary capillary wedge pressure together with increases in
stroke volume and cardiac index and a reduction in total peripheral resistance (Tita
et al. 2017). The clinical utility of BMS-986231 is being further evaluated via an
ongoing multicentre, randomised, double-blind, placebo-controlled clinical trial, the
StandUP-AHF study (Study Assessing Nitroxyl Donor Upon Presentation with
Acute Heart Failure) (Felker et al. 2019). Collectively, clinical studies to date have
demonstrated efficacy, and favourable safety profiles, of new-generation HNO
donors in the setting of heart failure, where ROS dysregulation is evident. We
eagerly await the outcome of the StandUP-AHF study to fully evaluate the thera-
peutic potential of HNO donors in ADHF.

7 Concluding Remarks

ROS dysregulation associated with cardiovascular disease markedly limits the
therapeutic utility of NO•-based drugs, contributing to NO• resistance and tolerance
development. The unique pharmacological properties of HNO, encompassing direct
thiol interaction leading to positive cardiac inotropic and lusitropic effects, vasodi-
lator and anti-aggregatory capacity, resistance to scavenging by •O2

�, circumvention
of NO• resistance and the ability to rapidly limit •O2

� generation, confer therapeutic
advantages and preserved efficacy in the face of increased ROS levels. Recent
clinical studies suggest that HNO donors will continue to emerge as a new pharma-
cotherapy for the management of acute heart failure scenarios and we speculate they
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may also be of use in the treatment of acute cardiovascular emergencies. Moreover,
the aforementioned cardio- and vaso-protective actions of HNO, coupled with anti-
remodelling and anti-inflammatory properties and lack of tolerance development,
suggest HNO donors may have value in the long-term treatment of other cardiovas-
cular pathologies such as chronic heart failure, angina, diabetes and hypertension.
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Generation of nitric oxide (NO) by the nitric oxide synthase (NOS) enzymes
plays multiple signalling roles in every organ system, with crucial roles in the
cardiovascular system, mediated by endothelial nitric oxide synthase (eNOS,
encoded by NOS3) and neuronal nitric oxide synthase (nNOS, encoded by
NOS1) in regulation of blood pressure, flow, oxygen delivery and cardiac func-
tion. Loss of normal NO-mediated functions in cardiovascular disease state is
associated with changes in nitroso-redox signalling that are not dependent solely
upon altered NO generation, but increased generation of reactive oxygen species
(ROS). The NOS enzymes can also generate ROS, in a catalytic mode whereby
the generation of NO from L-arginine is ‘uncoupled’ from the reduction of
molecular oxygen. NOS uncoupling is determined by several factors, including
the availability and oxidation state of the required NOS cofactor,
tetrahydrobiopterin (BH4). The duality of NOS functions as enzymes that gener-
ate both NO and ROS under different regulatory states has emerged as an
important pathophysiologic mechanism, and is a potential therapeutic target,
via agents that can maintain or restore NOS coupling, for example via effects
on BH4 availability.

Keywords

Cardiovascular disease · Endothelium · Nitric oxide · Reactive oxygen species ·
Tetrahydrobiopterin

1 Importance of Nitric Oxide and Nitroso-Redox Signalling

Generation of nitric oxide (NO) by the nitric oxide synthase (NOS) enzymes plays
multiple signalling roles in every organ system, with crucial roles in neurotransmis-
sion, immune function, cardiovascular regulation and energy metabolism. In the
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cardiovascular system, endothelial nitric oxide synthase (eNOS, encoded by NOS3)
and neuronal nitric oxide synthase (nNOS, encoded by NOS1) regulate blood
pressure, blood flow, oxygen delivery by haemoglobin, cardiac contractility and
relaxation (Forstermann and Sessa 2012). Cardiovascular disease states, particularly
those associated with deranged endothelial function, including hypertension, diabe-
tes, high cholesterol and other risk factors associated with atherosclerosis, are all
characterised by impairment or loss of normal endothelial-derived NO production
and/or NO bioactivity. In particular, the hallmark of endothelial-derived NO, that of
endothelium-dependent vasorelaxation, is impaired in diseased blood vessels or in
patients or animal models with vascular disease states. Impaired endothelial NO
bioactivity contributes to cardiovascular pathology such as hypertension, atheroscle-
rotic disease and pulmonary arterial hypertension, suggesting that restoration or
augmentation of NO generation and/or NO bioactivity is a rational therapeutic
strategy. However, in cardiovascular disease states, impairment of NO generation
or bioactivity is typically associated with changes in nitroso-redox signalling that are
not solely dependent upon altered NO generation. Specifically, increased generation
of reactive oxygen species (ROS) leads to activation of other nitroso-redox-depen-
dent signalling pathways, particularly those mediated by ROS such as superoxide,
hydrogen peroxide and the consequent disturbances of cellular redox state leading to
changes in cellular glutathione and mitochondrial function. Several different sources
of cellular ROS contribute to disordered nitroso-redox signalling in cardiovascular
disease states, including mitochondrial ROS regeneration, the NADPH oxidases and
xanthine oxidoreductase. However, the NOS enzymes can also generate ROS, and
the duality of NOS functions as enzymes that generate both NO and ROS under
different regulatory states has emerged as an important pathophysiologic mechanism
and is a potential therapeutic target (Channon 2004).

1.1 Nitric Oxide Synthase Coupling and Uncoupling

The nitric oxide synthases generate nitric oxide by the five-electron oxidation of the
guanidino nitrogen of L-arginine. The oxidation occurs at the heme active site of
NOS, via two successive mono-oxygenation reactions involving an N-hydroxyl-L-
arginine intermediate. Electron flow occurs from cellular NADPH, via flavin groups
(FAD and FMN) in the C-terminal reductase domain, which is activated by binding
of calmodulin, causing a transformational switch enabling electron flow to the heme
group where oxidation of L-arginine by molecular oxygen generates nitric oxide and
L-citrulline.

The NOS enzymes are homodimeric, co-ordinated by a zinc centre, and require
the co-factor tetrahydrobiopterin (BH4), located in the oxygenase domain close to
the heme active site, that is required for the oxidation of L-arginine. Specifically, the
BH4 molecule activates oxygen at the heme site by donating an electron, which is
then recycled without consumption of BH4. The co-ordinated electron flow from the
flavins in the reductase domain, via BH4 and the sequential oxidation of L-arginine
with the generation of NO, is termed “NOS coupling”. However, the nitric oxide
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synthases may also function in an “uncoupled” state, whereby electron transfer is no
longer tightly coupled to the oxidation of the substrate L-arginine. Under these
conditions, reduction of molecular oxygen occurs independent of L-arginine oxida-
tion and results in the generation of superoxide rather than nitric oxide. Thus, nitric
oxide synthases may be a source of ROS in cardiovascular disease states, where
NOS uncoupling leads to associated loss of NO and increased ROS. Indeed, loss of
the BH4 co-factor appears to be a critical switch that causes NOS uncoupling, among
other factors (see below). As a redox active co-factor that is readily oxidised, BH4
itself is susceptible to oxidation, forming dihydrobiopterin (BH2). Generation of
BH2 from BH4 increases NOS uncoupling, since BH2 can competitively bind NOS
in place of BH4, but is unable to support electron transfer, resulting in a further
increase in NOS uncoupling.

The complex regulation of the nitric oxide synthases and their functions as either
coupled enzymes that generate NO or uncoupled enzymes that generate ROS confers
the function of subcellular “redox hubs” that both sense and effect nitroso-redox
functions. The coupling vs. uncoupling of the nitric oxide synthase is modulated by a
number of important factors.

1.2 Availability of L-Arginine Substrate and Presence
of Methylarginine Inhibitors

The availability of the substrate L-arginine is a critical factor in maintaining NOS
coupling and NO generation. Under physiological conditions, it is presumed that
intracellular L-arginine levels exceed the limiting concentration for NO production,
determined by the Km of NOS. This has been estimated at approximately 100 μM
L-arginine, based on experimental studies in cultured cells and reconstituted purified
enzyme systems. However, the availability of the substrate L-arginine within the cell
is likely regulated by microdomain compartmentalisation, by the distribution and
activity of the L-arginine Y+ cationic transporter and by “competing” enzyme
systems that also use L-arginine as a sub-substrate. In particular, the arginase
enzymes metabolise L-arginine to urea and are regulated in cardiovascular disease
states. Arginine methyltransferase generates asymmetric dimethylarginine (ADMA)
from L-arginine. ADMA is also derived from methylation of L-arginine residues in
cellular proteins and is a circulating plasma biomarker of cardiovascular risk. In
addition to loss of L-arginine as a substrate for NO generation, increased ADMA
levels, and those of other substituted arginines, directly inhibit NOS by competition
for L-arginine binding at the active site. Furthermore, ADMA appears to specifically
induce NOS uncoupling, blocking NO generation and augmenting ROS production
(Antoniades et al. 2009). Thus, strategies to augment cellular or subcellular
L-arginine availability and/or reduce the production of endogenous methylarginines,
including ADMA, may be an approach to augment NO production and by promoting
NOS coupling and limiting NOS uncoupling.
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1.3 NOS Post-translational Modification

The NOS enzymes are post-translationally modified with multiple modifications at
multiple sites, and this is an important aspect of NOS regulation. Phosphorylation of
endothelial NOS at serine 1,177 by AKT1 (and potentially other kinases including
AMPK, CaMKII and PKA) activates the enzyme to agonist or fluid shear stress.
Phosphorylation of eNOS at threonine 495 reduces enzyme activity, with phosphor-
ylation by PKC and de-phosphorylation by protein phosphatase 1 (PP1). In addition
to activation/inhibition of NO synthases, phosphorylation of threonine 495, which
may be related to activation by calcium calmodulin, appears to have an additional
specific role in promoting eNOS uncoupling.

Post-translational modification also regulates subcellular trafficking and
compartmentalisation of eNOS. eNOS is localised to plasma membrane caveolin
and the cytoplasmic aspect of the Golgi apparatus, mediated by myristoylation at
glycine 2 and palmitoylation at cysteine 15 and cysteine 26. A protein-protein
interaction between eNOS and caveolin 1 (or, for nNOS, caveolin 3) also
co-localises eNOS with caveolin and maintains eNOS in an inactive state. Following
stimulation, the binding of the calcium-calmodulin complex breaks the caveolin-
eNOS inhibitory interaction, translocating eNOS into the cytoplasm where it binds
chaperones such as Hsp90 and AKT1, allowing phosphorylation and activation. The
physiological activation of eNOS is critically dependent on this subcellular
localisation and trafficking, since interventions to mis-traffic eNOS results in loss
of activation.

eNOS itself can be nitrosylated, by nitric oxide, at specific cysteine residues. In
particular, the critical cysteine residues 94 and 99, required for co-ordinating the zinc
cluster that is necessary for homodimerisation, can be modified either by
nitrosylation or by nitration, by peroxynitrite, and this can lead to eNOS uncoupling.

An important post-translational modification that both “senses” changes in cellu-
lar redox signalling and can cause eNOS uncoupling is the post-translational
S-glutathionylation of eNOS at two conserved cysteines in the eNOS reductase
domain (cysteine 869 and cysteine 908). S-glutathionylation at these residues
leads to loss of NO production and increased eNOS-dependent superoxide genera-
tion and appears to be an important mechanism in pathophysiologic states such as
ischemia-reperfusion. Importantly, uncoupled eNOS mediated by
S-glutathionylation leads to oxidation of BH4 to BH2, which in turn induces
eNOS uncoupling due to loss of BH4. Conversely, induction of eNOS uncoupling
by loss of BH4 also leads to S-glutathionylation of the enzyme, demonstrating the
mutuality of critical mechanisms that induce eNOS uncoupling.

2 BH4-Dependent eNOS Uncoupling as a Therapeutic Target

The potential to target BH4 as a means of restoring or maintaining eNOS coupling in
disease states was suggested by initial observations revealing that BH4 levels are
significantly reduced, associated with uncoupling of eNOS, in endothelial cells, in
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animal model systems and in human blood vessels associated with a range of disease
states including diabetes (Guzik et al. 2002), hypercholesterolemia, smoking, hyper-
tension and atherosclerosis. Loss of BH4 in these disease states is typically
associated with a relative increase in the oxidised product, dihydrobiopterin
(BH2), which is unable to support eNOS coupling, and may compete with BH4,
preventing its binding with eNOS. In particular, oxidation of BH4 by peroxynitrite,
generated from the interaction of nitric oxide and superoxide, appears to be a potent
cause for BH4 loss in vascular diseases.

The observation that loss of BH4, associated with eNOS uncoupling, is a
consistent feature of vascular disease states led to many studies testing the effects
of pharmacologic BH4 supplementation. Many studies in cell culture, in animal
models and in patients demonstrated that administration of supplementary BH4
could have salutary effects on endothelial function, haemodynamic dysregulation
and vascular diseases including atherosclerosis. Nevertheless, the validity of BH4
supplementation as a therapy that specifically targets eNOS uncoupling remained
presumptive, with many studies questioning whether high-dose pharmacologic
supplementation of BH4 exerted effects on endothelial function through other
mechanisms, including ROS scavenging or other NOS-independent redox actions.
Indeed, such effects of BH4 have been recently described, suggesting that restoration
of eNOS coupling is not the only potential therapeutic target for BH4.

Strong mechanistic evidence supporting a causative role for BH4 in eNOS
coupling and cardiovascular disease pathogeneses has come from genetically
targeted mouse models. An endothelial cell-specific transgenic mouse
overexpressing the rate-limiting enzyme in BH4 synthesis (GTP cyclohydrolase
1, GTPCH) resulted in augmentation of endothelial cell BH4 levels, but without
alteration in plasma or systemic BH4 levels, thus enabling the question of selective
endothelial cell BH4 effects to be addressed, without the confounding effects of
high-level systemic BH4 supplementation (Alp et al. 2003). Transgenic augmenta-
tion of endothelial cell BH4 synthases rescued the endothelial dysfunction state
characteristic of diabetes, inhibited atherosclerotic plaque formation when crossed
onto the ApoE�/� mouse, improved vascular remodelling and endothelial cell
repopulation after vascular injury and limited the functional and remodelling
response to hypoxia-induced pulmonary hypertension. Furthermore, the paradoxical
increase in atherosclerosis caused by transgenic overexpression of eNOS results in
eNOS uncoupling due to inadequate levels of BH4. Transgenic restoration of BH4
levels rescued the uncoupled eNOS resulting from transgenic eNOS overexpression
and in the ApoE�/� mouse normalised the paradoxical increase in atherosclerosis
provoked by transgenic eNOS overexpression without a corresponding increase in
BH4. The requirement for endothelial cell BH4 has recently been demonstrated by
the generation of an endothelial specific conditional knockout of GTPCH, resulting
in endothelial cells that are selectively BH4 deficient in vivo. This results in mild
hypertension and a switch in eNOS-mediated vasodilatation from an NO-mediated
response to vasorelaxation responses mediated by hydrogen peroxide, generated by
uncoupled eNOS (Chuaiphichai et al. 2014). These mice with endothelial cell-
specific deficiency in BH4 are more susceptible to early initiation of atherosclerosis
and to development of aortic aneurysms following angiotensin II infusion.
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Thus, many observational studies, experimental medicine studies in humans and
genetically targeted mouse models strongly suggest that BH4-mediated eNOS
coupling is a rational and tractable therapeutic target. Nevertheless, harnessing the
therapeutic potential of BH4-dependant eNOS coupling remains largely unrealised.

2.1 Clinical Trials of Oral BH4 in Cardiovascular Disease

Some clinical trials of oral BH4 have tested the ability to improve endothelial
function in humans. In a study in 22 patients with hypercholesterolemia, with
healthy volunteers as controls, subjects were randomised to 4 weeks of oral BH4
(400 mg twice daily) for placebo (Cosentino et al. 2008). Apart from hypercholes-
terolemia (LDL cholesterol greater than 4.5 mM), the patients were all healthy, mean
age 57 years without hypertension, diabetes or smoking. Treatment with BH4 for
4 weeks resulted in an improvement in endothelial function as measured by venous
occlusion plethysmography forearm blood flow and reduced plasma levels of 8-F2
isoprostane, a marker of systemically elevated ROS levels. BH4 treatment increased
circulating plasma BH4 levels from approximately 5uM to 40uM. Levels of the
oxidised biopterin, BH2, were not reported in this study.

In a double-blind randomised controlled trial, oral BH4 (700 mg per day or
400 mg per day) or placebo was administered in 49 patients with coronary artery
disease scheduled for elective coronary artery bypass surgery (Cunnington et al.
2012). Treatment was administered for 2–6 weeks prior to surgery, enabling both
non-invasive assessment of vascular function and the analysis of blood and vascular
tissue specimens obtained at the time of surgery, following either BH4 treatment or
placebo. BH4 treatment resulted in an approximate threefold increase in circulating
plasma BH4, but this was accompanied with a proportionately similar increase in
plasma levels of the oxidised biopterin, BH2. There was no significant improvement
in endothelial function, measured non-invasively either by MR imaging of brachial
artery flow-mediated dilatation or by organ chamber studies of ACh-dependent
vasorelaxations in isolated samples of blood vessels obtained at the time of surgery.
Most importantly, analyses of biopterin levels in vascular tissue samples revealed a
modest increase in tissue BH4 levels in samples of saphenous vein, but an equivalent
increase in BH2 levels. In samples of internal mammary artery, where baseline BH4
levels were somewhat higher, there was no significant increase in arterial tissue BH4
levels following oral BH4 treatment. Further studies showed that BH4 is rapidly
oxidised to BH2 when incubated in either blood or plasma and that supplementation
of human vascular tissue with BH4, following BH4 incubation, requires
co-incubation with the antioxidant dithioerythritol.

Taken together, these clinical trials of oral BH4 therapy as a strategy to recouple
eNOS suggest that BH4 is likely to be ineffective in patients with existing cardio-
vascular disease states, due to BH4 oxidation in the circulation and/or the vascular
wall. This leads to minimal augmentation of endothelial BH4 levels and a propor-
tionate increase in BH2 levels, which does not rescue uncoupled eNOS.
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2.2 Augmenting BH4 Bioavailability by Co-administration
of Antioxidants and Folates

2.2.1 Ascorbic Acid
The observation that administration of BH4 as in vivo as a supplementation strategy
typically leads to BH4 oxidation had led to the evaluation of other agents that may
reduce BH4 loss by oxidation and hence improve the bioavailability of BH4 to
support NOS coupling.

Substantial evidence supports a role for ascorbic acid (vitamin C) in vitro,
ascorbic acid increases the availability of BH4 and applied to cultured cells leading
to increased NO synthesis, and this is consistent with the known short half-life of
BH4 in aqueous media, in the absence of a reducing agent, when it is rapidly
oxidised to BH2. Specifically, BH4 appears particularly susceptible to oxidation
by peroxynitrite, leading to formation of the trihydro-biopterin radical. The trihydro-
biopterin radical can be reduced back to BH4 by ascorbate, whereas thiol reductants
are less efficient in regenerating BH4. Correspondingly, in vivo studies with ascorbic
acid administration increase vascular tissue levels of BH4 and eNOS activity in
experimental models of endothelial dysfunction and ischemia-reperfusion. How-
ever, there are no formal clinical trials of combined BH4 and ascorbic acid treatment
in either healthy subjects or patients with cardiovascular disease; this remains an
important consideration for strategies to recouple eNOS.

In addition to effects on BH4 oxidation, or regeneration of BH4, ascorbic acid
may also augment NO bioactivity by direct effects on eNOS function. In cultured
cells, ascorbic acid treatment leads to a rapid increase in serine 1,177 phosphoryla-
tion and a decrease in threonine 495 phosphorylation, an effect meditated by protein
phosphatase 2A and AMPK. Ascorbic acid may also act with other antioxidants such
as N-acetyl-cysteine and with increased L-arginine levels, to improve NOS coupling.

2.2.2 Folates
A close relationship between BH4 and folate metabolism has long been recognised,
in part because folates and pterins share structural and biochemical similarities.
Indeed, folate co-factors are referred to as “conjugated pterins”, and in plants and
bacteria, folate and pterin biochemistry is closely linked. In mammals, the shared
enzymology is via dihydrofolate reductase (DHFR), whereby generation of the
reduced folate, tetrahydrofolate (THF), is also a key enzyme in the “salvage” of
BH2 to regenerate BH4. The specific role of DHFR is discussed below.

Initial clinical studies showed that 5-methyl tetrahydrofolate (5MTHF) adminis-
tration could improve endothelial function in patients with familial
hypercholesterolaemia and that 5MTHF increased the activity of recombinant
eNOS in vitro, with a reduction in superoxide generation. Some studies have
suggested that 5MTHF combined directly to the active site of eNOS and can
“substitute” for BH4. However, most other studies suggest that folates are more
likely to act through other mechanisms that reduce intracellular ROS generation,
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including the known effects of folate supplementation on reducing homocysteine
levels.

More direct evidence for the effects of 5MTHF in patients with cardiovascular
disease was obtained by studies of the effects of IV infusion of 5MTHF immediately
prior to bypass surgery in patients with coronary artery disease and from observing
the direct effects of 5MTHF incubation on human vessels in vitro (Antoniades et al.
2006). 5MTHF infusion improved NO-mediated endothelial function and reduced
ROS generation. There was no evidence for direct scavenging of superoxide by
5MTHF nor of lowering plasma homocysteine levels. However, 5MTHF was
identified as a scavenger of peroxynitrite, leading to an increase in vascular tissue
BH4 and an improvement in eNOS uncoupling. Furthermore, there was a significant
correlation between the relative level of BH4 (in relation to oxidised biopterin
species) and superoxide generation from uncoupled eNOS that was shifted by
5MTHF towards higher BH4 levels and greater eNOS coupling.

Thus, administration of reduced folates such as 5MTHF, or co-administration
with BH4, is a rational strategy to improve eNOS coupling, but remains to be tested
in a formal clinical trial in patients.

2.3 Activation of BH4 Synthesis by Targeting GTPCH Activity

The de novo synthesis of BH4 from GTP is synthesised by a three-step pathway, of
which the first and rate-limiting step is catalysed by GTP cyclohydrolase 1 (GTPCH,
encoded by GCH1). GTPCH is a requirement for cellular BH4 biosynthesis. Global
deletion of Gch1 in mice is embryonically lethal (Douglas et al. 2015). The level of
Gch1 expression, and GTPCH protein, correlates with cellular BH4 levels across a
broad range. Targeted deletion of Gch1 in specific cell types in vivo renders the cells
deficient of BH4, even if plasma BH4 levels remain the normal range, indicating
that, at physiologic levels, plasma BH4 is not able to rescue cellular BH4 deficiency,
even though pharmacologic BH4 supplementation is able to increase tissue BH4
levels. Thus, modulating GTPCH levels and/or activity is a promising therapeutic
strategy to target NOS uncoupling, when BH4 levels are limiting.

GTPCH is a homodecamer of two identical homopentamers. Levels of GTPCH
protein and enzymatic activity are very high in hepatocytes (where BH4 acts as a
co-factor for phenylalanine hydroxylase), and GTPCH expression is induced in
inflammatory cells following cytokine stimulation. However, loss of GTPCH protein
is a feature of disease states characterised by increased ROS production. Loss of
GTPCH protein is mediated by proteasomal degradation. For example, in conditions
of hyperglycaemia or in diabetes, GTPCH is ubiquitinated leading to proteasome-
dependent degradation. Furthermore, peroxynitrite can oxidise the GTPCH zinc
cluster co-ordinated by cysteine 141, leading to loss of GTPCH activity and further
increase in the rate of GTPCH ubiquitination. Proteasome inhibition is able to reduce
GTPCH degradation. Mitochondrial mediated ROS production, for example,
stimulated by ADMA, can also stimulate proteasome-dependent degradation of
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GTPCH. Risk factors related to cardiovascular disease, such as cigarette smoking,
induce eNOS uncoupling in endothelial cells that is associated with increased
degradation of GTPCH (29524646). Thus, drugs that reduce or protect GTPCH
from proteasomal degradation would be expected to maintain or increase BH4 levels
in cardiovascular disease states and prevent eNOS uncoupling. Some evidence
suggests that established drug treatments such as metformin, via activation of
AMPK, not only activate eNOS by serine 1,177 phosphorylation but can also
maintain eNOS coupling by prevention of GTPCH degradation; furthermore,
AMPK activation inhibits the Nox NADPH oxidases which are an important source
of ROS leading to eNOS uncoupling.

2.3.1 GTPCH Post-translational Modification and Protein-Protein
Interactions

GTPCH is regulated by important auto-inhibitory domain functions and by
interactions with GTPCH regulatory feedback protein (GFRP) with an allosteric
activation of the inhibitory GTPCH/GRFP interaction by phenylalanine, a mecha-
nism most relevant in hepatocytes. However, the GTPCH/GRFP complex also
appears to be important in other cell types. For example, administration of phenylal-
anine in vivo leads to a sustained elevation in vascular BH4 levels, suggesting that
the GTPCH/GRFP interaction is also important in endothelial cells and could be a
therapeutic target for activating GTPCH and BH4 synthases (Hussein et al. 2015).
Important further insights to GTPCH activity regulation have come from the discov-
ery that GTPCH may be phosphorylated at a specific serine residue (serine 81) and
that phosphorylation at this site increases GTPCH activity and BH4 production,
which in endothelial cells is stimulated by laminar shear stress. Phosphorylation of
serine 81 inhibits GFRP binding and inhibition, with de-association of the GTPCH/
GRFP complex allowing GTPCH phosphorylation in endothelial cells. Maintaining
GTPCH phosphorylation and downregulating GFRP can prevent eNOS uncoupling
due to loss of laminar shear stress. Accordingly, phosphorylation of GTPCH and/or
modulation of the GTPCH/GRFP interaction is a rational therapeutic target to
activate BH4 synthases and prevent eNOS uncoupling endothelial cells. Indeed, a
novel mechanism for high-throughput screening of compounds that target the
GTPCH/GRFP interaction, using a FRET-based high-throughput assay, was used
to identify molecules that could potentially increase GTPCH activity and BH4 levels
(Li et al. 2011).

2.3.2 Statins
Statin drugs have been found to have salutary effects on eNOS expression, on eNOS
activity and on BH4 synthesis, in endothelial cells and in blood vessels. Statin
treatment leads to rapid improvement in BH4 availability in patients with coronary
artery disease, mediated by increased GTPCH activity, and occurring more rapidly
and in independently of any effect of statins on lowering of plasma cholesterol.
These effects of statins are dependent on Rac1 signalling and may be mediated either
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by inhibition of the Nox NADPH oxidases or by another mechanism directly
affecting GTPCH expression and/or activity (Antoniades et al. 2011). In endothelial
cells, fluvastatin increases GCH1 mRNA, and statins may also exert effects via
microRNA (miR) expression. For example, miR 133a expression in endothelial cells
is inhibited by statins, which led to inhibition of the deleterious effects of miR 133a
on GTPCH protein and BH4 levels, and the resulting impairment of endothelial
function in mice with either high cholesterol or diabetes. Thus, statin drugs or novel
agents identified from the “pleiotropic” effects of statins (i.e. independent of LDL
cholesterol lowering) have the potential to increase BH4 and eNOS coupling in the
endothelium.

2.4 Recycling BH4 from BH2 by Dihydrofolate Reductase (DHFR)

Dihydrofolate reductase (DHFR) is a key enzyme in folate biochemistry, which
reduces dihydrofolic acid to tetrahydrofolic acid, using NADPH as electron donor.
Tetrahydrofolic acid plays key roles as a precursor of co-factors in one carbon
transfer reactions (e.g. synthesis of purines, thymidylic acid and some amino
acids). These precursors are required for nucleic acid synthesis and proliferation.
Accordingly, agents that inhibit bacterial DHFR (e.g. trimethoprim) are used as
antibiotics, whilst methotrexate, which inhibits mammalian DHFR, is widely used as
a chemotherapy and anti-inflammatory drug, by inhibition of cancer or immune cell
proliferation.

In addition to its classical role in production of DHF to MTF, DHFR can also
catalyse the reduction of BH2 to BH4, using NADPH as the electron donor. This
reaction is slower than the reduction of DHF to THF, but is inhibited by methotrex-
ate, and is a critical contributor to maintenance of BH4 levels in endothelial cells
(Crabtree et al. 2009). In addition, DHFR is required for reduction of folic acid
(a commonly used synthetic supplement) to dihydrofolate, which in turn requires
reduction to THF.

The importance of endothelial cell DHFR for eNOS activity and NO bioavail-
ability was identified by knocking down DHFR in cultured endothelial cells and by
observing the effects of angiotensin II that led to hydrogen peroxide-mediated
downregulation of DHFR activity and resultant loss of BH4. The hydrogen
peroxide-mediated reduction in DHFR activity appeared to be related to an initial
burst of ROS generation leading to eNOS uncoupling. Subsequent studies in endo-
thelial cells confirmed a requirement for DHFR-mediated BH4 recycling from BH2
for maintaining eNOS coupling, by either DHFR knockdown or inhibition using
methotrexate. Loss of DHFR function decreased the BH4:BH2 ratio, and the effect
on eNOS uncoupling was more marked under conditions of low BH4 synthesis
(i.e. reduced GTPCH expression) (Crabtree and Channon 2011).

Human endothelial cells appear to be more dependent on DHFR, since BH4
supplementation of human endothelial cells tends to accumulate BH2 rather than
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BH4. In human endothelial cells, the activity of human DHFR appears kinetically
limiting for maintenance of BH4 levels, with inhibition of BH2 reduction by folic
acid, presumably due to substrate competition. These initial findings identified
endothelial cell DHFR as an important factor in both regulating BH4 availability
in endothelial cells and also mediating the potential therapeutic effects of BH4
supplementation. Combination of BH4 with folates, such as folic acid, might be
expected to have a detrimental effect due to the requirement and competition for
DHFR conversion to DHF and then MTHF, whereas fully reduced folates such as
THF derivatives (e.g. 5MTHF) might be expected to both stabilise BH4 and increase
BH4 recycling from BH2. Whereas folic acid appeared to inhibit the activity of
DHFR for BH4 recycling, studies in hypoxic pulmonary hypertension suggested that
folic acid can act to upregulate DHFR protein levels in the hypoxic endothelium.
This effect of folic acid was also seen in ApoE�/� mice where abdominal aortic
aneurysm was induced by angiotensin II infusion. Oral folic acid increased the
expression and activity of DHFR in endothelial cells and led to restoration of
eNOS coupling.

A novel aspect of DHFR regulation was revealed by the observation that DHFR is
polyubiquitinated and undergoes proteasomal degradation in endothelial cells, an
effect inhibited by eNOS-derived NO. Proteasomal degradation of DHFR was
mediated by S-nitrosylation of DHFR cysteine 7 that in turn regulates endothelial
BH4 levels and eNOS coupling.

The role and regulation of DHFR in endothelial cell BH4 availability and eNOS
coupling may be particularly important under conditions whereby de novo synthesis
BH4, via GTPCH, is limiting (e.g. ROS-mediated proteasomal degradation of
GTPCH), when cellular BH4 availability becomes more dependent upon recycling
of BH4 from BH2 rather than de novo synthesis. However, a number of important
questions remain. The S-nitrosylation of DHFR leading to increased activity would
expect to be more important under conditions of eNOS coupling (i.e. with greater
NO bioavailability) rather than eNOS uncoupling. Furthermore, the effects of folic
acid on DHFR activity and protein levels appear to be different between mouse and
human cells. Finally, the cellular transport and uptake of BH4 versus BH2 may be
regulated by, and/or dependent upon, the ability of DHFR to reduce BH2 to BH4.
Nevertheless, DHFR remains an important target to increase BH4 availability and
restore eNOS coupling in cardiovascular disease states (Fig. 1).
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Fig. 1 Regulation of NOS coupling vs. uncoupling. In the coupled state (left side of diagram),
nitric oxide synthase (NOS) is activated by Akt1-dependent phosphorylation at serine 1,177 and by
binding of calcium calmodulin (CaM). Enzyme activation enables electron (e�) flow from NADPH
via the flavin domain (containing FAD and FMN) to the heme active site on the complementary
subunit of the homodimer, co-ordinated by the zinc centre (Zn). Nitric oxide (NO) is generated by
the oxidation of L-arginine (L-Arg) by molecular oxygen (O2), via a hydroxy-arginine intermediate,
generating L-citrulline (L-Cit). Tetrahydrobiopterin (BH4) is required for electron transfer during
L-arginine oxidation and for stabilising the NOS homodimer. BH4 is synthesised from GTP via the
rate-limiting enzyme GTP cyclohydrolase 1 (GTPCH) which is regulated by phosphorylation and
induced by drugs including statins. Levels of BH4 may also be increased or stabilised by
antioxidants such as vitamin C by reduced folates and by delivery in liposomes. In the uncoupled
state (right side of diagram), flavin-mediated electron flow from NADPH results in reduction of
molecular oxygen at the active site, but is not coupled to L-arginine oxidation, resulting in
generation of reactive oxygen species (ROS). Activation is inhibited, and uncoupling promoted,
by phosphorylation of threonine (Thr) 495. Loss of BH4 and/or binding of the oxidised form
dihydrobiopterin (BH2) to the active site promotes uncoupling, which is also promoted by asym-
metric dimethylarginine (ADMA) and by post-translational S-glutathionylation of cysteine residues
689 and 908. S-glutathionylation is promoted through increased RS generation by increased cellular
oxidised to reduced glutathione ratio (GSSG/GSH). Loss of BH4 via oxidation to BH2 can be
regenerated by the enzyme dihydrofolate reductase (DHFR)
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Abstract
When Furchgott, Murad, and Ignarro were honored with the Nobel prize for
the identification of nitric oxide (NO) in 1998, the therapeutic implications of
this discovery could not be fully anticipated. This was due to the fact that
available therapeutics like NO donors did not allow a constant and long-lasting
cyclic guanylyl monophosphate (cGMP) stimulation and had a narrow thera-
peutic window. Now, 20 years later, the stimulator of soluble guanylate cyclase
(sGC), riociguat, is on the market and is the only drug approved for the
treatment of two forms of pulmonary hypertension (PAH/CTEPH), and a
variety of other sGC stimulators and sGC activators are in preclinical and
clinical development for additional indications. The discovery of sGC
stimulators and sGC activators is a milestone in the field of NO/sGC/cGMP
pharmacology. The sGC stimulators and sGC activators bind directly to
reduced, heme-containing and oxidized, heme-free sGC, respectively, which
results in an increase in cGMP production. The action of sGC stimulators at
the heme-containing enzyme is independent of NO but is enhanced in the
presence of NO whereas the sGC activators interact with the heme-free form
of sGC. These highly innovative pharmacological principles of sGC stimula-
tion and activation seem to have a very broad therapeutic potential. Therefore,
in both academia and industry, intensive research and development efforts have
been undertaken to fully exploit the therapeutic benefit of these new compound
classes. Here we summarize the discovery of sGC stimulators and sGC
activators and the current developments in both compound classes, including
the mode of action, the chemical structures, and the genesis of the terminology
and nomenclature. In addition, preclinical studies exploring multiple aspects of
their in vitro, ex vivo, and in vivo pharmacology are reviewed, providing an
overview of multiple potential applications. Finally, the clinical developments,
investigating the treatment potential of these compounds in various diseases
like heart failure, diabetic kidney disease, fibrotic diseases, and hypertension,
are reported. In summary, sGC stimulators and sGC activators have a unique
mode of action with a broad treatment potential in cardiovascular diseases
and beyond.
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Graphical Abstract
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1 Heme-Containing and Heme-Free sGC: Structure,
Function, and Regulation

The second messenger cyclic guanosine monophosphate (cGMP) is generated by the
heterodimeric α/β-heme protein soluble guanylate cyclase (sGC) upon activation by
its endogenous ligand nitric oxide (NO) (Derbyshire and Marletta 2012). The β sGC
subunit carries the N-heme-nitric oxide binding domain (H-NOX). Since the
H-NOX domain binds NO, this enzyme is also known as the NO-sensitive guanylyl
cyclase. NO-dependent sGC stimulation triggers formation of cGMP and promotes
vasodilation and inhibits smooth muscle proliferation, leukocyte recruitment, plate-
let aggregation, and vascular remodeling through a number of downstream targets
such as protein kinases, cyclic nucleotide-gated channels, and phosphodiesterases,
making the NO/sGC/cGMP signaling a central vasoprotective signaling pathway
(Lucas et al. 2000; Feil et al. 2003; Lundberg et al. 2015).

sGC is a key signal-transduction enzyme in the cardiovascular system, and
many cardiovascular diseases, such as hypertension, pulmonary hypertension,
heart failure, chronic kidney disease, and erectile dysfunction, are associated with

Soluble Guanylate Cyclase Stimulators and Activators 357



dysfunction of the NO/sGC/cGMP-signaling pathway (Kemp-Harper and Feil 2008;
Schulz et al. 2008; Stasch et al. 2011; Klinger and Kadowitz 2017). NO/sGC/cGMP
signaling can be impaired in a variety of ways: increased ROS production by
NADPH-oxidases and uncoupled NO-synthases, scavenging of NO via the reaction
of NO and O2� to form peroxynitrite, and oxidation of sGC to its NO-insensitive Fe3+

state and subsequent loss of the NO binding site on the prosthetic heme group (Stasch
and Hobbs 2009; Stasch et al. 2011; Pan et al. 2016). Oxidative stress ultimately
results in a reduced bioavailability of NO. The heme-free form of sGC is unrespon-
sive to NO and prone to ubiquitin-mediated degradation (Stasch et al. 2006; Meurer
et al. 2009; Hoffmann et al. 2009). In addition, sGC transcription and the stability of
sGC mRNA are also affected by oxidative stress (Sharina and Martin 2017). Oxida-
tive stress is associated with several cardiovascular diseases and is characterized by
increased formation of reactive oxygen species (ROS) (Ritchie et al. 2017).

There is growing evidence supporting the relationship between genetic variants in
the NO/sGC/cGMP pathway, and the prevalence and progression of cardiovascular,
pulmonary, and renal diseases (Leineweber et al. 2017). Importantly, genetic
alterations of the GUCY1A3 gene, which encodes the α1 subunit of the sGC, are
associated with coronary artery disease as well as Moyamoya disease, achalasia, and
hypertension (Erdmann et al. 2013; Kessler et al. 2017; Wallace et al. 2016).
Moreover, associations with other mechanisms of sGC regulation have been
described, such as membrane association and binding to the chaperone CCTη or
heat shock protein 90 (HSP90) (Erdmann et al. 2013; Ghosh and Stuehr 2017).

Two distinct compound classes capable of activating sGC in an NO-independent
manner were discovered at Bayer, the so-called sGC stimulators and sGC activators
(Stasch and Hobbs 2009; Schmidt et al. 2009). Both classes of compounds directly
bind to sGC and are allosteric modulators of guanylyl cyclase activity (Fig. 1).

sGC stimulators have a dual mode of action: they directly stimulate the native
form of the enzyme independently of NO and they are also able to sensitize sGC to
low levels of NO by stabilizing NO–sGC binding (Stasch et al. 2001; Stacy et al.
2018). The binding site of sGC stimulators has been a long-standing question that
was recently addressed with a set of experiments incorporating photo-affinity
crosslinking with LC-MS/MS and NMR approaches. Results from these
experiments indicate that sGC stimulators likely bind near a previously identified
tunnel of possible importance for NO escape from the heme pocket within the
H-NOX domain of the β1 subunit. A potential mechanism of action of sGC
stimulators involves the occlusion of a tunnel release by stimulator binding, thus
leading to an observed higher affinity of NO to the ferrous heme-moiety (Wales et al.
2018; Winter et al. 2011). Maintaining sGC heme in the ferrous state is essential for
sGC/cGMP signaling via NO and sGC stimulators. The ferrous heme group is
non-covalently bound to the ß1 subunit of sGC via the proximal heme ligand
H105 and the heme-binding motif Y-x-S-x-R, provided by ßTyr135, ßSer137, and
ßArg139 (Schmidt et al. 2004).
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In contrast to sGC stimulators, sGC activators bind to the unoccupied heme-
binding domain, thereby mimicking NO-bound heme, and activate the pathologi-
cally changed, heme-free, NO-unresponsive form of sGC (Stasch et al. 2015).
Importantly, in isolated cells, in ex vivo blood vessels, and in vivo, sGC activators
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Fig. 1 Schematic representation of the sGC structure and the importance of heme-containing,
native sGC and heme-free, dysfunctional form of sGC and its redox equilibrium. Oxidative stress is
a risk factor for several cardiovascular diseases and is associated with increased formation of
superoxide radicals, which react with NO to form the strong oxidant, peroxynitrite which is
known to oxidize and inactivate many biomolecules, culminating in tissue damage. In particular,
peroxynitrite oxidizes sGC, resulting in oxidized sGC and loss of the heme group which makes the
enzyme unresponsive to NO. Balancing these effects, Cyb5R3, a heme iron reductase ubiquitously
expressed in vascular smooth muscle cells, reduces the sGC heme iron and thereby resensitizes sGC
to NO. The sGC stimulators and sGC activators are targeting the NO/sGC/cGMP pathway by
stimulating the heme-containing sGC and the heme-free sGC, respectively, which is triggering the
formation of cGMP which mediates the beneficial effects in cells and tissues

Soluble Guanylate Cyclase Stimulators and Activators 359



such as cinaciguat had greater pharmacological activity under pathophysiological
and oxidative stress conditions compared to sGC stimulators (Stasch et al. 2001;
Thoonen et al. 2015). This therapeutic principle may preferentially dilate diseased
versus normal blood vessels and therefore have far-reaching implications for the
clinical use of sGC activators as unique diagnostic tools and innovative vascular
therapy (Armitage et al. 2009; Stasch et al. 2006; Gladwin 2006).

Recently, heme-deficient sGC mice have been generated by a gene replacement
approach; the codon for His105 is replaced by the codon for Phe105 (Thoonen
et al. 2015). These mice represent a unique experimental platform to distinguish
between heme-dependent and heme-independent effects of sGC as well as sGC
stimulators and sGC activators. Furthermore, the in vivo relevance of heme-free,
dysfunctional sGC could be investigated for the first time. The phenotype of these
heme-deficient sGC mice is affected. Blood pressure was higher in these mice than
in wild type (WT) mice. The heme-deficient sGC mice also showed gastrointesti-
nal (GI) tract abnormalities, growth retardation, and a reduced life span. Impor-
tantly, the ability of aortic rings to relax in response to NO was completely
abolished in aortas taken from heme-deficient sGC mice. In contrast, the sGC
activator cinaciguat relaxed precontracted aortas from heme-deficient sGC mice at
a lower concentration than required to relax those from WT mice. Consistent with
the in vitro findings, in vivo NO effects were also abolished in heme-deficient sGC
mice, and cinaciguat decreased blood pressure to a greater extent in heme-deficient
sGC mice than in WT mice. This indicates the presence of a heme-free or
dysfunctional sGC pool in vivo, and shows that it can be reactivated by sGC
activators to overcome the pathophysiology of a disrupted NO/sGC/cGMP signal-
ing pathway. Diseases associated with NO resistance would appear to be ideally
suited for therapies directed at restoring redox homeostasis, sGC activity, and NO
sensitivity.

There is a growing appreciation for the role of redox state in modulating NO/sGC/
cGMP signaling. Data from research using stimulator and activator families of sGC
agonists have provided support for the thesis that sGC bioactivity is redox regulated.
Both agonism of native, heme-bound sGC by stimulators and of heme-free sGC by
activators leads to increased formation of cGMP, which exerts multifaceted cellular
and tissue effects (Stasch et al. 2011, 2015). However, oxidative stress shifts
intracellular levels of native sGC toward the oxidized, dysfunctional, heme-free
form that is unresponsive to both endogenous and exogenous NO (Evgenov et al.
2006; Munzel et al. 2007). This concept of NO resistance provides the rationale for
sGC activators that bind to the unoccupied sGC heme binding site, thereby favoring
the active enzyme state. In addition, assuming a sensitive balance between heme-
free, oxidized, and heme-containing sGC in cells and tissues, it is proposed that sGC
activators by virtue of very low Kd values are capable of shifting this equilibrium
towards the heme-free sGC (Stasch et al. 2002; Schmidt et al. 2003; Kollau et al.
2018). While sGC undergoes proteasomal degradation once its heme is oxidized,
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this process is prevented when agents such as sGC activators bind the sGC heme
binding site (Meurer et al. 2009; Hoffmann et al. 2009).

In cardiovascular disease, the protective NO/sGC/cGMP signaling pathway
is impaired due to a decreased pool of NO-sensitive heme-containing sGC
accompanied by a concomitant increase in NO-insensitive heme-free sGC. How-
ever, no direct method exists to detect cellular heme-free sGC other than its
activation by sGC activators (Stasch et al. 2006; Gladwin 2006). Fluorescence
dequenching, based on the interaction of the optical active prosthetic heme
group and the attached biarsenical fluorophor FlAsH, was used to detect changes
in cellular sGC heme status (Hoffmann et al. 2011). Loss of the prosthetic group
by oxidative stress was corroborated by an observed decrease in NO-induced
sGC activity, reduced sGC protein levels, and an increased effect of sGC
activators. The applicability of this approach based on the cellular expression of
an engineered sGC variant is limited to recombinant expression systems. Never-
theless, it allows monitoring of sGC’s redox regulation in living cells and future
enhancements might be able to extend this approach to in vivo conditions.

While the oxidation of heme sGC under pathophysiological conditions and its
association with enhanced sGC activation by sGC activators under these
conditions are well documented, most of the hypothesized relationships between
the function of ferrochelatase in heme biosynthesis and sGC regulation remain to
be investigated (Patel et al. 2017). Mitochondrial heme biosynthesis is an impor-
tant factor in controlling the expression and function of sGC and systems
influencing superoxide generation and actions. Modulation of heme biosynthesis
by ferrochelatase inhibition with N-methyl protoporphyrin IX promoted sGC
depletion, superoxide elevation, and attenuation of relaxation to NO donors
(Alruwaili et al. 2017). These studies suggest that disruption of heme biosynthesis
resulting in a loss of cGMP production may serve as a contributing mechanism to
the progression of cardiovascular disease.

Recently, a further important step in the enzymatic process that modulates
sGC redox state and cGMP signaling has been discovered (Rahaman et al.
2017). Nicotinamide adenine dinucleotide (NADH) cytochrome b5 reductase
3 (Cyb5R3), a heme iron reductase ubiquitously expressed in vascular smooth
muscle cells, sensitizes sGC to NO by reducing the sGC heme iron and thereby
controls cGMP production and blood vessel dilation (Fig. 1). Consequently,
Cyb5R3 expression and activity may also influence responses to therapeutics
that activate and stimulate sGC (Rahaman et al. 2017).

2 NO Donors and Phosphodiesterase 5 (PDE5) Inhibitors
as cGMP Increasing Drugs

Given the substantial disease relevance of impaired NO/sGC/cGMP signaling, it is no
surprise that modulators that target the NO/sGC/cGMP signaling cascade other than
sGC stimulators and activators have been successfully employed as pharmacological
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interventions. Drugs acting on this pathway are useful for treating a variety of diseases.
Although having distinct limitations, drugs have been successfully developed that act at
the top of the NO/sGC/cGMP pathway to increase NO bioavailability (nitrates and NO
donors) and that prolong signaling by stabilizing cGMP (PDE5 inhibitors).

2.1 NO Donors

In the nineteenth century, a long time before the discovery of NO and cGMP
signaling, amylnitrate and nitroglycerine were known to be beneficial for the treat-
ment of patients with angina pectoris (Brunton 1867; Murrell 1879). In fact, Alfred
Nobel, who suffered from angina pectoris, was treated with nitroglycerine
(glyceryltrinitrate GTN). Within the last almost 150 years of using NO donors,
medicinal chemists synthesized a variety of NO-liberating drugs and organic nitrates
that have been approved for angina pectoris: isosorbide mono and dinitrate (ISDN,
ISMN), sodium nitroprusside (SNP), but also molsidomin in order to increase half-
life. These NO donors liberate NO enzymatically or nonenzymatically and potently
relax coronary blood vessels. Despite these intensive efforts and broad application,
the main disadvantages of NO donors were only partly resolved. Nitrates still have a
small therapeutic range and lead to tachyphylaxis. In addition, released NO reacts
with ROS such as superoxide anions to produce peroxynitrite, which can cause
tissue damage. Thus, stable and NO-independent stimulation of cGMP production
could have major therapeutic advantages over NO donors.

2.2 PDE5 Inhibitors

Levels of cGMP can be increased by the use of phosphodiesterase type 5 inhibitors
(PDE5i), which inhibit degradation of cGMP and were introduced into medical
therapy for the treatment of erectile dysfunction (ED). The first compound approved
for ED treatment was sildenafil (Viagra™) in 1998 followed by vardenafil
(Levitra™) and tadalafil (Cialis™) in 2003. In 2007 and 2009, sildenafil and tadalafil
were also approved for the treatment of pulmonary arterial hypertension (PAH) as
Revatio™ and Adcirca™, respectively, followed by an additional approval of
tadalafil for the treatment of symptomatic benign prostatic hyperplasia (BPH) in
2011. These different applications show the broad treatment potential of cGMP-
enhancing drugs. Despite these advances, a substantial number of ED patients
(estimated at 30–50% of all patients) do not sufficiently respond to PDE5i (Shabsigh
2004; Bruzziches et al. 2013). In addition, some pulmonary hypertension patients do
not adequately respond to PDE5i therapy (Oudiz et al. 2011; Shapiro et al. 2012;
Hoeper et al. 2017a, b). This nonresponse to PDE5i therapy could be mechanistically
explained by the mode of action of PDE5i, which inhibit only cGMP degradation.
Importantly, there are multiple phosphodiesterases that degrade cGMP and are
differentially expressed with in cells and highly compartmentalized (Fischmeister
et al. 2006). As a consequence, the pharmacology of PDE5i is limited to tissues that
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express PDE5 and where PDE5 represents the primary mechanism of cGMP metab-
olism. Upon blockade of PDE5, other cGMP-metabolizing PDEs may compensate
(Stasch et al. 2011). In addition, the efficacy of PDE5i may be substantially limited
under conditions of very low endogenous NO production, resulting in low intracel-
lular cGMP production. Decoupling of the NOS/NO/cGMP signaling cascade and
low NO/cGMP production has been shown in ED patients (Bivalacqua et al. 2003)
and also in patients with PAH and heart failure where endothelial dysfunction leads
to impaired NO synthesis (Breitenstein et al. 2017). The low endogenous NO
production could be due to aging (Garbán et al. 1995), but also metabolic syndrome,
dyslipidemia (Mulhall et al. 2006), and obesity with and without hypogonadism
(Gurbuz et al. 2008). Diabetes has also been associated with impaired NO produc-
tion (Cartledge et al. 2001; Musicki and Burnett 2007).

The therapeutic success of NO-donors and PDE5 inhibitors validates the key
pharmacological role of the NO/sGC/cGMP pathway and the broad therapeutic
utility of targeting this pathway. However, distinct limitations with regard to toler-
ance, tissue expression, and robustness of pharmacological response underscore the
opportunity for agents such as sGC stimulators and sGC activators that specifically
target this pathway.

3 Nomenclature of sGC Stimulators and sGC Activators
and INN Names

The evolution of terminology to define sGC stimulators and activators has
followed closely the elucidation of, and distinction between, the mechanisms of
action of these two series of sGC agonists. The name “sGC stimulator” was first
coined by Bayer scientists who used a high-throughput approach to build upon
earlier successes in the development of small molecules that directly triggered
enzyme activity in a NO-independent fashion, yet also synergized with NO (e.g.,
YC-1, CFM-1571) (Ko et al. 1994; Selwood et al. 2001). Whereas compounds that
did not promote enzyme turnover in synergy with NO, but rather triggered cGMP
synthesis in oxidized or heme-deficient protein, were called “sGC activators” (e.g.,
BAY 58-2667, HMR1766). Indeed, the term “sGC activator” was arguably first
described by Abbott researchers who reported a series of ortho-substituted
sulfanyl-cinnamic acid (aminoalkyl) amides, highlighted by A-350619 (Miller
et al. 2003), that were structurally dissimilar to YC-1, but utilized a similar
mode of action (i.e., acting independently of NO and requiring the presence of a
reduced heme moiety). Thus, despite identifying what are now termed
“stimulators” they named the compounds GC “activators.” In many ways, this
exemplifies the flawed designation since stimulator and activator are used synony-
mously in scientific English to describe a mechanism of agonism at an enzyme,
transcription factor, or receptor. Yet the differentiation between these two chemical
classes is key to understanding not only the pharmacology but also novel (patho)
physiological roles of the NO-sensitive cyclase. Specifically, it is believed that
enzyme oxidation might occur during, and contribute to, cardiovascular disease by
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leading to heme loss and NO insensitivity (Stasch et al. 2006); moreover, admin-
istration of “sGC activators” may proffer a means to target diseased vessels or
organs. This slightly ambiguous terminology was in many respects improved upon
by several groups, including scientists at Merck (Bittner et al. 2009), who created
the labels “heme-dependent” and “heme-independent” sGC activators (HDA and
HIA, respectively). This approach defined the disparate mechanisms of action
more clearly, but muddied the waters by using the term “activator” for both sets
of compounds, implying that each might work on oxidized/heme-free enzyme
according to the original Bayer nomenclature.

The terminology to describe these novel classes of guanylyl cyclase ligands is
further complicated by a recent revision of the enzyme nomenclature surrounding the
target. Despite the ingrained use of sGC “stimulators” and “activators,” and their formal
approval as drug classes (i.e., name in approved drug labels or NDA/), the nomencla-
ture surrounding their target protein, NO-sensitive guanylyl cyclase, has recently been
updated (Alexander et al. 2015). Whilst these enzymes were originally termed soluble
guanylyl cyclases, it has become clear that the term “soluble” is a misnomer, and these
proteins are often associatedwith the cytoplasmicmembrane, seemingly via interaction
with chaperone proteins such as Hsp70 and Hsp90 (Balashova et al. 2005; Venema
et al. 2003). The nomenclature of the NO-sensitive guanylyl cyclase isoforms have
recently been modified to align with that of the homologous membrane-spanning
proteins (e.g., GC-A, GC-B, GC-C; those that act as cognate receptors for the natri-
uretic peptide and guanylin family of hormones, or play a role in sensory perception
(Kuhn 2016). Specifically, the ubiquitous NO-sensitive guanylyl cyclase comprising
anα1 and β1 subunit is now referred to asGC-1, and themore tissue-specific (e.g., CNS,
kidney, placenta) α2β1 heterodimer is now termed GC-2 (Alexander et al. 2015). In
addition, there has been considerable debate as to the correct chemical transformation
catalyzed by the cGMP-synthesizing cyclase family; guanylate or guanylyl. Original
discussions in themid-1970s between scientists involved in the characterization of both
cGMP- and cAMP-synthesizing enzymes resulted in the terms guanylate and adenylate
begin adopted, if anything for ease of pronunciation rather than biochemical precision.
However, from a chemical perspective the accurate nomenclature is unequivocally
guanylyl, rather than guanylate (based on equivalent reactions of, for example, acetyl
and acetate), since the α-oxygen of GTP leaves with the diphosphate group (Walseth
et al. 1981) concomitant with reaction of the α-phosphorus with the ribose hydroxyl to
cyclize GMP.Regardless of the new terminology, the identifiers “sGC stimulators” and
“sGC activators” will persist to distinguish these family of molecules with distinct
mechanisms of action, and their respective drug classes.

4 Discovery of sGC Stimulators

In 1994, scientists at Bayer started a screening campaign for substances that could
induce an increase in NO synthesis and thereby stimulate sGC in porcine endothelial
cells (Evgenov et al. 2006; Stasch and Hobbs 2009). These studies involved measure-
ment of cGMP levels by radioimmunoassay, leading to the unexpected discovery of
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NO-independent sGC stimulators. At the same time, researchers at the National Taiwan
University Taipei and Yung Shin Pharmaceuticals, Taiwan reported that a benzyl
indazole compound named YC-1 (1) (Scheme 1) inhibited platelet aggregation via
stimulation of cGMP synthesis. YC-1 (1) was subsequently characterized as a direct
NO-independent, but heme-dependent, sGC stimulator. It stimulated isolated sGC by a
factor of 30� to 40� at 100 μM, and showed a strong synergistic effectwhen combined
with NO-releasing compounds and a loss of stimulation after oxidation or removal of
the prosthetic heme moiety of sGC. YC-1 (1) exhibited a promising profile in various
pharmacological studies. However, in addition to its relatively weak sGC stimulating
potency, it revealed a poor pharmacokinetic profile and a lack of specificity as it was
found to inhibit phosphodiesterases and to modulate many cGMP-independent effects.
Therefore, further optimization of potency, pharmacokinetic properties, and specificity
was required to realize the full therapeutic potential of this novel class of drugs.

Based on these initial results, extensive structure–activity relationship (SAR)
studies were performed at Bayer to systematically optimize the structure of YC-1.
The in vitro potency of the compounds was assessed by two different methods, a
cGMP formation assay in sGC-overexpressing Chinese hamster ovary (CHO)
cells and a functional assay based on the inhibition of phenylephrine-induced
contraction of rabbit aortic rings. A first breakthrough in terms of improved potency
resulted from the replacement of the benzyl indazole moiety of YC-1 by a
(2-fluorobenzyl)pyrazolopyridine moiety and, even more importantly, the exchange
of the (hydroxymethyl)furan portion for a 5-substituted 4-aminopyrimidine or
4,6-diaminopyrimidine group. Small molecule X-ray structures revealed a coplanar
arrangement of this biaryl system, which is apparently important for achieving
high potency. The 5-cyclopropyl-4-aminopyrimidine derivative BAY 41-2272
(2) (Scheme 1) showed a greatly improved sGC stimulating potency, with an
IC50 of 0.3 μM for the contraction of rabbit aortic rings (YC-1, IC50 ¼ 10 μM),
and a minimum effective concentration (MEC) of 0.03 μM for cGMP formation in
CHO cells (YC-1, MEC ¼ 10 μM). In contrast to YC-1, BAY 41-2272 is a highly
specific sGC stimulator and no relevant inhibition of phosphodiesterases was
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observed. Whereas the 1-(2-fluorobenzyl)-1H-pyrazolo[3,4-b]pyridine part of this
new lead series turned out to be essential for potent sGC stimulating activity, the
pyrimidine moiety allowed for broad variations. Further studies led to the
4,6-diamino-5-morpholino analogue BAY 41-8543 (3), displaying threefold higher
potency in the phenylephrine-induced contraction of rabbit aorta (IC50 ¼ 0.10 μM).

BAY 41-2272 and BAY 41-8543, however, displayed low metabolic stability and
low oral bioavailability in rats, and BAY 41-2272 showed a strong inhibition as well
as induction of metabolizing cytochrome P450 (CYP) enzymes. While these
properties precluded further development, both compounds were used as tool
compounds to study this novel class of drugs in numerous pharmacological
experiments, resulting in more than 200 publications from various research groups
around the world. Metabolite identification studies of BAY 41-2272 and BAY
41-8543 revealed an oxidative metabolism at the cyclopropyl and morpholino
substituent, respectively. It was further demonstrated that, in contrast to compounds
with small, lipophilic substituents at the pyrimidine C5-position (BAY 41-2272),
derivatives with larger, more polar 5-substituents displayed no relevant CYP inhibi-
tion (BAY 41-8543). Continuous efforts to introduce other polar, potentially more
stable substituents at the pyrimidine C5-position culminated in the identification of
the N,O-dimethylcarbamate 4 (Scheme 1), BAY 63-2521 [International Nonpropri-
etary Name (INN): riociguat]. Riociguat showed no relevant CYP interaction and a
superior pharmacokinetic profile, including good oral bioavailability across different
species.

In vitro, riociguat stimulated purified, recombinant sGC up to 73-fold, from 0.1 to
100 μM, and showed the typical profile of sGC stimulators: strong synergistic
enzyme activation when combined with NO-releasing agents and crucial depen-
dency on the presence of the reduced prosthetic heme moiety.

In conscious, spontaneously hypertensive rats, oral administration of riociguat
resulted in a long-lasting and dose-dependent blood pressure decrease (Mittendorf
et al. 2009). Importantly, and in contrast to nitrates, the effect is preserved
over several weeks or when the rats are rendered nitrate tolerant. Riociguat was
also investigated in different animal models of pulmonary hypertension (PH),
including mice subjected to chronic hypoxia and rats injected subcutaneously with
monocrotaline. In these experimental models, riociguat improved pulmonary hemo-
dynamics and prevented, and even partially reversed, features of adverse structural
remodeling such as right ventricular hypertrophy and muscularization of small
pulmonary arteries (Stasch et al. 2011). Based on its combined profile of excellent
potency, specificity, efficacy, and safety, riociguat was selected as a drug develop-
ment candidate for the treatment of different forms of pulmonary hypertension (PH).

Riociguat was the first sGC stimulator to successfully transition from animal
experiments to controlled clinical studies in patients. In randomized, double-blind,
placebo-controlled Phase III trials in patients with the PH subforms, pulmonary
arterial hypertension (PAH), and chronic thromboembolic PH (CTEPH), riociguat
met the primary endpoint in exercise capacity (6-min-walking-distance, 6MWD).
Riociguat showed a significant improvement in the 6MWD versus the placebo
(+36 m, PAH; +46 m, CTEPH). Additionally, improvements were observed across
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secondary endpoints, including pulmonary hemodynamics, functional class, and
time to clinical worsening. Riociguat (AdempasTM) is the first drug that has
demonstrated efficacy in two life-threatening PH indications: CTEPH and PAH,
and it is the only drug approved for CTEPH.

4.1 Activities Towards Next-Generation sGC Stimulators

Based on an increasing knowledge associated with this mode of action, the
promising pharmacological effects of sGC stimulators and the clinical success of
riociguat, several companies have pursued programs to further explore the
structure–activity relationships (SAR) of the bis-heterocyclic pyrimidino-substituted
pyrazolopyridines (Bayer, Pfizer, Merck) or to identify new lead series of sGC
stimulators (Astellas, Bayer, Ironwood). From these efforts, three more sGC
stimulators have made a successful transition to clinical studies: vericiguat (BAY
1021189) (5, Scheme 2) currently in phase 3 trials for heart failure with reduced
ejection fraction (HFrEF), praliciguat (IW-1973; 6, scheme 2) currently in phase
2 trials for diabetic nephropathy and heart failure with preserved ejection fraction
(HFpEF), and olinciguat (IW-1701) recently completed a phase 2a study in achala-
sia and currently in a phase 2 trial for sickle cell disease.

Vericiguat resulted from an optimization approach to identify orally bioavailable
sGC stimulators with a longer duration of action than riociguat, in order to support a
profile allowing for a once-daily oral dosing, and less oxidative metabolism in order to
reduce drug interaction potential. Riociguat has a moderate half-life in different animal
species and this pharmacokinetic profile translated into a three times daily dosing
regimen in patients (Frey et al. 2017). The strategy was to further optimize the
metabolic stability of riociguat mainly catalyzed by CYP1A1, and also by CYP3A4,
CYP3A5, and CYP2J2 and hence reduce blood clearance to achieve a longer half-life.
In these studies, vericiguat exhibited the best overall pharmacokinetic profile, with a
low clearance and long half-life in rats and dogs after intravenous dosing, as well as
high oral bioavailability (Follmann et al. 2017). In addition, vericiguat (5) had no
inhibitory effects on major CYP isoforms (1A2, 2A6, 2B6, 2C8, 2C9, 2C19, 2D6, and
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3A4), as indicated by IC50 values of >50 μM (Follmann et al. 2017). After thorough
preclinical DMPK studies, vericiguat was selected as a clinical candidate and proved to
have a pharmacokinetic profile in humans suitable for once-daily dosing.

Additional in vivo studies in animalmodels of hypertension, heart failure, andkidney
disease have revealed dose-dependent antifibrotic and organ-protective properties in
line with the sGC stimulator mode of action. Vericiguat is currently being investigated
in a phase 3 clinical trial in patients with HFrEF (NCT02861534, Armstrong et al. 2017)
and in a phase 2 clinical trial in patients with HFpEF (NCT03547583).

Researchers at Ironwood Pharmaceuticals have discovered several novel sGC
stimulators and advanced three compounds into development (Buys et al. 2018). The
medicinal chemistry effort that led to the bis-heteroaryl pyrazole IWP-051(7, scheme
2), a pharmacodynamically active compound with low clearance and a long half-life
in rats, has been described (Nakai et al. 2016). Ironwood has advanced two other
sGC stimulators, praliciguat and olinciguat, into clinical studies, and a third com-
pound, IW-6463, that readily crosses the blood–brain barrier, is under preclinical
evaluation for the potential treatment of CNS diseases.

Praliciguat is an sGC stimulator with a long half-life in preclinical species, extensive
tissue distribution, and mainly hepatic clearance (Tobin et al. 2018). Its pharmacokinetic
half-life in humans is consistent with QD dosing (Hanrahan et al. 2018). Praliciguat has
completedPhase 1 studies in healthy subjects andPhase 2a exploratory studies in patients
with type 2 diabetes and a history of hypertension (NCT02906579, NCT03091920)
Praliciguat is currently under investigation for treatment of diabetic nephropathy
(NCT03217591) and heart failure with preserved ejection fraction (NCT03254485).

Olinciguat is an-sGC stimulator that has completed phase 1 studies as well as a
Phase 2a study in patients with achalasia (NCT02931565). Olinciguat is also under
investigation for the treatment of sickle cell disease (NCT03285178). In clinical
studies in healthy adults, olinciguat demonstrated a long half-life and low peak-to-
trough plasma ratio with QD dosing (Mittleman et al. 2017).

5 Discovery of sGC Activators

Following the discovery of the NO-independent, heme-dependent sGC stimulators,
scientists at Bayer performed a high-throughput screen (HTS) in 1997 with the goal
of identifying additional sGC stimulator leads. For this effort, the cGMP formation
assay in sGC-overexpressing CHO cells was utilized. Surprisingly, a compound with
an unprecedented and distinct dicarboxylic acid motif (6) was identified as a potent
agonist of sGC (Scheme 3). After further mechanistic in vitro studies, it was
established that this compound behaved in a completely different manner to the
sGC stimulators, stimulating sGC in an NO- as well as heme-independent fashion.
Thus, the novel pharmacological class was designated an sGC activator to clearly
differentiate this new behavior and mode of action from sGC stimulators.

This serendipitous discovery provided a tool to further explore redox regulation
of sGC and its role in the pathogenesis of several cardiovascular disorders. More
specifically, this offered the prime opportunity to design drugs for selective binding
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to the oxidized, heme-free sGC generated by the influence of oxidative stress
causally involved in many cardiovascular diseases.

Screening hit (6) presented as a racemic 85:15E/Z-mixture. After separation, the
racemic E-isomer (8) turned out to be 30-fold more potent than the racemic Z-isomer
(7). Subsequent separation of enantiomers revealed that the R,E-isomer of 8 is
70-fold more potent than the corresponding S-enantiomer. Moreover, lead structure
8 also showed promising in vitro potency on isolated recombinant sGC and relaxa-
tion of precontracted rabbit arteria saphena rings. Based on these initial results, an
extensive lead optimization program was initiated with the goal of identifying a
candidate suitable for intravenous dosing. The exchange of the central allylic moiety
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for an ethylamino linkage and modification of the phenylpentyl side chain resulted in
the discovery of clinical candidate BAY 58-2667 (9) (INN: cinaciguat).

The pharmacological efficacy profile of cinaciguat was explored in various
in vivo models of myocardial infarction, chronic renal failure, arterial and pulmonary
hypertension, and chronic heart failure. In a canine model of congestive heart failure
(HF), intravenous administration of cinaciguat resulted in dose-dependent reductions
in cardiac preload and afterload, and a concomitant increase in cardiac output and
renal blood flow without further neurohumoral activation (Boerrigter et al. 2007).

In 2001, researchers from Hoechst Marion Roussel disclosed anthranilic acid
derivatives that represented a novel structural class of compounds also reported to
activate the oxidized and/or heme-free form of sGC. The best-described examples
are HMR 1766 (10) (INN: ataciguat) and S-3448 (11) (Scheme 4).

The inhibition of phenylephrine-induced contraction of rat aortic rings by both
compounds is only moderate to weak; however, the pharmacological efficacy of
ataciguat and S-3448 was demonstrated in various in vivo models of atherosclerosis
and peripheral arterial occlusive disease. Chronic treatment of streptozotocin dia-
betic rats with ataciguat improved endothelial function and normalized platelet
activation. Additionally, reduced atherosclerosis and improved endothelium-
dependent vasorelaxation were observed in ApoE�/� mice treated with ataciguat.
Stage II peripheral arterial occlusive disease is mainly characterized by exercise-
induced muscle fatigue. Ataciguat improved ischemia-induced muscle fatigue in
Zucker Diabetic Fatty (ZDF) rats with unilateral hind-limb ischemia as an experi-
mental model of peripheral arterial occlusive disease.

5.1 Activities Towards Second-Generation sGC Activators

The search for novel sGC activators has become an increasingly competitive field.
Several approaches have been reported in the recent patent literature. Interestingly,
all second-generation sGC activators contain a monocarboxylic acid moiety.

In 2009, Merck (12) and GlaxoSmithKline (GSK) (13) disclosed very similar
sGC activators incorporating an identical 5-(trifluoromethyl)pyrazole-4-carboxylic
acid moiety attached to a pyridine scaffold (Scheme 5). Even more recently,
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Boehringer Ingelheim disclosed BI 703704 (14) displaying in vivo activity in a
ZSF1 rat model of type 2 diabetes mellitus (T2DM)–induced nephropathy.

Bayer has also disclosed monocarboxylic acids with novel structural features,
highlighting branched 3-phenylpropionic acid derivatives, as exemplified by compound
15 (Scheme 6).With the aim of improving theDMPKprofile of these compounds, lower
molecularweight 3-phenylpropionic acid congeners have been prepared, as exemplified
by compound 16 (Follmann et al. 2013). Bayer is currently developing three new
generation sGC activators in phase 1 clinical development for pulmonary hypertension
(PH), acute respiratory distress syndrome (ARDS) and chronic kidney disease (CKD).

6 Therapeutic Applications of sGC Stimulators and sGC
Activators: A Preclinical Perspective

cGMP is a universal second messenger that regulates the function of many cell types,
including smooth muscle cells, cardiomyocytes, fibroblasts, adipocytes, and neurons.
Whereas the downstream signaling pathway remains to be fully elucidated, it is
abundantly evident that cGMP is critical for the maintenance of cellular and organ
homeostasis, and that NO/sGC/cGMP dysfunction is linked to the pathogenesis of
numerous diseases. This ubiquitous signaling pathway is the pharmacologic target of
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sGC stimulators and sGC activators. These pharmacologic agents have been inten-
sively profiled in vitro, ex vivo, and in vivo in mechanistic and disease-relevant
animal models to better understand their mode of action and to search for new
therapeutic applications. Preclinical and clinical studies have revealed that sGC
agonists affect contractility and proliferation of smooth muscle, reduce inflammation
and fibrosis, positively impact metabolic risk factors (including weight gain, glucose,
and cholesterol), and affect neuronal health and function.

The sGC stimulator riociguat is approved for the treatment of different forms of
pulmonary hypertension. However, sGC stimulators and sGC activators have shown
beneficial effects in animal models of a variety of other disease conditions. At the
cGMP conference held in Bamberg, Germany in June 2017, world experts discussed
not only novel targets for cGMP, but also new therapeutic applications of sGC
modulators (Friebe et al. 2017). Although the details are beyond the scope of this
chapter, some current and future lines of potential therapeutic applications are
summarized below.

6.1 Cardiovascular Diseases: Pulmonary Hypertension, Arterial
Hypertension, and Heart Failure

NO/sGC/cGMP signaling plays a central role in the cardiovascular system and thus
is an obvious area of therapeutic interest, particularly with regard to pulmonary
hypertension (PH), systemic hypertension, and heart failure. In 2013, riociguat
(BAY 63-2521) was approved as first-in-class sGC stimulator for the treatment of
pulmonary arterial hypertension (PAH) and chronic thromboembolic pulmonary
hypertension (CTEPH) (Humbert and Ghofrani 2016; Hoeper 2015). In preclinical
models of pulmonary hypertension, including hypoxia models and a monocrotaline
model, the sGC stimulator BAY 41-2272 and the sGC activator cinaciguat reduced
pulmonary hypertension, right ventricular hypertrophy, and lung vascular
remodeling in a chronic hypoxia model of pulmonary hypertension, and both
compounds reversed hemodynamic and structural changes in a rat monocrotaline
model of severe pulmonary hypertension (Dumitrascu et al. 2006). In the Su5416/
hypoxia model of pulmonary hypertension, riociguat decreased RV hypertrophy,
increased cardiac output, and decreased total pulmonary resistance (Lang et al.
2012). In addition, riociguat reduced PH, pulmonary vascular remodeling and
improved right ventricular function in a mouse TAC model of Group 2 PH, but
did not improve left ventricular function or hypertrophy (Pradhan et al. 2016).
Subsequently, there have been more than 30 preclinical publications demonstrating
the effect of sGC stimulators including riociguat in cardiopulmonary diseases and
pulmonary hypertension (Stasch and Evgenov 2013). These preclinical results
anticipated clinical findings of reduction in PVR and NT-proBNP in PH patients,
as well as improvement in exercise tolerance, which provided the basis for regu-
latory approvals of riociguat for treatment of PAH and CTEPH (Ghofrani et al.
2013a, b).
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Activation of NO/sGC/cGMP signaling causes vascular smooth muscle relaxa-
tion and vasorelaxation. Consistent with a hypertensive phenotype in mouse sGC
knockout models (Friebe et al. 2007; Buys et al. 2008), human genetic variants in the
NO/sGC/cGMP pathway, including variants of sGC, have been associated with
elevated blood pressure and increased cardiovascular disease risk (International
Consortium for Blood Pressure Genome-Wide Association 2011). Although there
are more than six classes of drugs that are used to treat hypertension, many patients
do not achieve blood pressures below the guideline-recommended levels (Whelton
et al. 2017; Pimenta and Calhoun 2016) of 130/80 mmHg. Of the drugs used to treat
hypertension, only sodium nitroprusside targets the NO/sGC/cGMP pathway, but,
due to tachyphylaxis, its use is limited to acute treatment of hypertensive crisis. It is
expected that sGC stimulators and activators, which dose-dependently reduce blood
pressure in animal models of hypertension (Mittendorf et al. 2009; Geschka et al.
2011; Tobin et al. 2018), would lower blood pressure in patients who are not at goal
despite treatment with current standard of care. sGC stimulators in particular may
provide potent blood pressure reduction in refractory patients with salt-sensitive
hypertension, which is associated with endothelial dysfunction. Indeed, sGC
stimulators have shown potent, dose-dependent blood pressure reduction in the
Dahl salt-sensitive model of hypertension (Geschka et al. 2011; Tobin et al. 2018).

Chronic heart failure constitutes a major health problem worldwide. Pharmaco-
logical therapies, targeting the renin-angiotensin system or sympathetic nervous
system, have limited efficacy (Lewis et al. 2017). Drugs targeting the cGMP
pathway, including isosorbide dinitrate/hydralazine (BiDil) and the angiotensin
receptor neprilysin inhibitor sacubitril combined with valsartan (Entresto), have
proven effective in treatment of heart failure. In recent years, heart failure has been
categorized into heart failure with reduced ejection fraction (HFrEF) and heart
failure with preserved ejection fraction (HFpEF). The prevalence of HFpEF is now
nearly equal to the prevalence of HFrEF. Although HFpEF has been characterized
as a heterogenous condition and has been particularly refractory to pharmacologic
treatment, an evolving understanding of the disease suggests that microvascular
inflammation resulting in cardiac and systemic endothelial dysfunction may be a
common underlying pathophysiology, highlighting the potential pharmacologic
utility of sGC stimulators (Paulus and Tschope 2013). Nitrates have a long history
of use in angina as well as acute and chronic heart failure, but their utility may be
limited by development of tolerance and propensity to form highly damaging
peroxynitrites. The rationale for treating both HFrEF and HFpEF with sGC
agonists is strong and was recently reviewed (Breitenstein et al. 2017). sGC is
expressed in critical cardiovascular tissues including vascular smooth muscle, the
heart, and the kidney, and sGC α1�/� knockout mice have impaired ventricular
relaxation and reduced cardiac output (Irvine et al. 2012). The sGC activator
cinaciguat reduced cardiac hypertrophy and improved systolic and diastolic func-
tion in a diabetic cardiomyopathy model, and prevented cardiac hypertrophy in a
pressure-overload model (Mátyás et al. 2015). Similarly, in Dahl salt-sensitive rats,
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in the angiotensin II – pressure-overload models, or in post-myocardial infarction
models of heart failure, treatment with sGC stimulators has consistently shown
beneficial effects on cardiac function, remodeling, and fibrosis, as well as on levels
of the ventricular stress hormone NT-proBNP (Masuyama et al. 2006; Masuyama
et al. 2009; Methner et al. 2013; Geschka et al. 2011). Finally, NO/sGC/cGMP
signaling plays an important role in regulating inflammation, which is believed to
be a common underlying pathophysiology in HFpEF. In a double transgenic rat
(dTGR) model of HFpEF, treatment with the sGC stimulator BAY 41-8543
dramatically improved survival rate, reduced cardiac fibrosis, macrophage infiltra-
tion, and gap junction remodeling. The expression of dysregulated cardiac genes
associated with fibrosis, inflammation, apoptosis, oxidative stress, and ion channel
function was restored in treated dTGR in the direction of healthy controls. Treat-
ment reduced systemic blood pressure levels and improved endothelium-dependent
vasorelaxation of resistance vessels. Further comprehensive in vivo phenotyping
showed an improved diastolic cardiac function, improved hemodynamics, and also
less susceptibility to ventricular arrhythmias. Thus, sGC stimulation was highly
effective in improving several HFpEF facets in this animal model, underscoring its
potential value for patients (Wilck et al. 2018). Moreover, in mouse studies, it has
been shown that treatment with NO and sGC stimulators reduced P-selectin
expression and leukocyte recruitment (Ahluwalia et al. 2004; Tchernychev et al.
2017), indicating potential to reduce microvascular inflammation.

6.2 Kidney Diseases

The potential benefits of cGMP increase in the kidney and of sGC stimulators and
activators in renal disease were recently reviewed (Stasch et al. 2015; Krishnan et al.
2018). Chronic kidney disease, defined as reduced eGFR and/or increased urinary
albumin, is associated with high morbidity and mortality, and treatment options are
limited. NO/sGC/cGMP signaling is involved in vital renal functions including regula-
tion of renal blood flow and glomerular hemodynamics as well as water and salt
transport in the tubular system (Kone 1997). Indeed, advanced nephropathy is
associated with progressive decline in levels of NO (Prabhakar 2004). sGC stimulators
and activators have been tested in several models of kidney diseases including hyper-
tensive nephropathy, unilateral ureteral obstruction, diabetic nephropathy, and acute
glomerular nephritis. Treatment with both stimulators and activators has resulted in
reduced proteinuria and/or albuminuria; decreased renal glomerulosclerosis, fibrosis
andmarkers of fibrosis, and improved podocyte health (reviewed in Stasch et al. 2015).
Data from in vitro studies in renal fibroblasts suggest cGMP-mediated suppression of
TGFβ/P-smad3 signaling may contribute to antifibrotic effects in the kidney (Schinner
et al. 2017). In human renal proximal tubular cells in vitro, treatment with sGC
stimulators reduced TGFβ-induced apoptosis and TNFα-induced increases in MCP-1
(Liu et al. 2016). In addition, NO/sGC/cGMP stimulation mediates renal protection
through systemic effects on the cardiovascular system, which, in health, may suppress
tubular degeneration and subsequent renal fibrosis and hypertrophy.
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6.3 Fibrotic Diseases (Lung Fibrosis and Systemic Sclerosis)

There is accumulating evidence that cGMP elevation can have an antifibrotic effect
via directly targeting fibroblasts and myofibroblasts (Sandner et al. 2017; Sandner
and Stasch 2017). Understanding these effects extends the mode of action of cGMP
beyond vasodilation and may provide the basis for completely new applications of
cGMP-enhancing drugs. As noted above, in models of hypertension, cardiomyopa-
thy, and chronic kidney disease, treatment with sGC agonists has been associated
with antifibrotic effects on target organs. In recent years, antifibrotic effects of sGC
modulators have been explored in non-hypertensive models of fibrosis in organs
outside of the cardiovascular system, including the lung and the skin. In a bleomycin
mouse model of pulmonary fibrosis, riociguat treatment reduced pulmonary hyper-
tension, right ventricular hypertrophy, inflammation, and pulmonary fibrosis
(Evgenov et al. 2011). The sGC stimulator BAY 41-2272 halted development of
skin fibrosis in bleomycin and Tsk-1 mouse models as demonstrated by reduced
dermal thickening, myofibroblast number, and hydroxyproline content (Beyer et al.
2012). In many of these studies, sGC agonists reduced fibrosis at doses that did not
affect blood pressure or heart rate, suggesting that the antifibrotic effects are inde-
pendent from the hemodynamic effects and may be due to direct effects of cGMP on
fibrotic processes. The antifibrotic mechanism has been explored in vitro in
fibroblasts from lung, skin, kidney, liver, and heart (Vettel et al. 2014; Beyer et al.
2015; Hewitson et al. 2004; Hall et al. 2018; Lambers et al. 2014). Increasing cGMP
signaling in these cellular studies suppressed TGFβ-mediated increases in collagen
and ECM production, inhibited fibroblast-myofibroblast differentiation, and/or
reduced fibroblast proliferation.

6.4 Liver Diseases

Chronic liver diseases such as hepatitis and alcoholic and nonalcoholic liver disease
can lead to cirrhosis. Liver cirrhosis is characterized by extensive fibrotic scarring of
the liver, which is associated with impaired hepatic function and leads to
complications such as portal hypertension and esophageal varices. sGC agonists
have shown promising effects in preclinical models of liver fibrosis (Knorr et al.
2008; Hall et al. 2017). The sGC stimulator riociguat was shown to reduce liver
fibrosis and portal pressure in cirrhotic rats (Schwabl et al. 2018) and mechanistic
studies suggest that sGC modulators may inhibit fibrotic differentiation of hepatic
stellate cells (Xiao et al. 2015; Hall et al. 2017). Nonalcoholic steatohepatitis
(NASH) is a liver disease with characteristics of steatosis, inflammation, and fibro-
sis, and is a growing health concern globally. Patients with NASH are at risk for
developing cirrhosis, and also have elevated cardiovascular event risk. There are no
approved treatments for NASH, and most of the treatments that are in clinical
development address only one aspect of the NASH pathophysiology (i.e., steatosis,
inflammation, or fibrosis). sGC agonists have the potential to impact all three aspects
of NASH pathophysiology: inflammation [discussed above (Ahluwalia et al. 2004)],
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fibrosis, and steatosis (see Sect. 6.5 below) (Hoffmann et al. 2015); indeed, in an
experimental NASH model, the sGC stimulator praliciguat affected all three aspects
(Flores-Costa et al. 2017).

6.5 Metabolic Disease

Elevated plasma glucose, excess visceral fat, abnormal cholesterol or triglyceride
levels, and high blood pressure are components of the metabolic syndrome. When
these factors occur together, they increase an individual’s risk of developing heart
disease, stroke, and diabetes. Treatment with the sGC stimulator BAY 41-8543
improved metabolic measures (weight gain, fat mass, diabetic phenotype) in a
mouse diet-induced obesity (DIO) model (Hoffmann et al. 2015). In a similar DIO
model, treatment with the sGC stimulator praliciguat improved glucose tolerance
and insulin sensitivity and lower triglycerides (Schwartzkopf et al. 2018) Further-
more, olinciguat and praliciguat reduced fasting glucose in the ZSF1 model of
diabetic nephropathy (Profy et al. 2017; Masferrer et al. 2016), and the sGC
stimulator praliciguat reduced hepatic steatosis in an experimental NASH model
(Flores-Costa et al. 2017). The promising metabolic effects suggest evaluation of
sGC stimulators in individuals with metabolic diseases including obesity, diabetes,
hyperlipidemia, and metabolic syndrome, and NASH may be warranted. One mech-
anism for the metabolic effects of sGC agonism may involve increased lipid uptake
into brown adipose and increased whole-body energy expenditure (Hoffmann et al.
2015). This area of research warrants further exploration and may have broad
relevance to treatment of metabolic disease and associated comorbidities.

6.6 Central and Peripheral Nervous System Disorders

The importance of cGMP in neuronal and sensory signaling, cognitive function, and
brain health has gained greater appreciation in recent years. Both the ubiquitous
NO-sensitive guanylyl cyclase comprising α1 and β1 subunits now referred to as
GC-1, and the more tissue-specific (e.g., CNS, kidney, placenta) α2β1 heterodimer
now termed GC-2 are expressed in the brain (Mergia et al. 2003; Ibarra et al. 2001),
and cGMP has been shown to mediate memory formation and LTP (Bollen et al.
2014). In addition, NO and sGC regulate local blood flow in the CNS in response to
neuronal activity through a process known as functional hyperemia (Faraco and
Iadecola 2013). Vascular dysfunction may underlie forms of dementia and
Alzheimer’s disease as systemic hypertension is a leading risk factor for these
diseases. There is also a growing interest in the role that neuroinflammation may
play in the deterioration of brain health and cognitive function. Pharmacologic data
with PDE5i suggest that cGMP signaling may suppress neuroinflammation (Agusti
et al. 2017; Christina Alves et al. 2015; Raffaella et al. 2016). Drugs affecting the
NO/sGC/cGMP signaling pathway may address multiple aspects of the pathophysi-
ology of dementia. Inhibitors of PDE9, a cGMP-specific phosphodiesterase, have

376 P. Sandner et al.



shown promising results in preclinical models of learning and memory (van der
Staay et al. 2008). However, a PDE9 inhibitor did not improve cognition in the clinic
(Schwam et al. 2014). Relative to PDE9 inhibitors, sGC agonists, and particularly
sGC stimulators, which enhance neuronal and vascular NO signaling, may have
the potential to address the broader constellation of deficiencies in dementia.
CNS-targeted sGC agonists have not been available for clinical investigation.
IW-6463 is a novel sGC stimulator that penetrates the blood–brain barrier being
evaluated for potential use in CNS diseases.

6.7 Gastrointestinal Motility Disorders

NO released from nitrergic neurons in the GI tract is an important regulator of GI
smooth muscle relaxation and motility (Groneberg et al. 2016). Mice lacking sGC
develop fatal GI obstruction (Friebe et al. 2007). There is strong evidence that
dysfunctional nitrergic signaling is involved in GI motility disorders such as achala-
sia, gastroparesis, slow transit constipation, and Hirschsprung’s disease. sGC is
found in several cell types in the GI tract, including smooth muscle cells, interstitial
cells of Cajal (ICC), and fibroblast-like cells; smooth muscle and ICC-specific sGC
knockouts have increased understanding of the roles of sGC in each cell type in the
regulation of intestinal peristalsis (Groneberg et al. 2016).

Achalasia is a swallowing disorder in which the lower esophageal sphincter
(LES) remains in a contracted state, limiting passage of food from the esophagus
into the stomach. Achalasia has been associated with loss of NO signaling neurons in
the LES (Hoshino et al. 2013), mice deficient in neuronal nitric oxide synthase
(nNOS) develop LES hypertension (Sivarao et al. 2001), and individuals with a rare
homozygous loss of sGC mutation develop achalasia (Herve et al. 2014). NO donors
and PDE5 inhibitors have reduced LES pressure in patients with achalasia (Patel
et al. 2015; Bortolotti et al. 2000; Eherer et al. 2002). The sGC stimulator olinciguat
was shown to relax human LES ex vivo (Zimmer et al. 2017), and a Phase 2a
exploratory study was recently completed.

6.8 Hematologic (Sickle Cell Disease)

Sickle cell disease (SCD) is an inherited blood disorder resulting from an allele of the
hemoglobin beta gene that results in sickling of red blood cells (Ingram 1956).
Individuals with SCD can develop a number of complications including anemia,
acute chest syndrome, pulmonary hypertension, fatigue, and vaso-occlusive crisis,
which is characterized by extreme pain. Sickle cell disease is associated with
endothelial and NO dysfunction (Nahavandi et al. 2002) resulting from increased
circulating levels of free hemoglobin (an NO scavenger), arginase (which degrades
the nitric oxide synthase substrate arginine), and ADMA (a nitric oxide synthase
inhibitor). A main clinical feature of SCD is unpredictable and recurrent severe pain
associated with sickle-cell-mediated small vessel vaso-occlusion, which may be
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triggered or potentiated by vascular dysfunction and inflammation. Effective
therapies targeting the SCD symptoms and quality of life including the cause of
vaso-occlusive pain are needed.

Hydroxyurea is approved as a chronic use drug treatment for SCD. Although
aspects of its mechanism of action are not completely understood, hydroxyurea may
prevent red blood cell sickling by increasing fetal hemoglobin expression via NO
release (Cokic et al. 2003). Red blood cells appear to have a functional NO/sGC/
cGMP signaling pathway; furthermore, red blood cells from patients with endothe-
lial dysfunction (associated with coronary artery disease) are responsive to NO as
well as both sGC stimulators and sGC activators (Cortese-Krott et al. 2018).
Stimulation of the NO/sGC/cGMP pathway has been shown to decrease vascular
inflammation in vivo. As noted above, the sGC stimulator BAY 41-2272 and NO
reduced leukocyte rolling and adhesion in an eNOS deficient mouse model
(Ahluwalia et al. 2004), and the sGC stimulator olinciguat reduced makers of
vascular inflammation and increased leukocyte rolling and velocity in a TNFα
mouse model (Tchernychev et al. 2017). Chronic oral administration of the sGC
activator cinaciguat improved endothelial function and reversed pulmonary hyper-
tension and cardiac remodeling in a mouse model of SCD without affecting systemic
blood pressure (Potoka et al. 2018). In a humanized SCD mouse model of
TNFα-induced acute vaso-occlusion, BAY 73-6691, a PDE9 inhibitor, reduced
leukocyte recruitment and red blood cell–leukocyte interactions, and improved
leukocyte rolling and adhesion (Almeida et al. 2012). Finally, vasodilation mediated
by sGC agonists is expected to increase blood flow in small vessels, preventing vaso-
occlusion. In summary, sGC agonists could affect blood flow, vascular inflamma-
tion, and red blood cell sickling thereby preventing multiple complications of SCD.

6.9 Ocular Diseases

Glaucoma is a progressive optic neuropathy and a leading cause of blindness world-
wide. Ocular pressure is a risk factor for development of primary open angle glau-
coma, themost prevalent form of glaucoma.Mice deficient in sGC exhibit ophthalmic
pathology resembling glaucoma, including increased intraocular pressure, optic
neuropathy, and retinal vascular dysfunction. Additionally, human candidate gene
studies revealed that a variant in the locus encoding genes for GC1 are associated with
one form of primary open angle glaucoma (Buys et al. 2013). Furthermore, several
studies have demonstrated that NO, cGMP, and sGC modulators may reduce intraoc-
ular pressure through regulation of aqueous humor outflow from the anterior chamber
through the trabecular meshwork and Schlemm’s canal (Kotikoski et al. 2003;
Ge et al. 2016). Emerging data suggest that modulators of cGMP availability may
also prevent optic nerve damage, independent of effects on ocular pressure. However,
very recently a sGC activator fromNovartis (MGV354) was profiled preclinically and
clinically in Glaucoma. Despite promising preclinical results in animal models in
which MGV354 significantly lowered intraocular pressure (Prasanna et al. 2018),
MGV354 failed in the phase 1/2 clinical trial (Stacy et al. 2018).
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6.10 Preclinical Summary

In summary, the multifaceted pharmacology of sGC modulators with effects
on vascular function, inflammation, fibrosis, neuronal health and signaling, and
metabolism affords the opportunity to positively impact a variety of pathologic
conditions and organ systems. The availability of sGC stimulators and sGC
activators enables the investigation of these unique mechanisms in both the preclini-
cal and clinical settings.

7 Clinical Developments of sGC Stimulators and sGC
Activators

Given the broad impact of the NO/sGC/cGMP pathway on regulation of cell, tissue,
and body function, it is not surprising that there are many clinical trials, both
completed and ongoing, investigating the treatment potential of sGC stimulators
and sGC activators. Clinical trials with early sGC agonists that are no longer in
clinical development are listed here for reference and completeness (Table 1).

Based on a broad preclinical profiling of riociguat in animal models of pulmonary
hypertension in which a significant reduction of pulmonary artery pressure could be
demonstrated, riociguat was developed for the treatment of pulmonary hypertension.
Riociguat showed efficacy in two Phase 3 trials in pulmonary hypertension patients,
namely, the PATENT trial in pulmonary hypertension patients, WHO Group 1 (pul-
monary arterial hypertension – PAH) and the CHEST trial in WHOGroup 4 (chronic
thromboembolic pulmonary hypertension – CTEPH) (Ghofrani et al. 2013a, b; Frey
et al. 2017). Treatment effects of riociguat were sustained for at least 2 years in the
long-term Phase 3 extension studies PATENT-2 and CHEST-2 trials (Rubin et al.
2015; Simonneau et al. 2016; Ghofrani et al. 2016). A broad range of completed and
ongoing Phase 3b, Phase 4, and investigator-initiated clinical trials with riociguat
have also been performed and cannot be covered fully in the scope of this review.
Importantly, riociguat was also tested in patients with pulmonary arterial hyperten-
sion with insufficient response to PDE5 inhibitors. This single-arm, open-label,
uncontrolled study (RESPITE, NCT0200762) indicated that replacing PDE5i with
riociguat may be a feasible and effective treatment strategy in these patients (Hoeper
et al. 2017a, b). A randomized controlled, open-label multicenter international study
is currently ongoing to confirm the results (REPLACE, NCT02891850). In addition,
in the MOTION (NCT 02191137) study, an open-label Phase 4 program, treatment-
naïve pulmonary arterial hypertension patients were studied for patient-reported
outcome using three different quality of life instruments. The results showed a
positive impact of riociguat treatment on patient-reported quality of life.

Beyond pulmonary hypertension there are also clinical trials ongoing to treat
systemic, arterial hypertension with sGC stimulators. Vasorelaxation is a prominent
effect of sGC stimulators at higher dose levels. Since sGC stimulators actively
augment cGMP and downstream vasodilation rather than block vasoconstriction,
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sGC stimulators might provide advantages over classical antihypertensive
therapies. Bayer investigated a new chemical class of long-acting sGC stimulators
in Phase 1 studies for the treatment of difficult to treat hypertension patients.
Ironwood recently completed two Phase 2 studies with praliciguat in patients
with T2DM and a history of hypertension on stable regimens of anti-glycemic
and anti-hypertensive agents (Hanrahan et al. 2018a, b). Consistent with preclinical
observations, treatment with praliciguat led to reductions in blood pressure and
improvement in metabolic parameters including fasting plasma glucose and choles-
terol levels in this patient population. These studies confirmed the pharmacokinetic
profile of praliciguat supporting once-daily dosing and broad tissue distribution and
set the stage for ongoing studies of this compound in patients with diabetic
nephropathy and HFpEF discussed below.

The NO/sGC/cGMP signaling pathway plays a pivotal role in the regulation of
the cardiovascular system, and sGC stimulators and sGC activators have the poten-
tial for broad impact on the treatment of cardiovascular diseases. cGMP increase by
these compounds may result in systemic improvements driven by the vascular
effects but could also have direct effects in cardiac or renal tissues improving heart
and kidney function. In addition, there are hints from preclinical and clinical studies
on metabolic effects and effects on adipose tissues. For these reasons, clinical trials,
both completed and ongoing, have investigated the effects of sGC stimulators in
chronic heart failure. Two Phase 2 studies, the so-called SOCRATES trials (SOluble
guanylate Cyclase stimulatoR in heArT failure), were conducted in chronic heart
failure patients with reduced and preserved ejection fraction, SOCRATES-
REDUCED and SOCRATES-PRESERVED, respectively (Pieske et al. 2014). In
the SOCRATES-REDUCED study (NCT01951625), the exploratory analysis
suggested a dose-dependent reduction of NT-proBNP and a trend for reduction of
CV deaths and HF hospitalizations (Gheorghiade et al. 2015). In the SOCRATES-
PRESERVED study (NCT01951638), no significant effect on NT-proBNP was
observed but there was an improvement in quality of life scores (Pieske et al.
2017; Filippatos et al. 2017). Currently a Phase 3 confirmatory trial with vericiguat
in HFrEF, the so-called VICTORIA trial (VerICiguaT Global Study in Subjects
With Heart Failure With Reduced Ejection Fraction, NCT02861534) is ongoing
(Armstrong et al. 2017). More recently, Ironwood initiated the Phase 2 CAPACITY-
HFpEF trial (NCT03254485) with praliciguat and Bayer together with MSD started
a Phase 2 VITALITY-HFpEF trial (NCT03547583) with vericiguat. Both studies are
evaluating the potential benefit of sGC stimulators in treating heart failure patients
with preserved ejection fraction. Building on the preclinical data supporting positive
renal effects of sGC stimulators (Stasch et al. 2015; Tobin et al. 2018), Praliciguat is
also being studied in patients with diabetic nephropathy (NCT03217591).

In addition to the indications focusing on cardiopulmonary, cardiovascular, and
heart and kidney diseases there are other indications under investigation in clinical
trials. Based on preclinical profiling, several proof of concept and Phase 2 trials have
been or are being conducted to explore the potential beneficial effects in patients. To
explore the potential antifibrotic effects that have been observed in preclinical
models of lung and skin fibrosis, Phase 2b trials were initiated. Riociguat was
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investigated in patients with symptomatic PH, associated with idiopathic interstitial
pneumonias including idiopathic pulmonary fibrosis (RISE-IIP, NCT02138825)
(Nathan et al. 2017). Moreover, the effects of riociguat on skin fibrosis in SSc
patients (RISE-SSc, NCT2283762) are currently studied. The RISE-IIP study was
terminated prematurely due to an unfavorable risk versus benefit ratio in these
patients (Nathan et al. 2017). The RISE-SSc study is ongoing with recruiting
finished and data expected in 2018. Based on the various modes of actions and
expression of sGC in different tissues and organs, smaller studies have been
conducted or are underway exploring effects on rare diseases. The effects of the
sGC stimulator olinciguat were evaluated in a recently completed exploratory study
in patients with achalasia (NCT02931565). Olinciguat and riociguat are also in
Phase 2 trials in sickle cell disease patients (NCT03285178 and NCT02633397,
respectively). In addition to these more advanced clinical programs, there are still
other sGC stimulators in preclinical development that might increase the number of
compounds available for the benefit of patients (Friebe et al. 2017).

7.1 sGC Activators

Compared to sGC stimulators, the development pipeline of sGC activators is
relatively limited and less advanced. There are no sGC activators in late stage
development or approved to date. Multiple sGC activator projects have been
terminated in Phase 2. sGC activators have not been explored in chronic heart
failure; however, cinaciguat (BAY 58-2667) has been characterized in acute heart
failure. Based on promising preclinical results, a Phase 2 study in patients with acute
decompensated heart failure (ADHF) was initiated. Continuous intravenous infusion
of cinaciguat was well tolerated and resulted in an improvement of cardiopulmonary
hemodynamics. The subsequent clinical Phase 2b program studied the effects of
cinaciguat in three randomized, double-blind, placebo-controlled studies in ADHF
patients; however, the clinical development of cinaciguat was terminated prema-
turely because of hypotensive events without clear benefit (Breitenstein et al. 2017).
The oral sGC activator ataciguat (HMR 1766) was investigated in Phase 2 studies for
the treatment of peripheral arterial occlusive disease (PAD) and neuropathic pain.
These projects were terminated due at least in part to the long-lasting blood pressure-
lowering effects of these compounds in the absence of clear therapeutic benefit. In
addition, the understanding of diseases with increased oxidative stress burden as the
mode of action of sGC activators is still incompletely understood. Bayer recently
reported three sGC activators in Phase 1 with the intention of potentially treating
chronic kidney disease pulmonary hypertension and acute respiratory distress syn-
drome (ARDS). In addition, Boehringer-Ingelheim (BI) recently reported the early
development of an sGC activator for chronic kidney disease (Friebe et al. 2017). It
will become a very interesting topic in the future, how these compound class of sGC
activators – acting on the heme-free sGC – could be differentiated from sGC
stimulators. Especially in patients with diseases accompanied by increased oxidative
stress burden, this could broaden the treatment potential or increase efficacy.
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Abstract

A range of chemically different compounds are known to inhibit the formation and
accumulation of advanced glycation end products (AGEs) or disrupt associated
signalling pathways. There is evidence that some of these agents can provide
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end-organ protection in chronic diseases including diabetes. Whilst this group of
therapeutics are structurally and functionally different and have a range of
mechanisms of action, they ultimately reduce the deleterious actions and the tissue
burden of advanced glycation end products. To date it remains unclear if this is due
to the reduction in tissue AGE levels per se or the modulation of downstream signal
pathways. Some of these agents either stimulate antioxidant defence or reduce the
formation of reactive oxygen species (ROS), modify lipid profiles and inhibit
inflammation. A number of existing treatments for glucose lowering, hypertension
and hyperlipidaemia are also known to reduce AGE formation as a by-product of
their action. Targeted AGE formation inhibitors or AGE cross-link breakers have
been developed and have shown beneficial effects in animal models of diabetic
complications as well as other chronic conditions. However, only a few of these
agents have progressed to clinical development. The failure of clinical translation
highlights the importance of further investigation of the advanced glycation path-
way, the diverse actions of agents which interfere with AGE formation, cross-
linking or AGE receptor activation and their effect on the development and
progression of chronic diseases including diabetic complications.
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Advanced glycation end products (AGEs) are (1) proteins or lipids that become
glycated as a result of exposure to sugars or (2) non-proteinaceous oxidised lipids.
They are implicated in ageing and the development, or worsening, of many degen-
erative diseases, such as diabetes, atherosclerosis, chronic kidney and Alzheimer’s
disease. Several antihypertensive and antidiabetic agents and statins also indirectly
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lower AGEs. Direct AGE inhibitors currently investigated include pyridoxamine and
epalrestat, the inhibition of the formation of reactive dicarbonyls such as
methylglyoxal as an important precursor of AGEs via increased activation of the
detoxifying enzyme Glo-1 and inhibitors of NOX-derived ROS to reduce the
AGE/RAGE signalling.

Keywords

Advanced glycation end products · Diabetes · RAGE · Reactive oxygen species ·
Receptors · Signalling · Treatments

1 What Are AGEs?

Advanced glycation end products are formed as a result of non-enzymatic biochem-
ical reactions called the Maillard reaction which includes the reaction of glucose
with amino residues on proteins and lipids (Lutgers et al. 2006; Mulder et al. 2006)
(Fig. 1). Early glycation products such as methylglyoxal can be transformed into
more stable AGEs, which may be irreversibly cross-linked with proteins or DNA and
may subsequently alter the organ function and structure. AGEs are a heterogeneous
and complex group of modifications (Maillard 1912).

Fig. 1 Schematic representation of AGE formation and different types of AGEs. AGE advanced
glycation end product, CML Nε-carboxymethyl-lysine, DOLD 3-deoxyglucosone-derived lysine
dimer, GOLD glyoxal-derived lysine dimer, MOLD methylglyoxal-derived lysine dimer
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Increased formation of AGEs occurs in stages of increased or dysregulated
reactive oxygen species (ROS) formation, such a hyperglycaemia, hyperlipidaemia
and inflammation all of which are common characteristics of diabetic complications
(Forbes and Cooper 2013; Sourris and Forbes 2009) (Fig. 2).

AGEs accumulate in tissues including in the vasculature, kidney and heart
resulting in changes to organ structure and function (Soro-Paavonen et al. 2008).
In the vasculature, AGE accumulation is associated with endothelial dysfunction and
vascular stiffness and ultimately can contribute to the development of atherosclero-
sis. Within the kidney they lead to alterations in filtration and increased matrix
accumulation ultimately leading to kidney fibrosis (Watson et al. 2012). In the heart,
the accumulation of AGEs is associated with increased diastolic stiffness and
dysfunction and can lead to cardiac fibrosis. Studies in type 1 diabetic patients
show that AGE accumulation may predict the severity of micro- and macrovascular
complications. Specifically, serum AGE levels are significantly elevated with the
progression from normo- to microalbuminuria and subsequently with the develop-
ment of overt nephropathy (Sell et al. 1992). In addition, skin collagen-associated
AGE concentrations correlate with the severity of microvascular complications in
patients with long-standing type 1 diabetes (Monnier et al. 1999) and with carotid
intimal thickening (Nathan et al. 2003).

In type 2 diabetic patients, ischemic heart disease and hypertension correlate with
circulating AGE levels, suggesting that they may be potential biomarkers of diabetic
cardiovascular risk (Sugiyama et al. 1998). It has been demonstrated that serum
AGE levels are not completely associated with glycaemic control, as assessed by

Fig. 2 Bidirectional actions of AGEs and ROS and downstream signalling
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HbA1c in the clinical setting (Monnier et al. 1999; Steffes et al. 2003). This may
explain the progression of diabetic complications in some patients with relatively
good glycaemic control. The Diabetes Control and Complications Trial (DCCT)
study demonstrated that AGE levels were a better predictor of progression to
complications than HbA1C. Differences in AGEs accounted for over a third of the
variance (Monnier et al. 1999). Thus other factors, such as ROS, may contribute to
AGEs production and accumulation in patients with adequate glycaemic control
(Baynes and Thorpe 1999; Babaei-Jadidi et al. 2003).

It is yet to be determined which AGE modifications are the most pathogenic in
disease. AGE cross-linked moieties, such as pentosidine, have intrinsic fluorescence.
Tissue and plasma fluorescence can then be used as indicator AGE modifications
with increased fluorescence within the kidney (Soulis-Liparota et al. 1995; Watson
et al. 2011), retina (Stitt et al. 2002), skin (Lutgers et al. 2006; Genuth et al. 2005) as
well as other organs affected by diabetic microvascular disease (Soulis et al. 1997a).
This has been shown to increase with diabetes progression. Changes in renal and
hepatic function are also linked to increases in tissue fluorescence, reflecting the role
these organs play in clearing AGEs from the body (Makita et al. 1994). Furthermore,
in type 1 and type 2 diabetic patients, circulating levels of fluorescent AGEs correlate
with complications (Miura et al. 2003; Kalousova et al. 2006).

Other AGEs, such as N-carboxymethyllysine (CML), are not cross-linked and do
not fluoresce however they have are elevated in the serum of type 1 diabetic patients
and in diabetic rodent models (Watson et al. 2011; Makita et al. 1991). Type
2 diabetic patients also demonstrated increased levels in circulating CML (Wautier
et al. 2003) and the AGE precursor dicarbonyl methylglyoxal (Kilhovd et al. 2003).
Elevations in CML levels have been associated with the presence of microvascular
complications, including retinopathy and nephropathy (Beisswenger et al. 1995).

2 Measurement of AGEs

Several AGEs and their intermediates have been identified and can be measured in
serum and urine including CML, pentosidine and the dicarbonyl precursor,
methylglyoxal. Circulating levels of AGEs have been measured in diabetic patients
as well as in experimental models of diabetes. Our group has demonstrated that the
measurement of total AGEs within the serum of diabetic patients does not necessar-
ily correlate with progressive diabetic renal dysfunction (Coughlan and Forbes
2011). By contrast, we have found that circulating high-molecular-weight AGEs in
type 2 diabetic patients correlate with the decline in renal dysfunction (Penfold et al.
2010). Furthermore, Coughlan et al. demonstrated that urinary levels of AGEs are
strongly associated with progressive renal decline in both type 1 and type 2 diabetics
and may be used as a biomarker (Coughlan and Forbes 2011). This has been verified
by others who have shown that circulating AGEs are associated with progression of
other diabetic complications (Makita et al. 1992).
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2.1 Accumulation of AGEs in the Skin

The cross-linking of AGEs in the skin is associated with the generation of
autofluorescence which may be measured in skin by a non-invasive AGE reader.
The accumulation of low-molecular AGEs within the skin was shown to be higher in
patients with diabetes correlating with glomerular filtration rate (GFR); those with a
higher GFR were found to have a lower fluorescence (Thomas et al. 2005a). Hartog
et al. found that diabetic patients on dialysis exhibited higher levels of skin
autofluorescence when compared to a control group (Hartog et al. 2005). More
recently it has been demonstrated that skin autofluorescence in a healthy population
is directly associated with age, smoking, waist circumference and diet (Kellow et al.
2018). In disease states associated with increased ROS production, there is a
significant increase in skin AGE autofluorescence.

3 AGE Receptors

In addition to the direct deleterious effects of AGE accumulation in tissues, there are
receptor-mediated effects. Vascular, renal, neuronal and haematopoietic cells are all
known to express receptors for AGEs (Goldin et al. 2006). The receptors for AGE
are important modulators of the deleterious effects of these compounds. Receptors
for AGEs are generally identified as either inflammatory (the receptor for AGEs
(RAGE), AGE-R2) or clearance type receptors (AGE-R1, AGE-R3, CD36, Scr-II,
FEEL-1 and FEEL-2) (Sourris and Forbes 2009; Alikhani et al. 2005; Schrijvers
et al. 2004; Singh et al. 2001; Vlassara 1997; Vlassara and Bucala 1996).

3.1 Receptor for Advanced-Glycation End Products (RAGE)

The receptor for AGEs (RAGE) is a member of the immunoglobulin superfamily,
expressed on the surface of monocytes, proximal tubular cells (Morcos et al. 2002),
neurons, macrophages, and glomerular epithelial cells (podocytes) (Wendt et al.
2003a), mesangial, endothelial, smooth muscle, and fibroblast cells (Schmidt et al.
1994a; Wautier and Guillausseau 2001; Bierhaus et al. 2005a; Koulis et al. 2015).
RAGE is a multiligand receptor which is capable of binding to a number of ligands
other than AGEs including amyloid A, s100A8-9, amyloid-β-peptides, calgranulins,
and amphoterin (HMGB1) (Yan et al. 1997; Bierhaus et al. 2005a; Yan et al. 2006).
Its major physiological role is thought to be in host–pathogen defence (Bierhaus
et al. 2005a).

The RAGE gene is located on chromosome 6 adjacent to the HLA locus in both
human and mouse (Wautier and Guillausseau 2001; Bierhaus et al. 2005a) and its
transcription is known to be both constitutive and inducible. RAGE is expressed
during embryogenesis whilst it is generally down-regulated in adult life in most
tissues (Bierhaus et al. 2005a). In chronic diseases such as Alzheimers, ageing, and
diabetes, RAGE is known to be elevated (Gao et al. 2008; Son et al. 2017).
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The RAGE protein consists of three immunoglobulin-like regions, one v-domain
and two c-domains, in addition to transmembrane and cytoplasmic regions (Neeper
et al. 1992; Schmidt et al. 1994b). There are a number of isoforms of RAGE, which
lack either the cytoplasmic or extracellular domains. These include soluble RAGE
(sRAGE), thought to be the result of proteolytic shedding of RAGE from the cell
surface (Humpert et al. 2007). Soluble RAGE binds AGEs with a high affinity and
has been considered as a decoy receptor for AGEs (Schlueter et al. 2003). Endothe-
lial cells are known to secrete an isoform of RAGE (es-RAGE), which is a c-terminal
splice variant of RAGE and lacks a trans-membrane and effector domain. Finally,
NT-RAGE lacks an amino terminus; however, its function is still unclear (Yonemura
and Tsukita 1999; Bierhaus et al. 2005a, b; Bohlender et al. 2005). Diabetic mice
genetically manipulated to over-express RAGE have significant glomerulosclerosis
(Yamamoto et al. 2001; Inagi et al. 2006). By contrast, it has been shown that RAGE
knockout (KO) mice have less vascular and renal injury with diabetes (Myint et al.
2006; Soro-Paavonen et al. 2008; Coughlan et al. 2009; Sourris et al. 2010; Watson
et al. 2012; Koulis et al. 2014). sRAGE treatment significantly attenuated diabetes-
associated atherosclerosis development in animal models (Bucciarelli et al. 2002).

3.2 AGE-Clearance Receptors (AGE-R1, AGE-2 and AGE-R3)

The AGE receptor complex comprises of AGE-R1, AGE-R2 and AGE-R3 (also
known as galectin-3) and is known to be central in the clearance of AGEs. The
interaction amongst these receptors is thought to drive the degradation of
AGE-modified molecules into smaller fragments for clearance by the kidney (Forbes
and Cooper 2013).

AGE-R1 (OST-48, 48 kDa), as a member of the oligosaccharyl-transferase
protein family, is a type 1 integral membrane protein (Yang et al. 1991; Vlassara
2001). AGE-R1 was the first AGE receptor cell surface clearance receptor identified
and is anchored within the endoplasmic reticulum where it is thought to be a
stabilising molecule for the oligosaccharyltransferase (OST) complex and thus is
also referred to as OST-48 (Yang et al. 1991; Vlassara 2001). There is reduced renal
and white blood cell expression of AGE-R1 in diabetes, and it has been suggested
that AGE-R1 could be a potential target for therapy. Mice which have a transgenic
overexpression of AGE-R1 do not develop diabetic nephropathy (DN) (Liu et al.
2005). Increasing the levels of AGE-R1 in renal cells produces a concomitant down
regulation of RAGE; thus increasing AGE-R1 expression would likely provide
additional benefits. This is yet to be clarified as we have recently demonstrated
that the overexpression of AGE-R1 is associated with increased accumulation of
liver AGEs leading to a concomitant increase in hepatic injury (Zhuang et al. 2017).

AGE-R2 (80K-H, 90 kDa) is a tyrosine-phosphorylated protein which is located
within the plasma membrane. Whilst initially thought to act as a substrate for protein
kinase C (PKC), more recently it was found to be part of the intracellular signalling
pathway for fibroblast growth factor (FGF) receptor (Stitt et al. 1999, 2002; Makita
et al. 1991; Schrijvers et al. 2004; Vlassara 2001; Yang et al. 1994). AGE-R2 is
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thought to contribute to the early stages of AGE signal transduction (Yang et al.
1991; Stitt et al. 1999).

AGE-R3 (also known as galectin-3, 32 kDa) is expressed in the nucleus, cyto-
plasm and cell surface of eosinophils, mast cells, the epithelium of the gastrointesti-
nal and respiratory tracts, macrophages, renal cells, sensory neurons as well as in
aortic endothelial cells. It has also been demonstrated in atherosclerotic plaques
(Iacobini et al. 2005; Wada and Yagihashi 2005; Watson et al. 2014). It has been
found to bind carbohydrates, laminin and IgE molecules. Cellular functions of
AGE-R3 have been found to include apoptosis, inflammation and tumour growth
(Vlassara 2001; Wada and Yagihashi 2005; Vlassara 1995; Kikuchi et al. 2004,
2005; Nangia-Makker et al. 2007). The inflammatory role of AGE-R3 has been
extensively investigated. It has also been shown to have immunoregulatory potential
and attracts eosinophils when expressed in T lymphocytes (Matsumoto et al. 1998).
Increased expression of AGE-R3 in endothelial, pancreatic and melanoma cancer
cells was found to promote proliferation and survival, demonstrating anti-apoptotic
effects (Jiang et al. 2008; Johnson et al. 2007; Prieto et al. 2006). In addition, we
have previously demonstrated that AGE-R3 levels correlate with diabetes-associated
atherosclerosis in RAGE-deficient mice (Watson et al. 2014).

3.3 Scavenger Receptors (CD36, FEEL-1 and FEEL-2)

CD36 is an 88 kDa glycosylated protein which binds various molecules including
fatty acids, collagen and oxidised LDL (oxLDL) (Febbraio et al. 2001; Nicholson
et al. 2001). It is expressed on the cell surface of both macrophages and adipocytes
(Kuniyasu et al. 2003). CD36’s major pathophysiological functions include scav-
enging of oxLDL in macrophages and fatty acid transport in a number of cell types
including adipocytes (Horiuchi et al. 2005). AGEs can also bind to CD36 with a high
affinity leading to subsequent receptor-mediated endocytosis (Ohgami et al.
2001a, b, 2003).

Fasciclin, EGF-like, laminin-type EGF-like and link domain-containing scaven-
ger receptors 1 and 2 (FEEL-1 and FEEL-2) bind AGE-modified proteins. As with
other AGE receptors, FEEL-1 and FEEL-2 are multiligand receptors which
endocytose bacteria, modified LDL as well as AGEs (Prevo et al. 2004). At the
mRNA level, both receptors have been detected in lymph nodes and spleen; how-
ever, cell surface expression has only been identified for FEEL-1 on CD14-positive
mononuclear cells (Horiuchi et al. 1996, 2005; Tamura et al. 2003).

3.4 Downstream Signalling of AGEs (Fig. 2)

There has been a growing body of evidence suggesting that AGEs activate
PKC-mediated signal transduction leading to diabetic complications (Inoguchi
et al. 1992; Xia et al. 1994). PKC has 11 different isoforms, many of which have
been shown to be involved in diabetic complications (Fig. 2).
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Most therapeutic approaches targeting advanced glycation also have direct or
indirect effects on PKC. The attenuation of PKC-α phosphorylation and reduced
translocation with alagebrium (ALA) has been shown in both in vivo models of DN
and in vitro studies (Thallas-Bonke et al. 2004). It remains to be determined if this
action of ALA on PKC-α phosphorylation partly explains its renoprotective actions.
Modulation of PKC activity within the diabetic kidney has also been shown by
vitamin B derivatives (Babaei-Jadidi et al. 2003; Hammes et al. 2003). AT1 receptor
antagonists also attenuate diabetes-induced PKCε activity increases within the
diabetic heart (Malhotra et al. 1997). Both aminoguanidine and ACE inhibitors
prevent diabetes-associated increases in PKC-β activation in renal glomeruli (Osicka
et al. 2000). Modulation of PKC has been demonstrated in vascular endothelial cells
with aspirin (Dragomir et al. 2004) and the insulin sensitising agent metformin
(Isoda et al. 2006). More recently, NOX-4 signalling has also been linked to PKC
actions. The genetic deletion of NOX-4 in experimental models demonstrated a
reduction in PKC expression and signalling within the diabetic kidney (Thallas-
Bonke et al. 2014).

NF-κB is a transcription factor composed of two subunits, the most common of
which are the p50 and p65 subunits (Barnes and Larin 1997). The active p65 subunit
is central in the activation of numerous genes including, adhesion molecules,
cytokines and many other inflammatory and proliferative proteins implicated in
the process of chronic disease and diabetic complications (Barnes and Larin 1997;
Bierhaus et al. 2001). NF-κB is activated by a range of stimuli including glucose
(Pieper and Riazulhaq 1997) and ROS (Nishikawa et al. 2000). AGEs are also
involved in activation of NF-κB mostly via a RAGE-dependent pathway leading
to its translocation to the nucleus where it induces transcription of target genes such
as IL-6 and TNF-α (Yan et al. 1994).

Pyrrolidine dithiocarbamate (PDTC) is a NF-κB inhibitor which has been used in
both diabetic (Lee et al. 2004; Liu et al. 1999a, b; Rangan et al. 1999) and nondia-
betic animal models of renal disease where it was found to be renoprotective
(Rangan et al. 1999), although its toxicity does not allow for direct translation to
the clinical setting. The importance of NF-κB in the pathogenesis of early renal
macrophage infiltration in experimental diabetes has been shown to be modulated by
interruption of the RAS (Lee et al. 2004; Liu et al. 2006). Diabetes-induced increases
in NF-κB activation have been shown to be attenuated by several interventions
including metformin (Isoda et al. 2006), aspirin (Zheng and Guan 2007), vitamin B
derivatives (Hammes et al. 2003), carnosine (Odashima et al. 2006) and
thiazolidinediones (Marx et al. 2004). It remains unclear if effects on NF-κB are
required for the actions of AGE-lowering therapies in chronic diseases.

There is a growing body of evidence about the central role of inflammation in the
development and progression of chronic disease including DC. In particular, mono-
cyte chemoattractant protein (MCP-1), transforming growth factor-β1 (TGF-β1),
connective tissue growth factor (cTGF) and vascular endothelial growth factor
(VEGF) have all been implicated in inflammation and end-organ damage.

AGEs have been identified as a potent stimulus for the production of MCP-1
(Matsui et al. 2007; Giunti et al. 2008) and its secretion by mesangial, epithelial cells
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and podocytes (Giunti et al. 2008; Tesch 2008). MCP-1 is a chemokine which drives
macrophage/monocyte infiltration into tissues and contributes to the progression of
chronic disease. MCP-1 production and secretion from inflammatory or damaged
cells in diabetes is activated by a number of signalling pathways. In an experimental
model of type 1 diabetic nephropathy, a deficiency in MCP-1 resulted in a significant
reduction in renal inflammatory cells and renoprotection (Kanamori et al. 2007).
Many of the treatments which inhibit AGE accumulation or AGE-dependent signal-
ling are also anti-inflammatory. A number of AGE inhibitors such as
aminoguanidine (Lane et al. 1999) but also AT1R antagonists (Candido et al.
2004), aspirin (Makino et al. 2003; Zhang et al. 2008), sRAGE (Gu et al. 2006)
and thiazolidinediones (Marx et al. 2004) have been shown to attenuate MCP-1
expression.

Downstream signalling of the AGE axis has been down to promote the action of
pro-fibrotic molecules in the kidney and heart (Martin et al. 2005; Massague 1998;
Wang et al. 2014). Transforming growth factor-β (TGF-β), a fibrogenic cytokine, has
been implicated as a key effector molecule in renal fibrosis (Hill et al. 2000). A
number of anti-AGE therapies including alagebrium (Forbes et al. 2003),
aminoguanidine (Soulis et al. 1996, 1997b) and OPB-9195 (Tsuchida et al. 1999)
but also AT1 antagonists (Cao et al. 2001) sRAGE (Wendt et al. 2003b) and aspirin
(Makino et al. 2003) have been shown to attenuate the diabetes-induced increase in
TGF-β1.

AGEs have also been demonstrated to modulate connective tissue growth factor
(CTGF) which plays an important role in fibrosis but also in plaque remodelling in
diabetes (Twigg et al. 2002a; Murphy et al. 1999; Riser et al. 2000). CTGF is
elevated in both early and late diabetic nephropathy in humans (Ito et al. 1998).
AGEs have been reported to increase CTGF expression in fibroblasts (Twigg et al.
2001) and renal cells including in mesangial cells (Twigg et al. 2001). A study in
STZ-induced DN has demonstrated that the AGE inhibitor aminoguanidine
attenuated the increased expression of renal cortical CTGF (Twigg et al. 2002b).
Aspirin has also been shown to reduce increased expression of renal CTGF in
diabetes in association with less mesangial expansion (Makino et al. 2003).

Vascular endothelial growth factor (VEGF) is a cytokine which plays in impor-
tant role in diabetic retinopathy and nephropathy (Thallas-Bonke et al. 2004; Wendt
et al. 2003b; Rizkalla et al. 2003; Wada et al. 2001; De Vriese et al. 2001). We and
others have shown reduced VEGF expression with a number of AGE-lowering
approaches including alagebrium (Thallas-Bonke et al. 2004), ACE inhibitors
(Thallas-Bonke et al. 2004), sRAGE (Wendt et al. 2003b) and OPB-9195. In
experimental models of DN, VEGF expression is decreased by treatment with an
inhibitor of AGE formation (Tsuchida et al. 1999) and with the cross-link inhibitor
alagebrium (ALA) (Thallas-Bonke et al. 2004).
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4 AGE-Lowering Therapies

4.1 Direct Targeting of AGEs

A number of AGE-lowering compounds have been developed including
aminoguanidine, and AGE formation inhibitor had progressed to clinical trials but
had to be retracted due to severe side effects. ALA, a putative cross-link inhibitor did
not progress into further clinical validation due to closure of the company. Inhibitors
of AGE formation, including aminoguanidine (Soulis-Liparota et al. 1991) and
OPB-9195 (Miyata et al. 2000a) have been shown to reduce AGE accumulation
by scavenging free reactive carbonyl groups (Brownlee et al. 1986; Miyata et al.
2000b; Khalifah et al. 2005; Booth et al. 1997). The anti-hyperglycaemic agent
metformin can also trap reactive carbonyl groups (Beisswenger et al. 1999). Aspirin
also has also been shown to scavenging free carbonyls groups, as well as decreasing
AGE levels by targeting preformed intermediates via chelation of copper and other
transition metals which can contribute to ROS production (Urios et al. 2007).

LR-90 (methylene bis [4,40-(2chloropheylureido phenoxysiobutyric acid)] is a
compound proven to be effective in reducing renal and circulating AGE accumula-
tion (Figarola et al. 2003, 2008). It attenuates AGE accumulation via its potent metal
chelating abilities and its interaction with reactive carbonyl species (Figarola et al.
2003). LR-90 has shown renoprotective benefits in experimental models of diabetes
and attenuated both glomerulosclerosis and albuminuria (Figarola et al. 2003, 2008).
In addition, we have demonstrated that LR-90 attenuated diabetes-associated ath-
erosclerosis in experimental models of diabetes (Watson et al. 2010).

Vitamin B derivatives such as benfotiamine, thiamine and pyridoxamine have
been trialled and have shown initial beneficial AGE-lowering effects in the clinical
context (Table 1). Pyridoxamine prevents the formation of AGEs from Amadori
intermediates (Khalifah et al. 2005; Booth et al. 1997) and cleaves
3-deoxyglucosone reactive carbonyl intermediates (Chetyrkin et al. 2008). The
inhibitory actions of pyridoxamine on AGE accumulation are associated with
improvements in renal function in experimental models (Degenhardt et al. 2002)
and a decrease in diabetes-associated atherosclerosis (Watson et al. 2011). In a phase
II study in patients with diabetic renal disease, pyridoxamine has also been shown to
be renoprotective (Williams et al. 2007).

The liposoluble derivatives of vitamin B1, benfotiamine and thiamine, also
exhibit AGE-lowering properties. In contrast to pyridoxamine, benfotiamine and
thiamine can decrease the formation of reducing sugars and polyol pathway
intermediates (Berrone et al. 2006). Both have also been shown to be beneficial in
experimental models of diabetic nephropathy (Babaei-Jadidi et al. 2003; Karachalias
et al. 2003). Type 2 diabetic patients consuming a high-AGE diet treated with
benfotiamine showed reduced levels of circulating AGE levels, as well as lower
levels of ROS (Stirban et al. 2006). Another study failed to show a positive effect of
benfotiamine in type 1 diabetic patients however (Du et al. 2008).

Carnosine, a naturally occurring dipeptide in the brain other tissues, is another
antioxidant. Carnosine also reacts with aldehydes, including aldose and ketose
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sugars, which attenuates AGE formation (Alhamdani et al. 2007; Hipkiss and Chana
1998; Hipkiss et al. 1998). It has been found to have renoprotective effects experi-
mental diabetic nephropathy models (Janssen et al. 2005) (Table 1).

4.2 Cleavage of Preformed AGEs

AGEs form nonreversible covalent cross-links within and between tissue proteins
and other organic compounds. N-Phenacylthiazolium bromide (N-PTB) (Vasan
et al. 1996) and alagebrium (Forbes et al. 2003) novel therapies postulated to cleave
or at last reduce cross-linking, allowing glycated proteins to be removed via scaven-
ger receptors and renal excretion, although the exact mechanism is yet to be
determined. Specifically, N-PTB cleaved α-dicarbonyl intermediates and reduced
AGE formation (Vasan et al. 1996). Unexplainable increases in blood pressure and
associated toxicity are seen with PTB; thus this was not translated into the clinic
(Cooper et al. 2000). Alagebrium treatment has been shown to attenuate human-
isolated systolic hypertension and symptoms of diastolic heart failure (Little et al.
2005). Our own studies have shown that alagebrium had both reno- and

Table 1 Direct and indirect AGE-lowering therapies and their mechanism of action

Therapy Mechanisms of actions

Direct

Alagebrium
chloride

Carbonyl scavenger, reduces cross-links, ROS inhibition

Aminoguanidine Carbonyl and dicarbonyl scavenger, ROS inhibition

Benfotiamine Reduce glycolysis and polyol pathway, transketolase activation, ROS
inhibition

Carnosine Reacts with aldehydes, antioxidant

OPB-9195 Carbonyl scavenger, ROS inhibition

Pyridoxamine Reacts with carbonyl group in Amadori products, metal chelator, ROS
scavenger

Thiamine Reduce glycolysis and polyol pathway, transketolase activation, ROS
inhibition

Indirect

ACE inhibitors Reduced formation of AII, anti-inflammatory, ROS inhibition

Aspirin Thromboxane A2, antiplatelet agent, anti-inflammatory, ROS inhibition

AT1R antagonists Reduced signalling via AT1 receptor, reduced inflammation, ROS
inhibition

Metformin Reduced gluconeogenesis in the liver, glucose control, AMPK activation,
reduction in cAMP and protein kinase A, ROS inhibition

NOX Inhibitors ROS inhibition, anti-inflammatory

SGLT-2 Inhibitors Glycaemic control, anti-inflammatory, ROS inhibition

sRAGE Decoy receptor for circulating AGEs, reduced RAGE signalling

Thiazolidinediones Glycaemic control, ROS inhibition, reduction in circulating AGEs
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atheroprotective actions by reducing circulating and tissue AGE accumulation
(Watson et al. 2011, 2012).

4.3 Targeting AGE Precursors: Methylglyoxal

In addition to advanced glycation end products (AGEs), more recently it has been
shown that the precursors of AGEs, early reactive dicarbonyls, may also play a role
in the development of diabetic complications but also in ageing, neurodegenerative
diseases and Alzheimer’s disease. There are a number of early or intermediate
AGEs, known as α-dicarbonyls including, glyoxal, 3-deoxyglucosone and
methylglyoxal. They are formed as by-products of glycolysis, lipid peroxidation
and during the degradation of AGEs (Thomas 2011). These intermediates can be
rapidly transformed into irreversible AGEs and AGE cross-links. Indeed, our studies
have shown that increasing MGO levels independent of diabetes is associated with
increased vascular inflammation and plaque development with plaque area similar to
that observed in diabetes (Watson et al. 2012; Tikellis et al. 2014). Type 2 diabetic
patients also have elevated levels of reactive dicarbonyls in both their serum and
urine (Waris et al. 2015) (Fig. 3).

Glyoxolase-1 (Glo-1) is a naturally occurring detoxification mechanism which
reduces MGO levels (Fig. 3). Glo-1 levels are depleted in diabetes and in human
carotid atherosclerotic plaques (Hanssen et al. 2014a). Glyoxalase-1 catalyses the
glutathione-dependent conversion of MGO into S-D-lactoylglutathione which is
further metabolised to D-lactate by Glo-2 (Fig. 3). Given that methylglyoxal and
other early dicarbonyls can be detoxified by glyoxalase-1 and glyoxalase activity is

Fig. 3 Detoxification of methylglyoxal by glyoxalase I
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deficient in diabetes, another approach to reduce dicarbonyl levels has been to
increase glyoxalase expression or activity. Global Glo-1 KO is lethal, and partial
Glo-1 knockdown in another study did not have effects on formation of atheroscle-
rotic plaques in the short term (Wortmann et al. 2016). The overexpression of Glo-1
was associated with reduced methylglyoxal production and end-organ protection.
However, Glo-1 transgenic/apoE�/�mice, a model of atherosclerosis, did not show
reduced plaque area (Geoffrion et al. 2014; Hanssen et al. 2014b). However, Glo-1
transgenic mice were protected against the development of diabetic kidney disease
with attenuation of albuminuria, mesangial area and a concurrent decrease in renal
dicarbonyl levels (Geoffrion et al. 2014).

There is also an interaction between Glo-1 and Nrf2. Nrf2 is an essential
transcription factor regulating the expression of genes containing an antioxidant
response element (ARE) responsible for the protection against dysregulated ROS
and glutathione (GSH) recycling. Nrf2 directly regulates the transcription of Glo-1
because there is a functional ARE in exon 1 of the Glo-1 gene. Nrf2 inducers such as
sulphoraphane have shown to interact with the regulatory region of the Glo-1 gene.
Another natural compound, mangiferin, has shown simultaneous activation of Glo-1
and Nrf2 (Liu et al. 2017).

Several Glo-1 activators have been tested including high-dose thiamine therapy,
dicarbonyl scavenging with 3-deoxyglucosone, aminoguanidine (pimagedine),
polypyrimidine tract-binding proteins (PTBP), arginine- or histidine-rich peptides,
histidine glyoxalase mimetics and Nrf2 agonists as well as ψ-GSH, a synthetic
cofactor of Glo-1, which is resistant to hydrolysis and is able to pass the blood-
brain barrier (Table 2, (Mastrocola 2017)). ψ-GSH has been shown to reduce protein
carbonyl content and Aβ plaque formation, resulting in a reduction in ROS forma-
tion and prevention of cognitive decline. A study combining trans resveratrol with
hesperetin has been validated in clinical trials and shown to increase Glo-1 activity
by 22%, reduced MGO levels and had beneficial effects on insulin resistance and
fasting plasma glucose (Xue et al. 2016).

Further studies about the interaction between Nrf2 and Glo-1 are required, but
there is emerging evidence that targeting the Nrf2/Glo-1 axis may be a promising

Table 2 Approaches to reduce dicarbonyl stress

1. Prevention of dicarbonyl
formation

High-dose thiamine

2. Dicarbonyl scavengers Aminoguanidine (pimagenidine) metformin
Phenacylthiazolium bromide (PTB) arginine-rich
peptides
Histidine glyoxalase mimetics

3. Glo-1 inducers Trans resveratrol-hesperetin
Allyl isothiocyanate (ATTC)
Sulphoraphane
Butylated hydroxyamisole (BHA)
n-3 polyunsaturated fatty acids (PUFA)
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new approach to reduce dicarbonyl formation and AGE accumulation as well as to
improve antioxidant defence.

5 Indirect Targeting of AGEs

5.1 Glucose-Lowering Approaches

Traditionally, glucose-lowering medications have shown AGE-lowering properties
(Table 1). Some of these therapies used in the treatment of diabetes and insulin
resistance have been found to have actions in addition to glucose lowering. Specifi-
cally, metformin has structural similarities to aminoguanidine, and it has been
suggested that metformin detoxifies dicarbonyls. Importantly, metformin has been
associated with reductions in CV events in the UKPDS study (Chalmers and Cooper
2008).

Some studies have demonstrated an AGE-lowering effect of metformin; however,
most of these studies are observational and uncontrolled. In two randomised trials
when metformin was compared to other glucose-lowering treatments, no difference
was demonstrated. In a randomised clinical trial (RCT) comparing metformin with
pioglitazone, metformin was equally effective with respect to pioglitazone in reduc-
ing AGE accumulation in type 2 diabetic patients (Esteghamati et al. 2013;
Mirmiranpour et al. 2013) (Table 1).

Intensified glucose control has been shown to reduce AGE formation. However,
in a substudy of the DCCT trial with intensive glycaemic control, no effects on skin
fructosyllysine, CML or pentosidine were detected. In a larger substudy of the same
trial, skin collagen glycation and skin CML, pentosidine and fluorescence decreased
in the intensively treated group when compared to the conventionally treated group
(Schiel et al. 2003, 2004). No difference was found when insulin was compared to
other anti-hyperglycaemic agents in another RCT (Schiel et al. 2003, 2004). In
general, effects of glucose-lowering agents on AGEs are inconsistent, and the type
of AGEs effected varies from study to study. Moreover, in general no effects on
serum CML or total AGEs have been demonstrated.

5.2 SGLT-2 Inhibitors

This new class of agents has recently been approved for treatment of type 2 diabetes.
These drugs reduce blood glucose by increasing urinary glucose excretion. The anti-
hyperglycaemic effect is usually mild and results in an HbA1c reduction of
0.6–0.8%. In the recent EMPA-REG outcome study, cardiovascular and renal
protection has been demonstrated (Cherney et al. 2017). In a type 2 diabetic cohort
of approximately 7,000 patients, empagliflozin reduced UACR in normo-, micro-
and macroalbuminuric patients relative to the placebo-treated group (Cherney et al.
2017). The effect of this type of therapeutic on AGEs has not been investigated. It is
likely that, with the improvements in glycaemic control as well as restoration of renal
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and cardiovascular function, AGE formation and accumulation will be concomi-
tantly reduced with these SGLT-2 inhibitors. SGLT-2 inhibitors have also been
shown to reduce ROS production which further reduced AGE accumulation in
chronic disease including diabetic complications (Tang et al. 2017; Ojima et al.
2015). Moreover, with improvements in glomerular filtration associated with SGLT-
2 inhibition, it is likely that AGEs would be cleared more effectively (Table 1).

5.3 Inhibitors of the RAS

Inhibitors of the RAS are the standard treatment of care for hypertension in diabetes.
The introduction of angiotensin-converting enzyme (ACE) inhibitors (ACEi) and
angiotensin receptor blockers (ARBs) into the treatment regime of diabetic patients
has significantly delayed the progression of diabetic nephropathy and subsequent
end-stage renal disease. The interaction between the RAS and AGEs has been the
focus of investigation for some time. It has been widely demonstrated that there are
indeed important interactions between the RAS and AGEs and ACE inhibitors
(Forbes et al. 2005; Miyata et al. 2002) as well as AT1 antagonists (Miyata et al.
2002; Nakamura et al. 2005; Forbes et al. 2004) were shown to be potent inhibitors
of AGE accumulation. ACEi and AT1R antagonists reduce AGE accumulation by
trapping reactive carbonyl groups, decreasing the formation of hydroxyl and carbon
centred radicals, as well as chelating metal ions involved in AGE formation (Miyata
et al. 2002).

It has been postulated that part of the renoprotective effect of RAS blockade is
mediated via a reduction in serum and tissue AGEs. Inhibition of the renin angio-
tensin system attenuates the diabetes-induced increased formation of reactive oxy-
gen species (Watson et al. 2014; Coughlan et al. 2007; Rosca et al. 2005). There are
numerous studies demonstrating that ARBs and ACE inhibitors reduce AGE tissue
formation (Watson et al. 2014; Coughlan et al. 2007; Rosca et al. 2005). Clinical
studies have shown reductions in urinary (Ono et al. 2013) or in circulating AGEs
(Matsui et al. 2007) in patients treated with ARBs. Larger RCTs with irbesartan
failed to confirm this effect (Busch et al. 2008) (Table 1). The ARB olmesartan and
the ACE inhibitor, temocaprilat, have been shown to significantly attenuate AGE
(CML and pentosidine) formation (Miyata et al. 2002). The ARB telmisartan has
been shown to reduce the expression of RAGE and sRAGE (Nakamura et al. 2005).
In the KK/Ta diabetic mouse model, candesartan attenuated the formation of AGEs,
reactive nitrogen-oxygen-species and RAGE expression (Fan et al. 2004). In type
2 diabetes, AT1R antagonists have been shown to reduce proteinuria in association
with reduced renal AGE accumulation (Nangaku et al. 2003).

Importantly, a recent finding by Zheng et al. demonstrated that inhibition of
AGEs and RAS led to a reduction in mortality and progression of diabetic nephrop-
athy in an experimental model of type 2 diabetes (Zheng et al. 2006).

The interaction between AGEs and ROS is bidirectional (Fig. 2), and we have
published data where administration of AGEs to rodents results in up-regulation of
renal RAS, similar to that seen in diabetes. However, administration of angiotensin II
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to rats led to AGE accumulation (Thomas et al. 2005b). Furthermore, we have also
shown benefits from ACE inhibition in diabetic nephropathy as soluble RAGE
increased in both experimental models and in type 1 diabetic patients (Forbes
et al. 2005). In addition to improvements in diabetic nephropathy, we have also
demonstrated that the ACE inhibitor quinapril attenuated diabetes-associated athero-
sclerosis via a reduction in AGE accumulation (Watson et al. 2014). Only one small
trial has investigated the effect of the ACE inhibitor ramipril (Sebekova et al. 2003).
Studies using other antihypertensives such as the calcium channel blocker (CCB)
amlodipine did not show a reduction in serum CML or pentosidine levels despite
similar reductions in blood pressure (Busch et al. 2008). Thus, the AGE-lowering
effects may be stronger with blockers of the RAS compared to other
antihypertensives and may relate to their antioxidant and chelating characteristics.
Importantly, a recent study by Pickering et al. demonstrated that the
pro-inflammatory receptor AT1 complexes with the pro-inflammatory receptor for
AGEs, RAGE. They demonstrated that the interaction between the two receptors
enabled transactivation of the cytosolic tail of this receptor triggering
pro-inflammatory NF-κB signalling. This interaction was found to occur indepen-
dent of ligand binding in the extracellular region of RAGE. Treatment of diabetic
mice with a RAGE peptide with a mutated cytosolic tail attenuated angiotensin II
dependent inflammation and atherogenesis (Pickering et al. 2019). This further
highlights the important interaction between these two pathways.

There may be synergistic benefits afforded by blockade of the RAS and by
reducing AGE formation via a common pathway of attenuating aberrant ROS
formation. Hence, the most rational therapeutic approach to treat chronic disease
and diabetic complications is likely to be a combination of AGE lowering, RAS
blockade and reduction in ROS formation (Watson et al. 2014; Coughlan et al. 2007;
Davis et al. 2004) (Table 1).

5.4 Statins

In many preclinical trials, statin therapy has been associated with lower AGE
formation. Statins reduce lipid oxidation, ROS formation and subsequently the
formation of AGEs and ALEs. Statin treatment has been shown to be associated
with reduced urinary AGEs (Vlad et al. 2017) serum AGEs (Ohsawa et al. 2015;
Nakamura et al. 2010; Younis et al. 2010) and reduced accumulation of AGEs in
plaques (Spadaccio et al. 2014). Furthermore, in animal models statins reduced not
only AGE levels but also the expression of the receptor RAGE independent of their
effects on lipids which may explain part of their cardiovascular protective effects
(Feng et al. 2011).
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5.5 Diet

Diets low in AGE content have been shown to provide beneficial effects on the
kidney and vasculature in disease. It has been shown that a diet high in AGEs can
mimic the effects of diabetes with respect to kidney disease and atherosclerosis
(Gray et al. 2013). Methylglyoxal exposure to nondiabetic animals increased plaque
formation in association with increased inflammation (Tikellis et al. 2014). We have
recently shown in a randomised double-blind study that a low-AGE diet in over-
weight patients not only reduced AGE levels and glucose control but also improved
renal function (Harcourt et al. 2011). Dietary interventions, to reduce AGE intake,
have also been performed in patients with DN and have shown positive outcomes
(Uribarri and Tuttle 2006; Uribarri et al. 2003a, b). However, the effects of a
low-AGE diet on disease progression are not fully understood and need to be
investigated in larger controlled trials.

5.6 Inhibitors of ROS Formation

5.6.1 Reactive Oxygen Species
Reactive oxygen species are important mediators in the formation of AGEs and are
often generated in excessive in chronic disease, including diabetic complications
(Forbes et al. 2008). There is a large body of evidence showing that AGEs may
mediate ROS generation by both direct and indirect means. Concomitant
dysregulation of antioxidant enzymes in diabetes leads to a state of ROS overpro-
duction (Forbes et al. 2008). Most of the AGE inhibitors listed in Table 1, including
AT1R antagonists (Miyata et al. 2002), vitamin B6 derivatives (Hammes et al. 2003;
Endo et al. 2007), NOX inhibitors (Gray et al. 2013; Gray and Jandeleit-Dahm 2015;
Gray et al. 2017; Jha et al. 2014) metformin (Rahbar et al. 2000), ACEi (Miyata et al.
2002; Coughlan et al. 2007), OPB-9195 (Wada et al. 2001; Mizutani et al. 2002),
ALA (Coughlan et al. 2007) and sRAGE (Wautier et al. 1996) have shown to reduce
superoxide generation within tissues in association with attenuation of end-organ
injury.

Vitamin B-related therapies can effectively scavenge ROS intermediates. For
example, pyridoxamine inhibits superoxide generation in association with
attenuating neuropathy and retinopathy progression (Jain and Lim 2001). The
vitamin B1 derivatives benfotiamine and thiamine have been shown to be beneficial
by normalising ROS production (Berrone et al. 2006).

Induction of diabetes results in increased cytosolic and mitochondrial ROS
production in the kidney. ALA treatment in an STZ rat model resulted in attenuation
of both mitochondrial and cytosolic superoxide generation (Thallas-Bonke et al.
2004). Aspirin has been found to decrease reactive oxygen species production, in
addition to increasing NO production (Dragomir et al. 2004, 2006). There is a close
relationship between AGE formation and mitochondrial ROS production. Glycation
of mitochondrial proteins in the diabetic rat kidneys has been associated with excess
ROS production, which was associated with abnormalities in the mitochondrial
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respiratory chain complexes (Rosca et al. 2005). These changes were prevented with
administration of aminoguanidine (Rosca et al. 2005).

5.6.2 NOX Inhibitors
There is increasing experimental evidence that inhibitors of ROS effectively reduce
AGE formation and tissue accumulation. Furthermore, there is evidence that reduced
expression of the receptor for AGEs, RAGE, is associated with reduced ROS
generation. In recent preclinical studies using a first-in-class NOX inhibitor,
GKT137831, in an animal model of diabetes-associated renal and vascular disease
reduced ROS formation as well as RAGE expression in association with reno- and
atheroprotection in this model (Watson et al. 2011, 2012) (Table 1).

5.7 Aldose Reductase Inhibitors

The AR inhibitor epalrestat has been investigated for effects on AGEs. One open-
label randomised trial showed a decrease in serum CML in type 2 diabetic patients
after 1 year of treatment when compared to control (Kawai et al. 2010). Some
smaller studies have shown lower erythrocyte levels of CML, 3-deoxyguanidine
(Hamada et al. 2000), sorbitol 3-phosphate and fructose 3-phosphate are reduced.
Further RCTs are needed to investigate the potential of this therapeutic approach in
diabetes.

6 Conclusion

AGE lowering has been shown to be an effective measure to reduce chronic disease,
ageing and complications of diabetes via effects on ROS formation, PKC and NF-κB
activation and inflammation. A number of currently used therapeutic agents such as
blockers of the RAAS reduce AGEs as a side effect of their main action, in addition
to BP reduction and attenuation of ROS dysregulation and inflammation. Although
these agents lower AGEs, the AGE-lowering effect is usually modest. Thus there is
an urgent need to develop more effective agents with potent AGE-lowering
properties.

Only a handful of direct AGE inhibitors have been developed and are investigated
at this stage in RCTs, such as pyridoxamine and vitamin B derivatives. Ongoing
RCTs need to confirm their end-organ protection in chronic diseases including
diabetes.

Other novel approaches include the inhibition of the formation of reactive
dicarbonyls such as methylglyoxal as an important precursor of AGEs via increased
activation of the detoxifying enzyme Glo-1. With the advent of specific and potent
inhibitors of NOX-derived ROS as well as novel approaches to reduce the AGE/
RAGE signalling, it may be possible to reduce the deleterious effects of AGEs in
chronic diseases including diabetic complications.
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