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Role of NO in Disease: Good, Bad or Ugly

Anders O. Larsson 1 and Mats B. Eriksson 2,3,*

1 Department of Medical Sciences, Section of Clinical Chemistry, Uppsala University, 751 85 Uppsala, Sweden;
anders.larsson@akademiska.se
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University, 751 85 Uppsala, Sweden

3 NOVA Medical School, New University of Lisbon, 1099-085 Lisbon, Portugal
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This Special Issue of Biomedicines (https://www.mdpi.com/journal/biomedicines/
special_issues/NO_in_Disease), accessed on 30 May 2024, focuses on the role of nitric
oxide in disease, attempting to demonstrate some of its “Good, Bad, or Ugly” effects. The
Editors wish to thank the authors for their valuable contributions, and we are happy to
present valuable studies on nitric oxide (NO) from multiple perspectives. NO is present in
the airways, and its relationships with both chronic obstructive pulmonary disease and
rheumatoid arthritis are highlighted. NO donations may also have therapeutic potential
in bladder cancer. Furthermore, the biological sensing of NO using a ruthenium-based
sensor may have great utility in atherosclerosis. NO in human breast milk, as determined
via total nitrite and nitrate concentrations, is more abundant in the first 30 days than at day
60 postpartum; this may have implications for successful and unsuccessful breastfeeding.
This Special Issue also contains five review articles, three of which indicate the importance
of NO in various tissues and its relation to diseases; the potential effects of NO are reviewed
in this context. Due to the SARS-CoV-2 pandemic, considerable interest has been paid to
inhaled NO (iNO) and its ability to reduce inflammatory lung injury, lower pulmonary
vascular resistance, and enhance ventilation/perfusion matching.

This Special Issue emphasizes the importance of NO and presents new data through
various overviews that collate recent updates on NO.

In 1998, Robert Furchgott, Louis Ignarro, and Ferid Murad were awarded the Nobel
Prize in Physiology or Medicine for their significant discovery of nitric oxide (NO) as
a signaling molecule in the cardiovascular system. According to Alfred Nobel’s will, a
maximum of three persons can share the prize [1]. Therefore, Salvador Moncada was not
awarded the Nobel Prize (a decision that has been criticized, even by Robert Furchgott) [2].

This highly potent two-atom radical containing an unpaired electron exhibits a wide
range of physiological activities. NO has played a crucial role in evolution, from fungi to
mammals, acting as both an intercellular and intracellular messenger in invertebrates [3].

NO is an essential biological mediator in the living organism that is biosynthesized
from L-arginine using NADPH and molecular oxygen, a reaction catalyzed by enzymes
termed nitric oxide synthases, consisting of different subtypes depending on the tissue
type. Nitrite can act as a substrate for NOS-independent generation of NO in vivo, and
such reduction can occur systemically in both blood and tissues [4,5]. NO has a short
biological lifetime that can be counted in seconds (or even less) depending on its presence
in intravascular/extravascular tissues [6]. In blood, NO rapidly reacts with oxygenated
hemoglobin, forming its metabolites, nitrate and nitrite. The reaction rate of NO in aqueous
solutions of with oxygen and hemoglobin follows second-order kinetics, i.e., the rate of
NO’s disappearance is proportional to the square of the concentration of NO. Thus, NO is
not likely to act as a circulating humoral substance [7]. NO produced in the endothelial cells
of blood vessels signals the surrounding smooth muscle to relax, leading to vasodilation and
allowing for the biological activity of endothelium-derived relaxing factor and a subsequent
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increase in blood flow [8,9]. NO is also an important messenger in the central nervous
system, where it facilitates cell communication. Glutamate, a neurotransmitter, starts a
reaction that forms NO. NO regulates several important functions in the central nervous
system, including processes associated with mood disorders [10,11].

Since NO among several other options is a vasodilator able to reduce both systemic
and pulmonary blood pressure [12], various drugs have been designed to activate NO
signaling and enhance NO bioavailability as beneficial cardiovascular effects; alternatively,
by contrast, they may attenuate NO inactivation through reactive oxygen species exerting
antioxidant effects. More recently, the products of NO oxidation, nitrite and nitrate, have
been acknowledged as sources of NO after recycling back to NO. Activation of the nitrate–
nitrite–NO pathway may generate NO from both anions and induce antihypertensive
effects. Interestingly, human arterial blood added to a ruthenium-based NO sensor complex
may be utilized as a point-of care test for early detection of unstable coronary plaque and
monitoring of NO-related cardiovascular disease [13].

Furthermore, endogenous NO continuously regulates pulmonary and systemic circu-
lations in several species (including humans), as evidenced by the fact that NOS inhibition
increases pulmonary and systemic vascular resistance. Additionally, endogenous NO
modifies hypoxic vasoconstriction. Inhaled NO is a selective pulmonary vasodilator; it
rapidly diffuses across the alveolar–capillary membrane into the pulmonary vessels, where
NO activates guanylate cyclase. Since inhalation of NO is a prerequisite for such an effect
on the pulmonary vascular bed, the risk of ventilation/perfusion mismatch and pulmonary
shunting is diminished. NO may decrease pulmonary arterial pressure and improve oxy-
genation and has therefore been approved by the FDA for treatment of hypoxic newborns
affected by persistent pulmonary hypertension. More recently, the outbreak of SARS-CoV-2,
a respiratory infectious disease that causes both pulmonary and cardiovascular compli-
cations, has exposed new indications for NO therapy. Endothelial dysfunction, increased
pulmonary vascular permeability, and the formation of pulmonary venous thrombi fre-
quently accompany SARS-CoV-2 infection and contribute to the development of pulmonary
artery hypertension. Inhaled NO has the ability to counteract several of these deleterious
effects of COVID-19. In a multicenter phase II trial, high-dose inhaled nitric oxide improved
arterial oxygenation in adults with acute hypoxemic respiratory failure due to COVID-19.
Whether inhaled NO may serve as an adjunct therapy against bacterial, viral, and fungal
infections remains to be elucidated [14–18].

NO is synthesized during sepsis and septic shock, conditions that feature increased
levels of NO and lowered blood pressure, the latter leading to subsequent impairment of or-
gan perfusion. Several clinical trials have attempted to modulate the formation of inducible
nitric oxide synthase (iNOS) from NO through treatment with nitric oxide synthase (NOS)
inhibitors, of which L-NAME has been the most extensively studied. Contrary to what
could be expected, L-NAME turned out to increase mortality in sepsis patients by increas-
ing the number of cardiac and pulmonary adverse events. Asymmetric dimethylarginin
(ADMA) is a direct endogenous NOS inhibitor that exerts microvascular dysfunction and
proinflammatory and prothrombotic conditions in the endothelium, and there is a relation-
ship between plasma levels of ADMA and mortality in sepsis patients. Hence, the lowering
of ADMA has been suggested as a potential therapeutic approach to reduce organ damage
and mortality in sepsis. NO may cause methemoglobinemia, a potentially life-threatening
condition, since this form of hemoglobin cannot bind oxygen. This condition can be treated
with methylene blue, which acts by blocking the enzyme guanylate cyclase, thereby reduc-
ing excessive nitric oxide production, counteracting its vasorelaxant effect, and increasing
blood pressure during sepsis. Patients with sepsis and septic shock treated with methylene
blue exhibit reduced time until vasopressor discontinuation, reduced length of stay in the
intensive care unit, and reduced days on mechanical ventilation as compared to placebo.
In a retrospective study evaluating the effect of methylene blue in shock, reduced 28-day
mortality in critically ill patients was noted when methylene blue was administered as a
bolus followed by a continuous infusion [19–21].
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NO is a free radical that along with other free radicals contributes to the body’s defense
against micro-organisms. NO may also scavenge other free radicals and reacts in vivo with
superoxide, thereby forming peroxynitrite, a highly reactive compound that can generate
nitrogen dioxide and carbonate radicals upon reaction with carbondioxide. Excessive
formation of peroxynitrite may contribute to numerous adverse events, including DNA
damage and the disruption of cell membranes. Peroxynitrite is involved in several diseases
but may also, at high concentrations, protect against microbes. At low concentrations,
peroxynitrite exerts protective mechanisms in several organ systems [22]. Abundant pro-
duction of NO can induce the release of inflammatory cytokines and also trigger oxidative
stress, factors involved in the pathogenesis of several immunopathologies including di-
abetes, graft-versus-host reaction, rheumatoid arthritis, systemic lupus erythematosus,
experimental autoimmune encephalomyelitis, and multiple sclerosis [23].

Thus, due to the multiple physiological and pathophysiological roles of NO, this
Janus-faced molecule can act as a double-edged sword, exerting good, bad, and ugly
effects.
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Saliva during the First 60 Days Postpartum—A Pilot Study
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Abstract: Nitric oxide (NO) in human milk may have important functions in lactation and infant
health. This longitudinal pilot cohort study investigated the total nitrite and nitrate (NOx) con-
centration in human milk and maternal saliva during the first 60 days postpartum. Additionally,
we explored the association between selected breastfeeding variables and milk and saliva NOx
concentration. Human milk and maternal saliva samples were collected on days 2, 5, 14, 30, and
60 postpartum and analyzed for NOx concentration. Breastfeeding data were collected through
self-assessed questions. Data analyses were performed using mixed models. The concentration of
NOx in milk was significantly higher during the first 30 days compared to day 60, and there was a
positive association between milk and saliva NOx concentrations throughout the entire study period.
In absolute numbers, partially breastfeeding mothers had a lower concentration of NOx in milk
on day 2 compared to exclusively breastfeeding mothers (8 vs. 15.1 μM, respectively). Partially
breastfeeding mothers reported a later start of secretory activation and fewer mothers in this group
started breastfeeding within the first hour after birth. Due to the small numbers, these differences
could not be statistically evaluated. Further research is warranted to elucidate the role of NO in
lactation success and breastfeeding outcomes.

Keywords: breastfeeding; human milk; nitrate; nitric oxide; nitrite; saliva

1. Introduction

Breastfeeding provides health benefits for both mothers and infants and reduces
healthcare costs even in high-income countries [1]. Human milk fulfills the nutritional
needs of the infant, regulates the immune system, protects against pathogens, and pro-
motes neurological and metabolic development. Breastfeeding also offers long-term health
advantages for the mother [1–4]. The World Health Organization recommends initiating
breastfeeding within the first hour after birth and exclusively breastfeeding for the first
six months, followed by continued partial breastfeeding for up to two years or more [5].
However, many mothers cease breastfeeding during the first months, often earlier than
intended [6,7], and the underlying causes for this are inadequately understood. Previous
studies have shown that the most common reasons for breastfeeding cessation are breast-
feeding difficulties, including perceived low milk production [7,8]. As 70% of mothers
experience breastfeeding difficulties, a statistic that is associated with higher rates of non-
exclusive breastfeeding and subsequent increased risk of breastfeeding cessation, this is an
important issue to address [7,8].

Nitric oxide (NO) and its metabolites serve as essential mediators in various physiolog-
ical processes in the human body including neurotransmission, the regulation of vascular
tone, host defense, and cellular respiration [9]. Nitrite and nitrate (referred to collectively,
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herein, as NOx), which are both relatively high in concentration in human milk [10], are
believed to be involved in the physiological adaptation of infants to extrauterine life and
may be involved in the process of lactation [11]. During the neonatal period, the infant has
an immature immune system, less acidic gastric juices, and reduced bacterial communities
in the mouth, which are all associated with increased susceptibility to infections. It is
plausible that human milk-borne nitrite may contribute to antimicrobial activity in the
infant’s gastrointestinal tract [11]. In addition, several studies have indicated that NO may
be involved in milk production and/or letdown [11–13].

In adults, the entero-salivary nitrate–nitrite–nitric oxide pathway contributes to a
stable nitrite pool in the blood by ensuring an active uptake of dietary nitrate from the
circulation by salivary glands and, subsequently, an incorporation of nitrate into saliva [11].
Bacteria in the mouth reduce salivary nitrate to nitrite, which is further reduced to NO
and other nitrogen-containing metabolites in the stomach. Nitrite in human milk may
compensate for the immature entero-salivary nitrate–nitrite–nitric oxide pathway of the
infant. Human milk is an important source of nitrite, which may be relevant for both the
formation of NO metabolites in the stomach of the infant as well as NO bioavailability in
the systemic circulation [10,14].

The source of NOx in human milk remains unclear, but concentrations in milk appear
to be independent of maternal nitrate intake [11]. Previous data suggest that higher nitrite
concentrations in milk during the first days after birth are associated with an earlier lactation
onset and greater milk output [15,16]. However, associations between concentration of NOx
in milk and saliva and breastfeeding outcomes have been underexplored, and very little
research has documented NOx concentration in human milk over time. Understanding the
NO system and its regulation in breastfeeding women might be a key to understand both
breastfeeding success as well as difficulties.

Hence, the primary aim of this pilot study was to document the total NOx concen-
tration in human milk and maternal saliva collected over the first 60 days postpartum. In
addition, we explored associations between NOx concentrations in milk and breastfeeding
characteristics/outcomes such as exclusive versus partial breastfeeding.

2. Materials and Methods

2.1. Study Design and Participants

Data presented here were collected as part of a longitudinal cohort pilot study designed
to understand factors related to lactation success in Swedish women. From 2021 to 2022,
pregnant women in the county of Dalarna, Sweden were recruited through social media,
leaflets, and/or midwives. Using a consecutive recruitment method, pregnant women
(≥18 years) who could answer questionnaires in Swedish and who consented to participate
were included in the study.

2.2. Milk, Saliva, and Data Collection

Breastfeeding registration and self-report questionnaires regarding breastfeeding were
collected through a mobile application on days 2, 5, 14, 30, and 60 postpartum or until
breastfeeding cessation. Exclusive breastfeeding was defined as providing only human milk
to the infant whereas partial breastfeeding involved providing a combination of human
milk and infant formula.

The mothers provided five 3 mL samples of milk from one breast (not specified
which) and three 2 mL samples of saliva on days 2, 5, 14, 30, and 60 postpartum or
until breastfeeding cessation. Milk was collected by the mothers in their homes, in the
morning, using a conventional manual breast pump provided by the research project.
Women were not required to provide complete breast expressions, so milk was generally
foremilk. Saliva samples were collected via passive drooling, where mothers allowed
saliva to drip naturally into the tubes. Polypropene cryotubes (Sarstedt AG & Co. KG,
Nümbrecht, Germany) were used for the saliva, and polystyrene tubes (Sarstedt AG &
Co. KG, Nümbrecht, Germany) were used for the milk. Milk and saliva were frozen
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immediately at home and kept in home freezers (−20 ◦C) for up to 60 days, when they
were transferred to a −80 ◦C freezer at the hospital.

2.3. Analysis

After thawing, milk was centrifuged three times to separate the aqueous phase from
the lipid layer and cells (pellet): twice at 680× g (10 min, 4 ◦C) and once at 10,000× g
(30 min, 4 ◦C) [17]. Saliva was thawed and centrifuged at 10,000× g for 10 min to separate
solid particles (pellet) from the liquid portion (supernatant). Following centrifugation,
supernatants from milk and saliva preparations were transferred to 96-well plates and
frozen at −80 ◦C until further analysis. Total concentrations of NOx were measured
using the Cayman’s nitrite/nitrate colorimetric assay kit (no 780001) according to the
manufacturer’s instructions [18]. The Cayman colorimetric kit has previously been used
for human milk [12]. The intra-assay % coefficients of variability (% CV) were 4.1 (SD 5.1)
for breastmilk and 8.8 (SD 12.0) for saliva. Inter-assay % CV based on breastmilk analysis
was 13.9 (SD 2.0).

Analyses of somatic cell count (SCC) and levels of sodium (Na) and potassium (K)
were performed on whole milk according to the manufacturer’s instructions. Somatic cell
count was analyzed with DeLaval cell counter (DeLaval International AB, Tumba, Sweden).
Sodium and potassium levels were determined using ion selective electrodes (sodium:
LAQUAtwin Na-11; potassium: LAQUAtwin K-11; Horiba, Japan). The ratio between
sodium and potassium was calculated; a ratio above 0.8 indicated mastitis.

2.4. Statistical Analyses

Data analyses were conducted using IBM SPSS Statistics for Windows (version 28.0).
Descriptive statistics are presented here as medians and interquartile ranges (IQRs) or
numbers and percentages. Total NOx concentrations in milk and saliva, together with
breastfeeding characteristics, have been presented in total (all women) and subdivided
by breastfeeding status, and exclusive versus partial breastfeeding, at day 60 postpartum.
No analyses of comparative statistics were performed between mothers who exclusively
versus partially breastfeed due to few cases in the latter group.

All statistics were performed on log-transformed data due to a right-skewed data
distribution. Linear mixed-effect models were used to analyze the trajectory (i.e., days 2,
5, 14, 30, 60 postpartum) of NOx concentrations in milk and saliva. A linear mixed-effect
model was also used to evaluate associations between NOx concentrations in milk and
saliva. The linear mixed-effects modeling included repeated measurements with fixed
effects of time. We used the covariance structure AR1, and model assumptions were
checked. Reference levels (coded as 1) were taken at day 60 postpartum. If the value for the
estimate was positive, the NOx concentration was lower in the reference group. If the value
for the estimate was negative, NOx concentration was higher in the reference group. The
linear mixed-effects model offers an advantage in dealing with missing outcome values as it
allows for the inclusion of individuals in the analysis even when some outcome values are
not available. Furthermore, it is a valuable statistical tool for analyzing longitudinal data
due to its ability to accommodate the dependence among repeated measurements from
the same individual over time. The results from the linear mixed-effects model analyses
are presented here with estimates, which should be interpreted as the mean differences in
total NOx concentration, 95% confidence intervals (95% CI), and p-values. Differences were
considered significant if p < 0.05.

3. Results

Altogether, 25 mothers provided milk and saliva samples. Background characteristics
and demographics of the participating mothers and their infants are presented in Table 1.
Not all mothers could provide samples at all time points, and the total numbers of samples
collected are presented in Table 2.
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Table 1. Background demographics of participating mothers and infants (n = 25) and data related
to pregnancy, delivery, and breastfeeding. Data are presented as medians and interquartile ranges
[IQRs] or numbers and percentages (%).

Total

Maternal demographics and health
Age at time of birth, y [IQR] 32 [32–35.5]
Completed university education, n (%) 20 (80)
Cohabiting at time of birth, n (%) 21 (88)
Body mass index, kg/m2 [IQR] 24.2 [21.5–26.9]
Maternal chronic disease *, n (%) 3 (12)
Mental illness #, n (%) 7 (29)
Diabetes (type 1, type 2, or gestational diabetes), n (%) 3 (13)

Pregnancy, delivery, and breastfeeding characteristics
Primiparous, n (%) 7 (30)
Pregnancy complication, n (%) 2 (7)
Cesarean section, n (%) 2 (8)
Earlier breastfeeding experience, n (%) 15 (60)
Exclusive breastfeeding at discharge from maternity unit, n (%) 24 (100)

Infant characteristics
Gestational age at birth, wk [IQR] 39 [39,40]
Male, n (%) 15 (63)
Birth weight, g [IQR] 3599 [3296–3974]

* Two mothers had asthma, one had a non-specified endocrine decease, and one had psoriasis arthritis. # The kind
of mental illness was not specified.

Table 2. Total nitrate and nitrite (NOx) concentrations (μM) in milk and saliva and data related
to breastfeeding in the 25 participating mothers up to 60 days postpartum. Data are presented as
medians and intra-quartile ranges [IQR] or numbers and percentages (%), respectively. Data are
given for all women as well as subdivided by breastfeeding status at day 60 postpartum.

All Women
Exclusive

Breastfeeding on
Day 60 Postpartum

Partial Breastfeeding on
Day 60 Postpartum

N
median [IQR] or

number (%)
n median [IQR] or

number (%)
n median [IQR] or

number (%)

NOx (μM) in milk
day 2 17 14.0 [3.2–54.4] 14 15.1 [3.8–54.4] 3 8.0 [3.2–22.2]
day 5 20 12.7 [3.8–28.5] 18 12.7 [3.8–28.5] 2 11.3 [7.5–15.1]
day 14 18 14.4 [5.3–41.3] 15 14.0 [5.3–38.0] 3 23.2 [13.3–41.3]
day 30 22 12 [4.0–48.5] 18 12.6 [4.0–48.5] 4 9.3 [5.7–17.1]
day 60 22 7.7 [3.0–23.8] 18 7.7 [3.0–23.8] 4 8.1 [3.4–13.8]

NOx (μM) in saliva
day 2 12 28.6 [1.0–113.5] 11 17.5 [1.0–113.5] 1 59.3 [59.3]
day 5 16 59.1 [0.2–327.4] 13 51.4 [0.2–313.1] 3 104.8 [78.3–327.4]
day 14 16 87.6 [1.0–350] 13 82.6 [1.0–171.9] 3 257.4 [84.6–350.0]
day 30 18 63.7 [28.3–350] 15 59.3 [28.3–350.0] 3 87.5 [47.4–350.0]
day 60 17 49.2 [5.9–354.3] 13 43.0 [5.9–354.3] 4 103.7 [28.2–336.3]

Breastfeeding characteristics
Breastfed during the first hour after birth 23 17 (74) 20 16 (80) 3 1 (33)
Reported secretory activation hours after birth 21 72 [24–120] 19 72 [48–120] 2 84 [72–96]

Exclusive breastfeeding
day 2 24 22 (92) 21 21 (100) 3 1 (33)

day 5 23 20 (87) 20 19 (95) 3 1 (33)
day 14 23 21 (88) 19 18 (95) 4 1 (25)
day 30 23 19 (86) 19 18 (95) 3 1 (33)
day 60 23 21 (84) 21 21 (100)

Number of breastfeeding sessions per day
day 2 14 11 [7] 12 10.5 [5.8] 2 15

day 5 15 11 [7] 13 11 [7.5] 2 10
day 14 15 10 [3] 14 8 [2.8] 1 7 [0]
day 30 14 10 [5] 12 10.5 [5.5] 2 9
day 60 15 9 [6] 13 11 [4] 2 13
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NOx Concentration in Milk and Saliva

The median total NOx concentration in milk collected on days 2, 5, 14, 30, and
60 postpartum was 12.3 μM (range 3.0–54.4 μM), and in saliva, it was 53.6 μM (range
0.2–354.3 μM) (Table 2 and Figure 1). The NOx concentration in milk was higher on days 2,
5, 14, and 30 postpartum compared to day 60 (estimate 0.88 (95% CI 0.76–1.00), p < 0.001)
(Table 3). In saliva, total NOx concentration was lower on day 2 compared to days 5, 14,
30, 60 (estimate 1.72 (95% CI 1.42–2.01), p < 0.001) (Table 3). Based on the mixed model
analysis, there was an association between NOx concentrations in milk and saliva (estimate
0.16 (95% CI 0.06–0.27), p = 0.020, result not shown in the table).

Figure 1. (A). Total nitrate and nitrite (NOx) concentration (μM) in milk and saliva on days 2, 5, 14,
30, and 60 postpartum. (B). Graph adjusted to better visualize NOx concentration in milk. Data are
presented as Tukey boxplots; the box extends from the 25th to the 75th percentile with a horizontal
line for the median; whiskers show maximum and minimum values, and outliers (>1.5* interquartile
range) are plotted as individual dots. Presented in the figure are significant levels for the overall
mixed model analysis and estimated marginal means compared to the concentration at day 60
(** p < 0.01, *** p < 0.001).

Table 3. Results of mixed model analysis comparing total concentrations of nitrite/nitrate (NOx, μM)
in milk and saliva on days 2, 5, 14, 30, and 60 postpartum. Data are presented with estimates, 95%
confidence intervals (95% CI), and p-values.

Human Milk Saliva

n Estimate (95% CI) p-Value n Estimate (95% CI) p-Value

Model 25 0.88 (0.76–1.00) <0.001 20 1.72 (1.42–2.01) <0.001
day 2 0.27 (0.10–0.44) 0.002 −0.52 (−0.96–0.09) 0.019
day 5 0.22 (0.60–0.38) 0.008 −0.16 (−0.52–0.23) 0.42
day 14 0.29 (0.14–0.44) <0.001 −0.005 (−0.37–0.36) 0.98
day 30 0.18 (0.05–0.30) 0.005 0.16 (−0.13–0.46) 0.28
day 60 ref ref

NOx concentration in milk during the first days postpartum was lower in partially
breastfeeding mothers compared to exclusively breastfeeding mothers: 8 μM (range 3.2–22.2)
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vs. 15.1 μM (range 3.8–54.4), respectively. Partially breastfeeding mothers also reported a
longer period of time until secretory activation (also referred to as secretory activation or
“milk coming in”): 84 vs. 72 h compared to mothers still exclusively breastfeeding on day
60 postpartum. Furthermore, fewer of the partially breastfeeding mothers had initiated
breastfeeding during the first hour after birth compared to mothers still exclusively breast-
feeding on day 60 postpartum [1 (33%) vs. 16 (80%)]. However, these differences could
not be statistically evaluated due to a small sample size. (Table 2). For two mothers, one
at day 14 and one at day 30, self-reported symptoms, a high somatic cell count (1709 and
352 cells/μL) and Na/K ratio (1.04 and 1.24), suggested mastitis at the time of sampling.
The total NOx concentrations in milk for these two mothers (16.9 and 15.2 μM) were slightly
higher than the median concentrations of 14.4 μM on day 14 and 12 μM on day 30 based on
all mothers.

4. Discussion

In summary, we have presented the natural time course of the total NOx concentra-
tion in human milk and maternal saliva during the first 60 days postpartum. The NOx
concentration was higher on day 2 than on day 60, which was in line with the few previous
studies published [14,15]. The NOx concentration remained relatively high until day 30,
which means that not only colostrum, but also transitional and mature milk during the first
month have high concentrations of NOx.

The concentration of NOx was higher in saliva than in milk, as previously shown [19].
A recent study examining NOx in plasma, saliva, and milk at one time point, at least
120 days after birth, found no association between nitrite concentrations in plasma and
nitrite concentrations in milk. The authors suggested that complex mechanisms regulate
concentrations of nitrite and nitrate in milk, probably reflecting the fact that NO is synthe-
sized by the L-arginine–NO-synthase pathway locally in the mammary gland [19]. This
was supported by data from Iizuka et al. [15] who did not find associations between NOx
in plasma and milk. Interestingly, we found an association between NOx concentration in
milk and saliva, based on repeated samples over a period of 60 days postpartum. Due to
our small sample size, however, these results need to be further evaluated. In this study,
we did not collect plasma samples, which was a limitation. Larger studies analyzing NOx,
or nitrate and nitrite, simultaneously in milk, saliva, and plasma are needed to explore the
association between concentrations in different body fluids in breastfeeding mothers.

Previous studies have suggested that NO may trigger lactation in humans with NOx
concentration in milk peaking just before the initial increase in milk volume [16]. Further-
more, the NOx concentration was overall higher in milk produced by mothers characterized
as high-milk-secreting compared to those producing lesser amounts of milk during the
first days after birth [16]. In the present study, almost all women breastfed exclusively.
Thus, we could not fully evaluate the potential association between NOx concentration in
milk and breastfeeding exclusivity. However, we noted that mothers who would be only
breastfeeding on day 60 postpartum (compared to those who would be exclusively breast-
feeding on day 60 postpartum) tended to produce milk with lower NOx concentration at
day 2 postpartum. These women also experienced delayed secretory activation, and fewer
of them initiated breastfeeding during the first hour after birth compared to exclusively
breastfeeding mothers. These differences could, however, not be statistically evaluated due
to a small sample size. Only two mothers reported to have experienced mastitis during
the study period; hence, our sample size was too small to assess any potential association
between mastitis and NOx concentration. Interestingly, in cows and goats, mastitis is
linked to increased concentrations of nitric oxide, nitrite, and nitrate [20,21]. Nitric oxide is
believed to play a crucial role in the immune system, including antimicrobial effects [22].
Nevertheless, future studies should explore the relationship between mastitis and NO
levels in humans as it appears to vary across different species [20].

There were several limitations to this study. First, the sample size was small, and
the results should be interpreted with this in mind. Moreover, the duration of the study
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was only 60 days, and a longer follow-up could possibly allow more insight as to whether
early NOx concentrations in milk might predict more long-term breastfeeding outcomes.
Not all mothers provided samples at all occasions. However, the statistical mixed model
method has the advantage of handling missing data. Another limitation was that the
mothers represented a quite homogenous population, having high education levels, being
multiparous, and showing a high percentage of exclusive breastfeeding. Previous studies
have shown that highly educated women tend to breastfeed more exclusively and for a
longer time [1]. For future research, the ability to recruit a broader population is important.

Nonetheless, no studies have documented NOx in milk and maternal saliva as ex-
tensively and longitudinally as the current study. Moreover, few studies have explored
the physiological mechanisms of breastfeeding success and difficulties, and even fewer
have focused on nitrite and nitrate concentration. This pilot study is part of a comprehen-
sive research study with the goal of exploring the physiological causes of breastfeeding
difficulties.

5. Conclusions

Based on the presented pilot study, the total concentration of NOx in human milk
was higher during the first 30 days compared to day 60 postpartum. An association
between NOx concentration in milk and saliva was found over the study period of
60 days postpartum. Since NO and its metabolites are believed to be essential for lac-
tation, besides the suggested importance for the infant, studying NOx can provide clues
both to the physiology of successful breastfeeding as well as to breastfeeding difficulties.
Further larger longitudinal studies are needed.

Author Contributions: Conceptualization, J.E., M.H., M.K.M. and A.S.; methodology, J.E., M.H.
and A.S.; software, J.E.; validation, J.E., M.H. and A.S.; formal analysis, J.E.; investigation, J.E.;
data curation, J.E.; writing—original draft preparation, J.E.; writing—review and editing, J.E., M.H.,
M.K.M. and A.S.; visualization, M.H.; project administration, J.E.; funding acquisition, J.E. All authors
have read and agreed to the published version of the manuscript.

Funding: This research was funded by Dalarna University, the Center for Clinical Research Dalarna,
under grant number CKFUU-974923, CKFUU-936195, CKFUU-987306 and the Swedish Research
Council for Health, Working Life and Welfare under grant number 2019-00634.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki and approved by the Swedish Ethical Review Authority, Dnr 2020/02152. All methods in
the study were conducted in accordance with relevant guidelines and regulations.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the
study after receiving both verbal and written information.

Data Availability Statement: The dataset generated in the current study is not publicly available
due to ethical and legal reasons but is available from the corresponding author on reasonable request.

Acknowledgments: The authors would like to express their deepest gratitude to the women who
participated in the study. We also thank Anders Larsson for the analysis of total NOx concentration
in his laboratory at Uppsala University.

Conflicts of Interest: The authors declare no conflicts of interest in this research. The funders had no
role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of
the manuscript; or in the decision to publish the results.

References

1. Victora, C.G.; Bahl, R.; Barros, A.J.D.; Franca, G.V.A.; Horton, S.; Krasevec, J.; Murch, S.; Sankar, M.J.; Walker, N.; Rollins, N.C.;
et al. Breastfeeding in the 21st century: Epidemiology, mechanisms, and lifelong effect. Lancet 2016, 387, 475–490. [CrossRef]

2. Gila-Diaz, A.; Arribas, S.M.; Algara, A.; Martín-Cabrejas, M.A.; López de Pablo, Á.L.; Sáenz de Pipaón, M.; Ramiro-Cortijo, D. A
Review of Bioactive Factors in Human Breastmilk: A Focus on Prematurity. Nutrients 2019, 11, 1307. [CrossRef]

11



Biomedicines 2024, 12, 1195

3. Perez-Escamilla, R.; Tomori, C.; Hernandez-Cordero, S.; Baker, P.; Barros, A.J.D.; Begin, F.; Chapman, D.J.; Grummer-Strawn,
L.M.; McCoy, D.; Menon, P.; et al. Breastfeeding: Crucially important, but increasingly challenged in a market-driven world.
Lancet 2023, 401, 472–485. [CrossRef] [PubMed]

4. Bode, L.; Raman, A.S.; Murch, S.H.; Rollins, N.C.; Gordon, J.I. Understanding the mother-breastmilk-infant “triad”. Science 2020,
367, 1070–1072. [CrossRef] [PubMed]

5. World Health Organization (WHO). Breastfeeding. Available online: https://www.who.int/health-topics/breastfeeding#tab=
tab_2 (accessed on 18 February 2024).

6. The National Board of Health and Welfare in Sweden. Breastfeeding Statistics. Available online: http://www.socialstyrelsen.se/
statistik/statistikdatabas/amning (accessed on 19 January 2020).

7. Gianni, M.L.; Bettinelli, M.E.; Manfra, P.; Sorrentino, G.; Bezze, E.; Plevani, L.; Cavallaro, G.; Raffaeli, G.; Crippa, B.L.; Colombo,
L.; et al. Breastfeeding Difficulties and Risk for Early Breastfeeding Cessation. Nutrients 2019, 11, 2266. [CrossRef] [PubMed]

8. Karall, D.; Ndayisaba, J.P.; Heichlinger, A.; Kiechl-Kohlendorfer, U.; Stojakovic, S.; Leitner, H.; Scholl-Bürgi, S. Breast-feeding
Duration: Early Weaning-Do We Sufficiently Consider the Risk Factors? J. Pediatr. Gastroenterol. Nutr. 2015, 61, 577–582. [CrossRef]
[PubMed]

9. Moncada, S.; Higgs, A. The L-Arginine-Nitric Oxide Pathway. NEJM 1993, 329, 2002–2012. [PubMed]
10. Hord, N.G.; Ghannam, J.S.; Garg, H.K.; Berens, P.D.; Bryan, N.S. Nitrate and nitrite content of human, formula, bovine, and soy

milks: Implications for dietary nitrite and nitrate recommendations. Breastfeed. Med. 2011, 6, 393–399. [CrossRef] [PubMed]
11. Kobayashi, J. Nitrite in breast milk: Roles in neonatal pathophysiology. Pediatr. Res. 2021, 90, 30–36. [CrossRef] [PubMed]
12. Ohta, N.; Tsukahara, H.; Ohshima, Y.; Nishii, M.; Ogawa, Y.; Sekine, K.; Kasuga, K.; Mayumi, M. Nitric oxide metabolites and

adrenomedullin in human breast milk. Early Hum. Dev. 2004, 78, 61–65. [CrossRef] [PubMed]
13. Tezer, M.; Ozluk, Y.; Sanli, O.; Asoglu, O.; Kadioglu, A. Nitric oxide may mediate nipple erection. J. Androl. 2012, 33, 805–810.

[CrossRef] [PubMed]
14. Jones, J.A.; Ninnis, J.R.; Hopper, A.O.; Ibrahim, Y.; Merritt, T.A.; Wan, K.; Power, G.G.; Blood, A.B. Nitrite and nitrate concen-

trations and metabolism in breast milk, infant formula, and parenteral nutrition. J. Parenter. Enteral Nutr. 2014, 38, 856–866.
[CrossRef] [PubMed]

15. Iizuka, T.; Sasaki, M.; Oishi, K.; Uemura, S.; Koike, M.; Minatogawa, Y. Nitric oxide may trigger lactation in humans. J. Pediatrics
1997, 131, 839–843. [CrossRef] [PubMed]

16. Akçay, F.; Aksoy, H.; Memisogullari, R. Effect of breast-feeding on concentration of nitric oxide in breast milk. Ann. Clin. Biochem.
2002, 39, 68–69. [CrossRef] [PubMed]

17. Kverka, M.; Burianova, J.; Lodinova-Zadnikova, R.; Kocourkova, I.; Cinova, J.; Tuckova, L.; Tlaskalova-Hogenova, H. Cytokine
profiling in human colostrum and milk by protein array. Clin. Chem. 2007, 53, 955–962. [CrossRef] [PubMed]

18. Green, L.C.; Wagner, D.A.; Glogowski, J.; Skipper, P.L.; Wishnok, J.S.; Tannenbaum, S.R. Analysis of nitrate, nitrite, and [15N]
nitrate in biological fluids. Anal. Biochem. 1982, 126, 131–138. [CrossRef] [PubMed]

19. Fernandes, J.O.; Tella, S.O.C.; Ferraz, I.S.; Ciampo, L.A.D.; Tanus-Santos, J.E. Assessment of nitric oxide metabolites concentrations
in plasma, saliva, and breast milk and their relationship in lactating women. Mol. Cell Biochem. 2021, 476, 1293–1302. [CrossRef]
[PubMed]

20. Novac, C.S.; Andrei, S. The Impact of Mastitis on the Biochemical Parameters, Oxidative and Nitrosative Stress Markers in Goat’s
Milk: A Review. Pathogens 2020, 9, 882. [CrossRef]

21. Atakisi, O.; Oral, H.; Atakisi, E.; Merhan, O.; Pancarci, S.M.; Ozcan, A.; Marasli, S.; Polat, B.; Colak, A.; Kaya, S. Subclinical
mastitis causes alterations in nitric oxide, total oxidant and antioxidant capacity in cow milk. Res. Vet. Sci. 2010, 89, 10–13.
[CrossRef] [PubMed]

22. Bogdan, C. Nitric oxide and the immune response. Nat. Immunol. 2001, 2, 907–916. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

12



Citation: Weitoft, T.; Rönnelid, J.;

Lind, A.; de Vries, C.; Larsson, A.;

Potempa, B.; Potempa, J.; Kastbom,

A.; Martinsson, K.; Lundberg, K.;

et al. Exhaled Nitric Oxide Reflects

the Immune Reactions of the Airways

in Early Rheumatoid Arthritis.

Biomedicines 2024, 12, 964.

https://doi.org/10.3390/

biomedicines12050964

Academic Editor: Rowan S. Hardy

Received: 4 March 2024

Revised: 11 April 2024

Accepted: 23 April 2024

Published: 26 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

biomedicines

Article

Exhaled Nitric Oxide Reflects the Immune Reactions of the
Airways in Early Rheumatoid Arthritis

Tomas Weitoft 1,2,*, Johan Rönnelid 3, Anders Lind 1, Charlotte de Vries 4, Anders Larsson 5, Barbara Potempa 6,

Jan Potempa 6,7, Alf Kastbom 8, Klara Martinsson 8, Karin Lundberg 4

and Marieann Högman 9

1 Centre for Research and Development, Uppsala University, Region Gävleborg, 801 88 Gävle, Sweden;
anders.lind@regiongavleborg.se

2 Rheumatology, Department of Medical Science, Uppsala University, 751 85 Uppsala, Sweden
3 Department of Immunology, Genetics and Pathology, Uppsala University, 751 85 Uppsala, Sweden;

johan.ronnelid@igp.uu.se
4 Rheumatology Unit, Department of Medicine, Karolinska University Hospital, 171 76 Solna, Sweden;

charlotte.de.vries@ki.se (C.d.V.); karin.lundberg@ki.se (K.L.)
5 Clinical Chemistry, Department of Medical Science, Uppsala University, 751 85 Uppsala, Sweden;

anders.larsson@akademiska.se
6 Department of Oral Immunity and Infectious Diseases, School of Dentistry, University of Louisville,

501 S. Preston St., Louisville, KY 40202, USA; barbara.potempa@louisville.edu (B.P.);
jan.potempa@icloud.com (J.P.)

7 Faculty of Biochemistry, Biophysics and Biotechnology, Jagiellonian University, Gronostajowa St. 7,
31-387 Krakow, Poland

8 Department of Biomedical and Clinical Sciences, Linköping University, 581 83 Linköping, Sweden;
alf.kastbom@liu.se (A.K.); klara.martinsson@liu.se (K.M.)

9 Department of Medical Science, Respiratory, Allergy and Sleep Research, Uppsala University, 751 85 Uppsala,
Sweden; marieann.hogman@uu.se

* Correspondence: thomas.weitoft@regiongavleborg.se

Abstract: Patients with rheumatoid arthritis (RA) have altered levels of exhaled nitric oxide (NO)
compared with healthy controls. Here, we investigated whether the clinical features of and immuno-
logical factors in RA pathogenesis could be linked to the NO lung dynamics in early disease. A
total of 44 patients with early RA and anti-citrullinated peptide antibodies (ACPAs), specified as
cyclic citrullinated peptide 2 (CCP2), were included. Their exhaled NO levels were measured, and
the alveolar concentration, the airway compartment diffusing capacity and the airway wall concen-
tration of NO were estimated using the Högman–Meriläinen algorithm. The disease activity was
measured using the Disease Activity Score for 28 joints. Serum samples were analysed for anti-CCP2,
rheumatoid factor, free secretory component, secretory component containing ACPAs, antibodies
against Porphyromonas gingivalis (Rgp) and total levels of IgA, IgA1 and IgA2. Significant negative
correlations were found between the airway wall concentration of NO and the number of swollen
joints (Rho −0.48, p = 0.004), between the airway wall concentration of NO and IgA rheumatoid factor
(Rho −0.41, p = 0.017), between the alveolar concentration and free secretory component (Rho −0.35,
p = 0.023) and between the alveolar concentration and C-reactive protein (Rho −0.36, p = 0.016), but
none were found for anti-CCP2, IgM rheumatoid factor or the anti-Rgp levels. In conclusion, altered
NO levels, particularly its production in the airway walls, may have a role in the pathogenesis of
ACPA-positive RA.

Keywords: rheumatoid arthritis; free secretory component; ACPA; exhaled nitric oxide; lung;
pathogenesis; rheumatoid factor

1. Introduction

Rheumatoid arthritis (RA) is a systemic inflammatory disease mainly affecting the
joints and may lead to joint destruction and disability. In 50–80% of cases, autoantibodies
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against citrullinated proteins (ACPAs) or the Fc part of immunoglobulin G (IgG), rheuma-
toid factor (RF), are found [1]. ACPAs probably have an essential role in the disease, as
they are also associated with a more severe disease course [2,3]. Consequently, RA with
ACPAs and without ACPAs are often regarded as two different disease entities and may
have different aetiologies [4].

Theories on the aetiology of RA involve a genetic predisposition and triggering exoge-
nous factors, such as smoking [5], which may lead to a posttranslational shift in the amino
acid arginine to citrulline in specific proteins, induced by the enzyme peptidyl arginine
deaminase (PAD) [6]. This immune reaction may be triggered by inhaled agents and start
in the mucosa of the gums, airways or lungs. The locally produced secretory antibodies
(IgA and IgM) are transported through the mucosa by the polymeric immunoglobulin (poly
Ig) receptor [7]. A shredded part of this receptor, free secretory component (free SC), is
elevated in the serum of patients with ACPA-positive RA already before arthritis onset [8].

Another theory includes the bacterium Porphyromonas gingivalis, involved in periodon-
titis disease, which also expresses a PAD enzyme which may induce protein citrullina-
tion [9]. In accordance, RA patients have increased anti-P. gingivalis antibody levels, even
before arthritis onset [10], and RA is four times more frequent in patients with periodontitis
compared to the general population [11].

Nitric oxide (NO) is an important molecule in the inflammation process, inducing
vascular dilatation and permeability [12], and is relevant in the cellular reactions of ox-
idative stress [13]. Elevated levels are found in the serum and synovial fluid of patients
with RA [14]. In exhaled gas, the measured NO is produced by the cells of the airways and
alveoli but is also influenced by the capillary diffusion of NO in the airways. In an extended
NO analysis, using multiple NO measurements at different exhaled flows, it is possible to
determine in which part of the lungs NO is produced. The Högman–Meriläinen algorithm
(HMA) [15] gives estimates of the alveolar concentration (CANO), the airway compartment
diffusing capacity (DawNO) and the airway wall concentration of NO (CawNO). Altered
levels are found in disorders with inflammatory changes in the lungs and airways, such
as asthma and chronic obstructive pulmonary disease [14], but also in rheumatic diseases,
such as Sjögren’s disease [16] and systemic sclerosis [17].

In a previous cross-sectional study on patients with chronic RA, we found not only
lower NO levels in terms of CANO and CawNO but also a higher DawNO when compared
with matched healthy controls [18]. Similar results were found in ACPA-positive RA
patients with early disease investigated before any treatments were initiated, suggesting
that these changes may reflect pulmonary involvement in its pathogenesis [19]. These
subjects, representing a homogenous autoimmune disease entity, all with ACPAs, were re-
analysed in the present study, where the objectives were to elucidate whether their exhaled
NO levels were associated with characteristic RA autoantibodies and other markers of the
autoimmune process.

2. Materials and Methods

2.1. Study Population

Patients (n = 51) with recent-onset ACPA-positive RA according to the 2010 classi-
fication criteria [20] were recruited at diagnosis on their first visit to the rheumatology
department at Gävle Hospital, Sweden. After their informed consent and physical examina-
tion by a rheumatologist, the patients were included in the study. Patients with a symptom
duration of more than two years at diagnosis, those treated with >10 mg prednisolone and
those with difficulties understanding the study information were excluded (n = 7). The
disease activity was measured using the Disease Activity Score for 28 joints (DAS28) [21],
and disability was assessed according to the Health Assessment Questionnaire (HAQ) [22].

2.2. NO Analysis

The NO measurements were performed in accordance with the 2005 American Tho-
racic Society [23] and the European Respiratory Society [24]. The exhaled NO was analysed
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at an exhalation flow of 50 mL/s (FENO,50) using an EcoMedics DLC 88 (Eco Medics AG,
Dürnten, Switzerland). The NO parameters were calculated using the nonlinear HMA
method with exhalation target flows of 20, 100 and 300 mL/s or using the Tsoukias and
George method with flows of 100, 200 and 300 mL/s [24] when the participants could not
perform the lowest flow of 20 mL/s. A constant exhaled flow was facilitated using flow
resistors, and a visual feedback system guided the patients in maintaining the targeted flow
throughout the exhalation. The exact flow was measured. A calculated FENO,50 value for
the HMA was derived for each subject and compared with the measured value as quality
control [24]. The HMA method estimates the NO parameters CANO, CawNO and DawNO.

Serum nitrate/nitrite (NOx) was analysed using a Cayman nitrate/nitrite colorimetric
assay kit (Ann Arbor, MI, USA). The total coefficient of variation for the NOx assay was
3.4%, and the detection limit was 1 μM/L.

2.3. Spirometry

Pre-bronchodilator spirometry was performed after the NO analysis using a Welch
Allyn Spiro Perfect II (Welch Allyn, Skaneateles Falls, NY, USA). The reference values are
presented as the percentages predicted using the Swedish reference values [25,26].

2.4. Blood Analyses

Samples were collected for analysis of their inflammatory markers, such as the ery-
throcyte sedimentation rate (ESR), C-reactive protein (CRP) and autoantibodies, including
RF (IgA and IgM) and ACPAs (anti-CCP2 IgA and IgG), as well as free secretory compo-
nent (SC), secretory component containing ACPAs (SC ACPAs) and antibodies against
the P. gingivalis virulence factor arginine gingipain (Rgp) as a marker for periodontal
infection/periodontitis.

2.5. Analyses of ACPA and RF

IgG and IgA anti-CCP2 and IgA and IgM RF were analysed using a fluorescence en-
zyme immunoassay (Elia, Thermo Fischer Scientific, Uppsala, Sweden) and using a Phadia
250 instrument (Thermo Fisher Scientific) according to the manufacturer’s instructions.
The cut-off levels for anti-CCP2 IgG and IgA were 7 arbitrary units (AU). For RF IgM, the
cut-off was 5 AU, and for RF IgA, it was 20 AU, as suggested by the manufacturer.

2.6. Analyses of Free SC, SC ACPAs, Anti-Rgp IgG and Total IgA, IgA1 and IgA2

Free SC was analysed using an in-house sandwich ELISA [8,27]. Briefly, the serum
samples were diluted 1:25, added to microtiter plates pre-coated overnight with 10 μg/mL
of anti-free SC 6B3 monoclonal antibody (mAb) and incubated at 37 ◦C for 90 min for the
serum and 60 min for the detection antibody. Following washing, an HRP-conjugated
anti-SC mAb 5D8, diluted 1:100, was added and incubated at 37 ◦C for 60 min. TMB (Merck,
Darmstadt, Germany) was added as substrate, and the reaction was stopped with 1 M
sulfuric acid and the plates read at an optical density (OD) of 450 nm (SpectraMax ABS
Plus, Molecular Devices, San Jose, CA, USA). We used a 7-step serially diluted SC-positive
serum pool as the standard curve to recalculate the OD values into concentrations. All
the samples were analysed in duplicate and reanalysed if the coefficient of variation (CV)
between the duplicates was >20%. The inter-assay CV was 9%, and the intra-assay CV was
2%, respectively.

The serum SC ACPAs were measured by modifying anti-CCP2 ELISA kits (CCPlus®

Immunoscan; Svar Life Science, Malmö, Sweden). In brief, the serum samples were
diluted 1:25 in kit buffer, and the secondary antibody, detecting human secretory compo-
nent, was diluted 1:2000 (polyclonal goat antibody conjugated to horseradish peroxidase,
GAHu/SC/PO; Nordic Biosite, Täby, Sweden). Incubation and washing were performed
according to the manufacturer’s instructions. The reaction was stopped and the plates read
at OD450nm (SpectraMax ABS Plus). A 7-step standard curve based on a serum sample
with known high levels of SC ACPAs was used to recalculate the OD values into arbitrary

15



Biomedicines 2024, 12, 964

units. All the samples were analysed in duplicate and reanalysed if the CV between the
duplicates was >20%. The inter-assay CV was 10%, and the intra-assay CV was 5%.

The presence of antibodies (IgG) against the oral pathogen P. gingivalis virulence factor
arginine gingipains (Rgp) was assessed using an in-house ELISA, using the RgpB protein,
purified from P. gingivalis cultures, as the coating antigen, as previously described [9]. The
samples were analysed in duplicate, and a standard curve (pool of Rgp IgG-positive sera)
was used to present the antibody levels in arbitrary units (AU).

The total levels of IgA, IgA1 and IgA2 were measured using in-house ELISAs. The
total IgA ELISA utilised F(ab′)2 fragment goat anti-alpha chain antibodies for capture
and detection (Jackson ImmunoResearch, West Grove, PA, USA), and the subclass-specific
ELISAs both used the same capture antibody as for total IgA and the detection antibodies
ABIN135642 for IgA1 and ABIN135646 for IgA 2, respectively (www.antibodies-online.com,
accessed on 19 February 2024). The same normal serum was used as the standard curve
for all the analyses; the levels of total IgA, IgA1 and IgA2 were determined at the Uppsala
University laboratory.

2.7. Statistical Analysis

All the statistical analyses were performed using SPSS v. 28 for Windows (SPSS
Inc., Chicago, IL, USA). The data tested for normality using the Shapiro–Wilk test are
expressed as means ± SD and the skew-distributed data as medians and lower and upper
quartiles. An independent t-test and the Mann–Whitney U test were used to compare
current smokers and non-smokers. For the frequency distribution, Pearson’s χ2-test was
used. Correlations were tested using Spearman’s rank order correlation. A p-value of <0.05
was considered significant. The significance levels are presented both without and with
Bonferroni correction for the number of NO variables investigated.

3. Results

3.1. Baseline Characteristics of the Study Population

As smoking affects pulmonary NO [28], the study participants (n = 44), 26 females
and 18 males, were divided into subgroups depending on their current smoking status.
The smoking subjects had significantly lower FENO,50 and CANO values but higher free
SC levels in their serum (Table 1). A total of 10 subjects could not perform the lowest
exhalation flow, and the results for CawNO and DawNO are given for 34 subjects in Table 1.

Table 1. Characteristics of participants with recent-onset ACPA-positive RA.

All
(n = 44)

Non-Smokers
(n = 32)

Current Smokers
(n = 12)

p-Value

Age (years) 60 ± 14 59 ± 16 62 ± 9 0.521
Sex (% female) 59% 66% 42% 0.150
BMI 28 ± 5 28 ± 5 28 ± 4 0.665
Symptom duration (months) 4 (2, 8) 5 (3, 8) 3 (2,11) 0.195
DAS28 4.47 ± 1.06 4.40 ± 1.19 4.65 ± 0.59 0.495
- Swollen joints 4 (2, 6) 3 (2, 5) 5 (3, 8) 0.153
- Tender joints 4 (2, 5) 4 (2, 6) 4 (1, 5) 0.866
- Global health 45 ± 24 42 ± 25 50 ± 21 0.478
- ESR 24 (12, 42) 20 (12, 40) 30 (13, 42) 0.679
CRP 7.9 (3.2, 20) 8.1 (2.6, 23) 7.1 (3.3, 14) 0.576
NOx 2.3 (1.8, 3.1) 2.4 (1.6, 3.1) 2.1 (1.3, 3.0) 0.243
HAQ 0.92 ± 0.46 0.89 ± 0.47 0.98 ± 0.45 0.591

Immunological markers
IgA anti-CCP2 AU/mL 10.5 (3.1, 23) 6.8 (3.6, 21) 15.5 (2.4, 28) 0.668
IgG anti-CCP2 AU/mL 299 (93, 600) 288 (122, 600) 527 (56, 600) 0.706
IgA RF AU/mL 26 (12, 94) 25 (10, 56) 56 (25, 136) 0.059
IgM RF IU/mL 62 (20, 179) 49 (18, 131) 165 (34, 250) 0.100
Anti-Rgp AU/mL 361 (174, 727) 348 (168, 766) 369 (175, 563) 0.969
SC 0 (0, 30) 0 (0, 13) 24 (0, 47) 0.035
SC ACPAs 29 (12, 130) 24 (11, 62) 119 (16, 217) 0.082
Total IgA g/L 4.72 (3.77, 6.07) 4.76 (3.78, 6.31) 4.72 (3.85, 6.07) 0.645
Total IgA1, g/L 4.15 (2.74, 7.18) 4.15 (2.75, 7.18) 4.32 (2.56, 9.25) 1.000
Total IgA2, g/L 0.81 (0.48, 1.25) 0.78 (0.45, 1.23) 0.90 (0.54, 1.66) 0.377
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Table 1. Cont.

All
(n = 44)

Non-Smokers
(n = 32)

Current Smokers
(n = 12)

p-Value

NO analysis
FENO,50 ppb 16 (10, 24) 19 (13, 25) 10 (5, 16) 0.002
CANO ppb 1.6 (1.0, 2.2) 1.9 (1.2, 2.3) 1.0 (0.4, 1.3) 0.004
CawNO ppb (n = 34) 55 (24, 106) 64 (33, 115) 24 (20, 75) 0.086
DawNO mL/s (n = 34) 17 (8, 30) 16 (9, 31) 19 (7, 29) 0.809

Lung function
FEV1 % predicted 84 ± 15 87 ± 15 78 ± 15 0.446
FVC % predicted 86 ± 11 87 ± 11 84 ± 13 0.071

Data presented as means ± SD, and for skewed data, as medians (25–75-percentile); p-value of <0.05 was
considered significant (highlighted in bold). BMI, body mass index; DAS28, Disease Activity Score for 28 joints;
ESR, erythrocyte sedimentation rate; CRP, C-reactive protein; NOx, serum nitrate/nitrite; HAQ, the Swedish
version of the Stanford Health Assessment Questionnaire; RF, rheumatoid factor; ACPA, anti-citrullinated protein
antibody; anti-CCP2, antibody against cyclic citrullinated peptide, second generation; anti-Rgp; antibody against
P. gingivalis arginine gingipains; IgA/IgG/IgM, immunoglobulin isotypes A, G and M; SC, secretory component;
SC ACPAs, SC ACPA immune complex; FENO,50, fraction of exhaled nitric oxide at a flow of 50 mL/s; CANO,
alveolar nitric oxide; CawNO, nitric oxide content in the airway wall; DawNO, nitric oxide diffusion capacity over
airway wall; FEV1, forced expiratory volume at 1 s; FVC, forced vital capacity.

3.2. NO in Relation to Clinical and Inflammation Markers

The serum levels of NO were correlated weakly with FENO,50 (Rho 0.304, p = 0.048).
As in our previous study, we found no association with DAS28, but when splitting DAS28
into separate components (swollen joints, tender joints, general health and ESR), we found
a negative correlation between the number of swollen joints and FENO,50 and especially
CawNO (Table 2 and Figure 1A,B). For DawNO, this correlation was positive (Table 2).
CANO was correlated with both CRP and SC (Table 2).

Table 2. Correlation of FENO,50 and NO parameters representing the airways and lungs in
all participants.

FENO,50 (n = 44) CawNO (n = 34) DawNO (n = 34) CANO (n = 44)
Rho p-Value Rho p-Value Rho p-Value Rho p-Value

DAS28
Total score −0.248 0.109 −0.327 0.063 0.150 0.406 0.169 0.279
Number of swollen joints −0.336 0.026 −0.479 0.004 * 0.385 0.025 0.023 0.882
Number of tender joints −0.171 0.268 −0.140 0.430 −0.076 0.669 −0.025 0.870
Global Health −0.130 0.406 −0.023 0.901 −0.129 0.473 −0.068 0.666
ESR −0.001 0.995 −0.111 0.532 0.167 0.346 0.285 0.064
CRP 0.030 0.848 −0.136 0.442 0.172 0.332 0.362 0.016

Immunological markers
IgA anti-CCP2 −0.113 0.465 −0.180 0.309 0.138 0.435 0.063 0.686
IgG anti-CCP2 −0.148 0.311 −0.181 0.305 0.107 0.547 −0.027 0.860
IgA RF −0.171 0.036 −0.406 0.017 0.357 0.037 −0.001 0.994
IgM RF −0.173 0.262 −0.151 0.394 0.001 0.994 0.039 0.804
IgG anti-Rgp −0.063 0.683 −0.044 0.803 0.027 0.878 0.015 0.922
SC −0.173 0.266 −0.007 0.971 −0.160 0.366 −0.345 0.023
SC ACPA −0.255 0.103 −0.050 0.783 −0.093 0.608 −0.131 0.408
Total IgA 0.184 0.231 0.087 0.624 0.141 0.427 0.071 0.646
Total IgA1 0.270 0.076 −0.035 0.844 0.242 0.168 0.128 0.406
Total IgA2 0.062 0.689 −0.169 0.339 0.130 0.462 −0.047 0.759

* = remains significant (p = 0.020) after Bonferroni correction. p-value of <0.05 was considered significant
(highlighted in bold). DAS28, Disease Activity Score for 28 joints; ESR, erythrocyte sedimentation rate; CRP,
C-reactive protein; RF, rheumatoid factor; ACPA, anti-citrullinated protein antibody; anti-CCP2, antibody against
cyclic citrullinated peptide, second generation; anti-Rgp, antibody against P. gingivalis arginine gingipains;
IgA/IgG/IgM, immunoglobulin isotypes A, G and M; SC, secretory component; SC ACPAs, SC ACPA immune
complex; FENO,50, fraction of exhaled nitric oxide at a flow of 50 mL/s; CANO, alveolar nitric oxide; CawNO, nitric
oxide content in the airway wall; DawNO, nitric oxide diffusion capacity over airway wall.

17



Biomedicines 2024, 12, 964

Figure 1. Correlation plots for FENO,50 and CawNO for the number of swollen joints (A,B), and for
IgA RF (C,D).

3.3. NO in Relation to Antibodies

In this material, of the anti-CCP-IgG-positive RA participants, 52% also had anti-CCP2
IgA, 93% had IgM RF and 64% had IgA RF. The levels of anti-CCP2 (IgA and IgG) and
IgM RF did not correlate with the exhaled NO parameters (Table 2). IgA RF was correlated
negatively with CawNO and FENO,50, while DawNO showed a positive correlation (Table 2
and Figure 1C,D). Among the smokers, the proportion of IgA-RF-positive parties was 83%
compared with 67% in the non-smokers (n.s.). When comparing the non-smoking patients
with the current smokers, there were no statistical differences in any antibody level.

Free SC in the serum was found in 44% of patients (67% current smokers, 36% non-
smokers, p = 0.065), and its levels were negatively correlated with CANO. The SC ACPAs,
anti-Rgp IgG and the total levels of the IgA and IgA subclasses did not correlate with the
exhaled NO parameters (Table 2).

4. Discussion

The main findings in the present study were negative correlations between the exhaled
NO levels, especially the airway wall concentration of NO (CawNO), and the number of
swollen joints and IgA RF levels, respectively, in ACPA-positive RA. In addition, the lack
of an association with the anti-CCP2 antibody levels or the SC ACPAs suggests that altered
NO dynamics in the lungs reflect another biological process in early RA.

We have previously found that patients with recent-onset RA have significantly lower
exhaled NO parameters than matched healthy control subjects [18]. It is known that
smoking decreases these levels in healthy individuals. Our studies confirm that this is true
for patients with early and chronic RA as well [18,19]. However, the levels were also low in
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the non-smoking patients, especially CawNO, suggesting that smoking reduces the already
low NO levels in the airways of ACPA-positive RA patients. It is not known whether other
inhaled agents associated with RA pathogenesis, such as silica and textile dust, may also
reduce the exhaled NO levels in non-smoking RA patients.

As smoking is a known triggering factor in the pathogenesis of seropositive RA [29],
we looked for an association between RA-specific autoantibodies and the exhaled NO
levels. We found a significant negative correlation between IgA RF and the NO levels
in the airway wall compartment but not for the NO levels in the alveoli, suggesting an
immune-mediated process localised to the airways. The link between airway diseases and
ACPA-positive RA is excellently described by Matson et al. [30]. The authors also present
theories on the immune reactions of the airways and their relevance to RA’s pathogenesis.

Generally, IgA is a secretory antibody dominating the mucosal tissue. Smoking in
healthy individuals may increase serum IgA levels [31], including IgA RF, as shown in a
non-arthritic population from Iceland, where the presence of IgA RF was more frequent
in smokers than in non-smokers [32]. Also, among RA patients, smokers also have ele-
vated IgA RF levels compared to non-smokers [31], and we saw the same trend in our
early RA cohort. Additionally, smoking has been linked to increased RA disease activ-
ity [33] and a reduced RA treatment response to anti-rheumatic therapies, such as anti-TNF
treatment [34].

In patients with RA, serum IgA RF levels correlate with saliva and tear fluid levels,
which may support local mucosal IgA RF production [35]. In our study, IgA RF was
correlated negatively with CawNO and FENO,50, and since IgA antibodies are present
mainly in the mucosa, our data support the hypothesis that immune reactions in the airway
mucosa are essential in early seropositive RA.

RA patients have elevated levels of total IgA [36,37], and serum levels of IgA and IgG
can predict future RA development [38], while serum levels of IgA, but not IgG or IgM,
have been associated with the degree of cartilage erosions in patients with established RA
for ≥1 year [39]. Due to the unique association between IgA RF and the NO parameters
in our study, pointing towards primarily airway involvement, we also analysed the total
levels of IgA as well as the IgA subclasses in relation to the NO parameters (Table 2) and
smoking (Table 1), but we did not find any associations.

In line with previous findings [8], the free SC in the serum was increased among the
currently or previously smoking RA patients. Therefore, the negative correlation between
CANO and free SC in the serum is difficult to disentangle since smoking is associated
with reduced NO levels. Nevertheless, the poly Ig receptor is readily expressed in small
airways [40], and RA-related pro-inflammatory cytokines such as interferon gamma and
TNF are known to upregulate poly Ig receptor expression [41]. Thus, a potential link
between local NO production, inflammation and free SC release may exist but needs
further characterisation [41].

We found no correlation between the exhaled NO parameters and the ACPA levels,
measured as IgG and IgA anti-CCP2 or SC ACPAs. We deliberately focused this inves-
tigation on ACPA-positive RA, as this is the subgroup of patients with the most severe
prognosis and most probably represents a disease entity on its own [42]. Therefore, we do
not know how these analyses would have looked if we had included both (IgG) ACPA-
positive and ACPA-negative patients, nor did we find any associations between the NO
levels and antibodies against the P. gingivalis antigen Rgp. The low NO levels in the exhaled
gas may reflect NO-consuming processes in RA pathogenesis, such as oxidative stress
during inflammation and the production of reactive oxygen species [43]. Alternatively, this
may depend on arginine depletion because of the increased arginase activity seen in RA
and the subsequent substrate competition with inducible nitric oxide synthase (iNOS) [44].
Both enzymes use arginine as a substrate for their activity.

One or more swollen joints are required for RA diagnosis [20], and this clinical finding
is essential to and the basis for all arthritis diagnoses. The strong correlation observed be-
tween the number of swollen joints and decreasing exhaled NO parameters in early ACPA-
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positive RA, which remained after Bonferroni correction for multiple testing, supports the
need for future studies on exhaled NO as a predictor of arthritis onset in ACPA-positive
at-risk individuals. This is further corroborated by our own recent findings, showing that
in early RA, ACPAs but not RF are specifically associated with a lower number of inflamed
joints as compared to ACPA-negative patients [45]. Together, these findings implicate that
in early ACPA-positive RA, a low number of swollen joints is strongly associated with
a higher airway NO concentration (but still lower than that of healthy controls) [18] and
that this local change in NO in the airway walls might be specifically associated with
ACPA-positive RA. Further studies regarding exhaled NO in ACPA-positive individuals
who subsequently develop RA are therefore needed. What impacts the size of the swollen
joints and the NO levels in synovial fluid may have has not been investigated either. The
exhaled NO levels in other arthritis diseases have also been incompletely studied. Several
questions remain to be answered on this topic.

Our findings of reduced exhaled NO parameters in association with IgA RF levels—but
not IgM RF or ACPA levels—may indicate that several different inflammatory and im-
munological reactions are present in the airway mucosa of patients with early RA. The
lack of an association with ACPA levels may suggest that our findings reflect another
parallel and independent smoking-related immunological process. Moreover, the lack of
an association between NO and anti-Rgp IgG levels (reflecting periodontitis) suggests that
periodontal inflammation, which is linked to ACPA-positive RA, does not influence the
exhaled NO levels.

A limitation of this study is the small number of participating subjects, and a larger
study is needed to confirm the results. In addition, parallel examinations of ACPA-positive
and ACPA-negative RA patients, and high-resolution computed tomography of the lungs to
detect parenchymal changes, would be desired. As interstitial lung disease is common but
present only in a minority of patients with early RA [46], a future investigation correcting
for these limitations should be a larger multicentre study.

In conclusion, the altered NO dynamics of the lungs in patients with early ACPA-
positive RA were correlated with IgA RF levels and the number of swollen joints, suggesting
that NO, especially a reduced NO concentration in the airway walls, may be relevant to
RA pathogenesis.
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Abbreviations

ACPA anti-citrullinated protein/peptide antibody
AU arbitrary unit
Anti-CCP2 anti-cyclic citrullinated peptide version 2
BMI body mass index
CANO alveolar NO
CawNO NO content in the airway walls
CV coefficient of variation
DAS28 Disease Activity Score for 28 joints
DawNO NO diffusion capacity over the airway wall
ESR erythrocyte sedimentation rate
FENO,50 fraction of exhaled nitric oxide at a flow of 50 mL/s
FEV1 forced expiratory volume at 1 s
FVC forced vital capacity
HAQ Health Assessment Questionnaire
HMA Högman–Meriläinen algorithm
Ig immunoglobulin
mAb monoclonal antibody
NO nitric oxide
iNOS nitric oxide synthase
NOx nitrate/nitrite in serum
OD optical density
PAD peptidyl arginine deaminase
Poly Ig polymeric immunoglobulin
ppb parts per billion
RF rheumatoid factor
Rgp arginine gingipain
SC secretory component
CRP C-reactive protein
TNF tumour necrosis factor
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Abstract: Bladder cancer is a worldwide problem and improved therapies are urgently needed.
In the search for newer strong antitumor compounds, herein, we present the study of three nitric
oxide-releasing compounds and evaluate them as possible therapies for this malignancy. Bladder
cancer cell lines T24 and 253J were used to evaluate the antiproliferative, antimigratory, and genotoxic
effects of compounds. Moreover, we determined the NF-κB pathway inhibition, and finally, the
survivin downregulation exerted by our molecules. The results revealed that compounds 1 and
3 exerted a high antiproliferative activity against bladder cancer cells through DNA damage and
survivin downregulation. In addition, compound 3 reduced bladder cancer cell migration. We found
that nitric oxide donors are promising molecules for the development of a new therapeutic targeting
the underlying mechanisms of tumorigenesis and progression of bladder cancer.

Keywords: bladder cancer; furoxans; nitric oxide donors; NF-κB; survivin

1. Introduction

Bladder cancer (BC) is one of the most common genitourinary malignancies and
represents a serious health problem worldwide. Its incidence rises with age and it is
three times more common in men than in women [1]. BC risk factors include genetic and
molecular abnormalities, chemical or environmental exposures, and chronic irritation [2].

Cisplatin-based combination chemotherapy has been the first-line treatment for metastatic
BC, providing an overall survival of 14–15 months and 5-year survival of 13–15% [3]. Yet,
two-thirds of patients are ineligible due to impaired performance status or comorbidities [4]
while 30% of patients do not respond to initial chemotherapy or have recurrence within
the first year of treatment [5]. Over this past decade, the emergence of contemporary im-
munotherapy, targeted inhibitors, and antibody–drug conjugates has significantly changed
the long-standing, predominantly chemotherapy-based option, giving a second wave of
hope and prolonging overall survival [6]. Still, low objective response rates and poor
survival demand further investigation of new and more effective therapeutic strategies
for BC.

The selective inhibition of cell proliferation and the induction of apoptosis are cru-
cial aspects of anticancer therapies. Nitric oxide (·NO)-releasing compounds alone or in
combination with traditional chemo- or radiotherapy are promising agents for the treat-
ment of BC [7]. ·NO can induce a multitude of antitumor effects such as the inhibition of
cell proliferation; apoptosis stimulation; sensitization to chemo-, radio-, or immunother-
apy; and the impairment of angiogenesis, invasion, and metastasis [8]. High local ·NO
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concentrations increase the intracellular content of nitrogen and oxygen-reactive species
generating nitrosative and oxidative stress inducing cytotoxic effects in cancer cells [9].
Under this oxidative state, nitrous anhydride and peroxynitrite generated by ·NO are the
major inductors of genotoxicity leading to the deamination of DNA bases, the oxidation
of bases and deoxyribose, strand breaks, and multiple types of cross-linking events [10].
Moreover, ·NO can inhibit the nuclear factor kappa-B (NF-κB) by S-nitrosylation modulat-
ing its gene products [11]. Dysregulation of the NF-κB pathway plays an important role in
cancer progression and metastasis by inducing gene transcription of growth-promoting,
anti-apoptotic, and epithelial mesenchymal transition factors (EMT) [12,13]. In BC cells, it
has been demonstrated that NF-κB activation enhances survivin expression which in turn
promotes apoptosis resistance and cancer cell proliferation [14]. Elevated expression of
survivin has been associated with an advanced cancer stage, poor prognosis, and decreased
response to therapy [15,16]. In addition, survivin is an independent predictor of recurrence
and cancer-specific survival [17]. Thus, therapies based on ·NO-releasing compounds
represent an attractive approach for BC treatment.

In previous works, we showed the promising potential application of ·NO-releasing
compounds for the treatment of BC [18]. Herein, continuing with our efforts to explore the
anticancer action of arylsulfonylfuroxan derivatives, we performed the chemical synthesis
of three new ·NO-releasing compounds (Figure 1) and evaluated their potential use as drug
candidates in BC.

Figure 1. Structures of compounds 1, 2, and 3.

To assess these objectives, we employed two BC cell lines: T24 cells derived from a
primary grade 3 transitional cell carcinoma [19] and 253J cells derived from a metastatic
transitional cell tumor of the urinary tract [20]. We found that compounds 1 and 3 were
excellent antiproliferative agents toward BC cells by inducing DNA damage and survivin
downregulation. Both molecules showed an improved selectivity toward cancer cells
compared to the drug cisplatin indicating the therapeutic potential of these compounds.
The ·NO release exerted by these molecules was involved in the antiproliferative activity
against cancer cells. However, compounds showed differences in their mode of action.
Compound 1 showed an important inhibition of the NF-κB pathway and a moderate ability
to downregulate the survivin level, while compound 3 behaved as a strong antiproliferative
agent in both 2D and 3D cancer cell cultures, a cell migration inhibitor, and a potent survivin
downregulator. Thus, compound 3 emerges as a promising molecule for BC treatment.
Moreover, since the overexpression of survivin confers chemo- and radioresistance in a
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variety of human cancers [21,22], we highlight the use of ·NO-releasing compounds as a
promising hit and scaffold for future drug design for cancer treatments in which survivin
is upregulated. In this sense, this study opens the possibility for further approaches
combining these ·NO donors with classical therapies, with the aim to sensitize tumor cells
and enhance the efficacy of the drugs in clinical use.

2. Materials and Methods

2.1. General Experimental Information

Chemical supplies were from Sigma-Aldrich (Saint Louis, MO, USA). Compounds
1 [23], 4 [24], and 5 [24] were prepared as reported. Electron impact mass spectra (MS)
were performed on a Shimadzu GC–MS QP 1100 EX instrument and high-resolution mass
analysis was performed on a Thermo Scientific Q Exactive Hybrid Quadrupole-Orbitrap
Mass Spectrometer using MeOH as a solvent. 1H NMR and 13C NMR spectra were
obtained on a Bruker Avance DPX-400 spectrometer, using TMS as internal reference. The
chemical shifts (δ) are reported in parts per million (ppm) relative to the center line of the
corresponding solvent. The reaction progress was analyzed by TLC (silica gel 60F-254
plates visualized with UV light (254 nm)). Column chromatography was carried out using
silica gel (230–400 mesh).

Cell culture supplies were from Biological Industries (Beit Haemek, Israel) and Capri-
corn Scientific (Ebsdorfergrund, Germany). Sulforhodamine B, cisplatin, and propidium
iodide were from Sigma-Aldrich (St. Louis, MO, USA). SAHA was from Acade (Hong
Kong, China). Protease inhibitors were purchased from Roche. Antibodies against survivin
(ab76424) and alpha-tubulin (ab15246) and the ECL chemiluminescence kit were from
Abcam (Cambridge, MA, USA). The secondary antibody goat-anti-rabbit HRP (G21234)
was from Invitrogen (Rockford, IL, USA) and the PVDF membrane (RPN303F) was from
GE Healthcare Life Sciences (Little Chalfont, Buckinghamshire, UK). The bladder cancer
cell line T24 (ATCC HBT-4) was purchased from the Cell Repository ABAC (Asociación
Banco Argentino de Células). The bladder cancer cell line 253J and immortalized human
keratinocyte cell line HaCaT (BCRJ batch number 001071) were kindly provided by Dr.
Wilner Martínez-López and Dr. Jimena Hochmann, respectively.

2.2. Experimental Procedures and Characterization Data for the Compounds

3-(3-Phenylsulfonyl-N2-oxide-1,2,5-oxadiazole-4-oxy)propyl 6-((3-carboxypropanoyl)oxy)-
2,5,7,8-tetramethylchroman-2-carboxylate (2). A solution of 3-(3-phenylsulfonyl-N2-oxide-
1,2,5-oxadiazole-4-yl)oxypropyl 6-hydroxy-2,5,7,8-tetramethylchroman-2-carboxylate (4,
0.090 mmol), succinic anhydride (0.135 mmol), and cesium carbonate (0.180 mmol) in 1.5 mL
acetonitrile was stirred at room temperature for 24 h and the completion of the reaction was
monitored by TLC. The solvent was evaporated under reduced pressure and the reaction
crude was diluted with a 10% HCl solution and extracted with EtOAc. The combined
organic layers were dried with Na2SO4 and filtered, and the solvent was evaporated
under reduced pressure. The residue was purified by flash column chromatography (SiO2,
Hexane/EtOAc, 7/3) to render the desired product as a colorless oil that crystallized at
4 ◦C, yield 59%. 1H and 13C NMR spectra are provided in the Supplementary Material. 1H
NMR (400 MHz, CDCl3) δ 8.04 (d, J = 7.4 Hz, 2H), 7.75 (t, J = 7.5 Hz, 1H), 7.61 (t, J = 7.9
Hz, 2H), 4.40–4.35 (m, 1H), 4.16–4.02 (m, 3H), 2.91 (bs, 2H), 2.82 (bs, 2H), 2.65–2.60 (m, 1H),
2.51–2.45 (m, 2H), 2.16 (s, 3H), 2.09–2.04 (m, 2H), 2.01 (s, 3H), 1.95–1.92 (m, 1H), 1.89 (s,
3H), 1.65 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 173.9, 173.7, 171.5, 156.7, 149.5, 138.1, 135.6,
129.7, 128.5, 127.4, 125.3, 122.9, 117.1, 110.5, 77.5, 67.3, 60.4, 30.9, 30.5, 28.5, 20.9, 12.9, 12.0,
11.8. MS (IE, 70 eV) m/z (%): 532 (M+-Succ.Ac., 12), 516 (17), 391 (M+-Fx, 10), 333 (2), 232
(7), 217 (6), 205 (91), 142 (28), 77 (100). HRMS (ESI+): m/z calculated for C29H32N2O12SNa:
655.1574 [M + Na]+; found 655.1608.

6-((3-carboxypropanoyl)oxy)-2,5,7,8-tetramethyl-N-[2-(3-phenylsulfonyl-N2-oxide-1,2,5-
oxadiazole-4-yl)oxyethyl]chroman-2-carboxamide (3). The title compound was prepared
from 6-hydroxy-2,5,7,8-tetramethyl-N-[2-(3-phenylsulfonyl-N2-oxide-1,2,5-oxadiazole-4-

26



Biomedicines 2023, 11, 199

yl)oxyethyl]chroman-2-carboxamide (5, 0.200 mmol), succinic anhydride (0.400 mmol),
and cesium carbonate (0.3 mmol) in 3 mL of DMF with stirring at room temperature for
3 h; the completion of the reaction was monitored by TLC. Subsequently, the reaction
mixture was diluted with a 10% HCl solution and extracted with ethyl ether. The combined
organic layers were dried with Na2SO4, filtered, and the solvent evaporated under reduced
pressure. The residue was purified by flash column chromatography (SiO2, Hexane/EtOAc,
4/6) to render the desired product as a white solid, m.p. 79-81 ◦C, yield 30%. 1H and 13C
NMR spectra are provided in the Supplementary Material. 1H NMR (400 MHz, acetone-d6)
δ 8.10 (d, J = 7.4 Hz, 2H), 7.88–7.84 (m, 1H), 7.72–7.69 (m, 2H), 4.54 (bs, 2H), 3.80–3.70
(m, 2H), 2.97–2.93 (m, 2H), 2.77–2.74 (m, 2H), 2.66–2.54 (m, 2H), 2.36–2.28 (m, 1H), 2.17
(s, 3H), 2.02 (s, 3H), 1.98 (s, 3H), 1.92—1.85 (m, 1H), 1.52 (s, 3H). 13C NMR (101 MHz,
acetone-d6) δ 174.0, 172.6, 170.7, 159.3, 148.1, 141.7, 138.1, 135.8, 129.8, 128.6, 127.3, 125.6,
122.5, 118.1, 110.7, 78.5, 70.0, 38.6, 28.4, 28.2, 23.1, 20.0, 12.2, 11.3. MS (IE, 70eV) m/z (%):
375 (M+-Fx, 4), 275 (16), 203 (2), 141 (27), 101 (2), 77 (100). HRMS (ESI+): m/z calculated for
C28H31N3O11SNa: 640.1577 [M + Na]+; found 640.1592.

2.3. Cell Cultures

Human bladder cancer cells T24 (derived from transitional cell carcinoma) and 253J
(developed from a retroperitoneal metastasis) were grown in McCoy’s 5A medium (Bi-
ological Industries) supplemented with 10% FBS (Capricorn Scientific). The non-cancer
keratinocyte cell line HaCaT was grown in DMEM (Biological Industries) and the reporter
cell line HT-29-NF-κB-hrGFP was grown in RPMI supplemented with 10% FBS (Capri-
corn Scientific). The cells were passaged twice per week, and the culture medium was
changed with the same frequency. Cell cultures were maintained under humidified 5%
CO2 atmosphere at 37 ◦C.

2.4. Antiproliferative Activity

The antiproliferative effect of compounds in BC cells and in the non-cancer cells
HaCaT was evaluated as follows. T24 and 253J cells (8 × 103 cells per well) and HaCaT ker-
atinocytes (10 × 103 cells per well) were seeded in a 96-well plate and allowed to attach for
24 h. Afterward, the culture media was removed and the solubilized compounds in DMSO
were added at increasing concentrations (0.1–50 μM) diluted in fresh culture medium in
triplicate. The reference anticancer compounds cisplatin and suberoylanilide hydroxamic
acid (SAHA) were included in each experiment. The cells were further incubated at 37 ◦C
and 5% CO2 for 24 h. Then, the antiproliferative activity of the compounds was deter-
mined using the sulforhodamine B method [25]. Absorbance was measured at 510 nm and
background at 620 nm using a microplate spectrophotometer (Varioskan Flash Microplate
spectrophotometer, Thermo Fisher, Waltham, MA, USA). The IC50 was determined as the
concentration that reduces absorbance by 50% compared with the control 0.5% DMSO and
was determined by linear regression analysis. Each assay was repeated at least three times.

2.5. NO Release in Cell Culture Media

T24 and 253J cells (8 × 103 cells per well) were seeded in a 96-well plate and allowed
to attach for 24 h. Culture media were removed and the solubilized compounds in DMSO
were added at 50 μM diluted in fresh culture medium in sextuplicate. The control with 0.5%
DMSO was included in the experiments. After that, cells were incubated at 37 ◦C and 5%
CO2 for 3 h. Then, the ·NO production as the nitrate/nitrite content was measured by the
Griess reaction assay [26]. Briefly, 50 μL of culture medium was transferred to a new 96-well
plate. Subsequently, 50 μL of 1% sulfanilamide solution was added to each well and incu-
bated for 10 min protected from light. Finally, 50 μL of 0.1% N-1-naphtilethylenrdiamine
dihydrochloride solution was added and incubated for an additional 10 min. A reference
curve with NaNO2 was performed at serial dilutions between 0 and 100 μM in 50 μL of cul-
ture medium. Absorbance was measured at 540 nm using a microplate spectrophotometer.
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2.6. NO Release in Physiological Solution

NO released by the compounds during incubation in a physiological solution in the
presence of L-cysteine was determined [27]. The compounds were solubilized in DMSO
and then diluted at 50 μM in a mixture of 50 mM pH 7.4 PBS solution/MeOH (1% DMSO)
50/50 v/v. Afterward, they were incubated in the presence of L-cysteine at a 0.25 mM
concentration (a 5-fold excess compared to the ·NO-donor derivative) for 1, 3, and 6 h
at 37 ◦C. The presence of nitrite in the sample was determined using the Griess reaction
assay. At the same time, a standard curve with NaNO2 was performed at serial dilutions
between 0 and 100 μM in 50 μL of the PBS/MeOH mixture. The absorbance was measured
at 540 nm using a microplate spectrophotometer.

2.7. Antiproliferative Activity with Hemoglobin

To investigate the contribution of antiproliferative–proliferative activity of the studied
compounds, we evaluated their effect on T24 and 253J bladder cancer cell culture’s growth
in the absence and presence of Hb. Cells were seeded into a 96-well plate at 8 × 103 cells
per well and were allowed to attach for 24 h. The cultures were pretreated with hemoglobin
(Hb) at 0 μM or 50 μM for 1 h and then treated with 50 μM of the selected compounds for
24 h. Then, the antiproliferative activity was assessed by the sulforhodamine B assay [18].
Statistical analysis was carried out using a two-way ANOVA analysis test followed by
Bonferroni’s multiple comparison test.

2.8. Clonogenic Assay

Compounds were tested for their ability to inhibit T24 and 253J bladder cancer cell
colonies. Cells were seeded (500 cells per well) in 60 mm plates and allowed to attach for
5 h after seeding. Then, compounds were added at a final concentration of 10 μM. The
control with 0.5% DMSO was included in the experiments After 6 days, the clones were
fixed with a solution of acetic acid in methanol 1%, stained with crystal violet 0.5%, and
counted. The colonies formed (CF) were counted and then the plating efficiency (PE) and
the survival fraction (SF) were calculated for each compound. The PE was calculated by
dividing the CF by the number of cells plated. The SF was determined by dividing the PE
of the treated cells by the PE of the control cells and then multiplying by 100 [28].

2.9. Spheroids

To evaluate the effects of our compounds in 3D spheroids, 96-well plates were pre-
treated with 1.5% agarose in PBS. Then, cells were seeded (3 × 104 cells per well) in 200 μL
of cell culture media. The culture was placed in culture conditions for 3 days to allow
spheroid production. At day 3, 100 μL of the media was removed carefully and replaced
with 100 μL 2X of the final concentration of our compounds. DMSO was used as a control.
Finally, at 24, 48, and 72 h, the culture media were replaced by resazurin 2× in PBS and
fluorescence at 530 nm (ex) and 590 nm (em) was measured in a microplate reader [29].

2.10. Scratch Assay

The ability to inhibit the cancer cell migration was evaluated using a scratch assay. T24
and 253J cells were seeded at 5 × 105 cells per well in six-well plates and incubated for 24 h.
Cell culture media were removed and washed with PBS. Cultures were incubated with
mitomycin-c at 5 μg/mL in a culture medium supplemented with 1% SFB for 2 h. Then,
cells were washed with PBS and wounds were created by scratching cell monolayers with
a sterile 200 μL plastic pipette tip. Compounds were added at 5 and 10 μM in fresh culture
media supplemented with 1% SFB for 17 h. Six images per well were taken in a phase
contrast microscopy Olympus IX-81 with a 10× objective at 0 and 17 h and quantified using
the ImageJ program [30]. Statistical analysis was performed using a one-way ANOVA test
followed by Dunnett’s test.

28



Biomedicines 2023, 11, 199

2.11. Comet Assay

The genotoxic damage induced in T24 and 253J cells after 3 h of treatment with
compounds was evaluated by alkaline single-cell gel electrophoresis (comet assay). Cells
were seeded in 35 mm plates at 2 × 105 cells per well and allowed to attach for 24 h in
a humidified 5% CO2 atmosphere at 37 ◦C. Afterward, the culture media were removed
and compounds were added at 50 μM in a fresh culture medium. Hydrogen peroxide at
100 μM was included a positive control. The cells were further incubated for 3 h at 37 ◦C
and 5% CO2. After the incubation step, cells were detached and centrifuged for 10 min
at 1200 rpm and the cell pellet was resuspended in PBS. Cell suspensions were mixed
with 1.5% low-melting-point agarose and immediately placed on slides pre-coated with
normal-melting-point agarose. The agarose was allowed to set for 15 min at 4 ◦C and cells
were lysed through the immersion of slides in a cold solution of lysis buffer (2.5 M NaCl,
100 mM Na2EDTA, 10 mM Trizma-HCl, NaOH to pH 10 and 1% Triton X-100) for 12 h
at 4 ◦C. Slides were incubated in a cold alkaline electrophoresis solution (300 mM NaOH
and 1 mM Na2EDTA, pH 13) for 20 min to DNA unwinding and expression of alkali labile
sites were allowed. Electrophoresis was performed at 25 V (300 mA) for 20 min in a cold
unit at 4 ◦C. Samples were washed three times with neutralization buffer pH 7.5 (0.4 M
Tris–HCl). Finally, slides were stained with bromodeoxyuridine (10 μg/mL) [31]. Images
were taken using an epifluorescence microscopy Olympus IX-81 with a 20× objective. A
total of 100 comets on each comet slide were visually scored and classified as belonging to
one of the five classes according to the tail length and given a value from 0 (undamaged)
to 4 (maximum damage). The DNA damage score in the range of 0 to 400 was calculated
using the equation: Σ(n.α), where n is the percentage of cells in a class of tail length and α

is the class of tail length [32,33].

2.12. NF-κB Pathway Inhibition

To determine if these ·NO-releasing compounds inhibit the NF-κB pathway, we used
the reporter cell line HT-29-NF-κB-hrGFP as we previously described [34].

A—HT-29-NF-κB-hrGFP cells cytotoxicity assay: 4 × 104 cells per well were seeded in
a 96-well plate in RPMI and incubated for 24 h at 37 ◦C and 5% CO2. The culture media
were removed and the compounds, dissolved in DMSO (lower than 0.5%, v/v, in the final
volume of RPMI), were added at the desired final concentrations diluted in fresh RPMI
(0.19–50 μM) and the cells were further incubated for 24 h at 37 C, 5% CO2. Afterward,
the culture supernatant was removed and cell viability was determined by the MTT assay.
Absorbance measurements were performed at 570 nm in a spectrophotometer plate reader.

B—NF-κB pathway inhibition assay: Cells were seeded in a 96-well plate (4 × 104 cells
per well) in a fresh RPMI culture media and incubated for 24 h. Cell cultures were pre-
treated with compounds at 5 and 10 μM for 1 h prior to pro-inflammatory stimuli with
TNF-α (1 ng/mL) and cultures were further incubated for 24 h. Three controls were
included: cells treated only with TNF-α, cells treated only with compounds, and cells
treated with BAY 11-7082 at 10 μM and TNF-α (1 ng/mL). Cells were detached and
resuspended to perform flow cytometry analysis. Cells were analyzed using a BD Accuri™
C6 (Biosciences, BD, USA) flow cytometer equipped with 488 and 640 nm lasers. Data
acquisition and analysis was achieved using BD Accuri C6 Software V1.0.264.21. The
GFP and propidium iodide fluorescence emissions were detected using band-pass filters
533/30 and 585/40, respectively. For each sample, 5000 counts gated on an FSC versus SSC
dot plot (excluding doublets) were recorded. For analysis, only single living cells (those
that excluded propidium iodide) were considered. The percentage of GFP positive was
normalized against the percentage of GFP cells obtained with the TNF-α control. Statistical
analysis was carried out using a one-way ANOVA test and Dunnett’s test.

2.13. Western Blotting

The capability of compounds to reduce survivin levels in BC cells was determined
through a Western blot. T24 or 253J cells (5 × 105 cells) were seeded in 10 cm Petri dishes
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in a complete medium and allowed to attach for 24 h. Cells were treated with compounds
1 and 3 at 10 μM or 0.5% DMSO for 24 h. At the end of the incubation period, cells were
washed twice with PBS 1X and harvested. Proteins were solubilized in Laemmli buffer plus
protease inhibitors (NaF, PMSF and protease inhibitor mixture) followed by denaturation
at 95 ◦C for 5 min and resolved on a 15% SDS-PAGE. For immunoblotting, proteins were
electro-transferred onto a PVDF membrane and blocked with 5% nonfat milk in TBS-
0.10% Tween 20 (TBST) at room temperature for 1 h. Then, the membrane was incubated
with the primary antibodies rabbit anti-survivin (1/5000) and rabbit tubulin (1/200) at
4 ◦C overnight. After washing (TBST) and subsequent blocking, the blot was incubated
with the secondary antibody goat-anti-rabbit HRP (1/5000) for 1 h at room temperature.
The blots were developed using an enhanced chemiluminescence ECL detection reagent.
Quantification was performed with ImageJ software. Statistical analysis was carried out
using two-way ANOVA followed by a Bonferroni multiple comparison test.

3. Results

3.1. Chemistry
Chemical Synthesis

Furoxan 1 was synthesized as previously [23] and furoxan derivatives 2 and 3 were
synthesized from 4 and 5 [24] by treatment with succinic anhydride in the presence of
cesium carbonate as illustrated in Scheme 1.

 

Scheme 1. Synthesis of furoxan derivatives 2 and 3.

3.2. Biology
3.2.1. Antiproliferative Activity

The in vitro antiproliferative activity of the compounds was determined in bladder-
cancer-derived cell lines T24 and 253J and in the non-cancer HaCaT cells to determine the
cytotoxic selectivity index against cancer cells. The cells were incubated in the presence of
the compounds for 24 h. The antiproliferative activity was determined using the sulforho-
damine B assay. The results presented in Table 1 are expressed as IC50 in μM, which is the
drug concentration resulting in a 50% reduction in cellular net growth when compared
with the negative control DMSO 0.5%. The standard anticancer drug cisplatin and SAHA
were used as positive controls.

Table 1. Antiproliferative activity in T24 and 253J cancer cells along with selectivity index and the
antiproliferative activity in the non-cancer cell line HaCaT.

Compound
T24 253J HaCaT

IC50 (μM) SI IC50 (μM) SI IC50 (μM)

1 2.48 ± 1.15 8.04 3.59 ± 1.11 5.55 19.93 ± 1.12

2 4.97 ± 1.08 0.90 2.27 ± 1.08 1.86 4.49 ± 1.11

3 2.57 ± 1.10 6.48 2.01 ± 1.13 8.28 16.65 ± 1.12

SAHA 14.65 ± 1.25 0.37 11.83 ± 1.20 0.46 5.39 ± 1.10

Cisplatin 12.38 ± 1.11 2.11 63.84 ± 1.09 0.41 26.18 ± 1.17
IC50 values are expressed as mean ± standard deviation. Selectivity index (SI) determined by the IC50 HaCaT/IC50
cancer cell lines.
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Compounds 1, 2, and 3 showed an important antiproliferative activity in T24 and 253J
cancer cell lines. As an attempt to approximate the safety profile and selectivity toward
cancer cells, we further studied the antiproliferative activity in non-cancerous HaCaT cells.
The selectivity index (SI) was calculated as the ratio between the IC50 for HaCaT cells
and the IC50 for BC cells. The results show that compounds 1 and 3 provided a higher
selectivity for cancer cells than the chemotherapeutic drug cisplatin. It is worth mentioning
that compound 3 exhibited the highest antiproliferative effect on the cisplatin-resistant cell
line 253J and a 20-fold higher SI value 20 than cisplatin. Thus, this study suggests that
compounds 1 and 3 presented the best profile for further studies in BC cells.

3.2.2. Nitric-Oxide-Releasing Activity

Furoxan heterocycles are antitumor pharmacophores that are capable of releasing
·NO via a thiol-dependent mechanism [35]. In this regard, the ·NO-releasing activity of
compounds was determined at 50 μM incubated for 3 h in T24 and 253J cell cultures was
determined by the Griess assay. The strong nitric-oxide-releasing compound SNAP was
used as a control.

The results indicate that the compounds were able to release nitric oxide in cell culture
media after 3 h of incubation (Figure 2). Compound 3 produced higher ·NO levels in T24
cell culture, while compound 2 produced higher ·NO levels in 253J cell culture. Compound
1 induced the lowest nitrate/nitrite levels.

Figure 2. Levels of ·NO produced by furoxans derivatives in T24 and 253J bladder cancer cell cultures.
The results are the means ± standard deviation of three independent experiments. SNAP is the
·NO-releasing positive control compound.

The ·NO production by furoxans at 50 μM was also measured in physiological solution
in the presence of L-cysteine (5-fold molar excess) after incubation for 1, 3, and 6 h at 37 ◦C.

The results indicated that in the physiological solution, the compounds 1, 2, and 3

and SNAP released higher ·NO levels at 3 h as we indicated previously [18] (Figure 3).
Moreover, the results showed that the ·NO-releasing capacity of the products in the cell
milieu differed from that under physiological conditions, suggesting that they exhibited
different physicochemical properties and reactivity towards thiols.
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Figure 3. Levels of ·NO produced by furoxans derivatives in physiological solution at pH 7.4 and
37 ◦C. The results are the means ± standard deviation of three independent experiments. SNAP is
the ·NO-releasing positive control compound.

3.2.3. Antiproliferative Activity with Hemoglobin

The contribution of ·NO to the antiproliferative activity of the studied compounds
was evaluated on BC cells grown in the absence and presence of hemoglobin. Cultures
were pretreated with or without hemoglobin (50 μM) for 1 h and then treated with com-
pounds (10 μM) for 24 h until the sulforhodamine B assay. The results indicated that the
antiproliferative activity of the compounds decreased in the presence of an ·NO scavenger
(hemoglobin), suggesting that the ·NO release was involved in their anticancer mechanism
(Figure 4).

Figure 4. Effects of hemoglobin (Hb) on the antiproliferative effect of ·NO-donor compounds. The
results are expressed as the percentage of cell growth inhibition relative to the control cells. The
data are the means ± standard deviation obtained from three determinations. Statistical analysis: a
two-way ANOVA followed by a Bonferroni multiple comparison test: **** p < 0.0001.

We observed that the antiproliferative activity of the compounds 1, 2, and 3 in T24
cells was mainly due to ·NO-releasing activity. On the other hand, in 253J cells, the ·NO-
releasing activity was partially involved in the antiproliferative effect. Therefore, these
results suggest that the invasive BC cell line T24 is highly sensitive to ·NO while the
cisplatin-resistant cell line 253J is moderately sensitive to ·NO.

3.2.4. Clonogenic Assay

A clonogenic assay was performed in T24 and 253J cells. The results are shown in
Figure 5 and the SFs determined by the ratio between the PE of the treated and control cells
are presented in Table 2. Compounds 1 and 3 were able to inhibit the clonogenic ability
of both cancer cell lines. Compound 2 only inhibited the clonogenic survival in 253J cells.
According to these results and the antiproliferative activity, we selected compounds 1 and
3 for further studies.
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Figure 5. Clonogenic assay performed in T24 and 253J cells. Cultures were exposed to compounds 1,
2, and 3 or cisplatin (CDDP) at 10 μM.

Table 2. Clonogenic assay of T24 and 253J cells treated with compounds at 10 μM.

Cell Line Clonogenic Score DMSO 1 2 3 Cisplatin

T24

CF 221 0 56 0 0

PE (%) 44 0 11 0 0

SF 100 0 25 0 0

253J

CF 271 0 0 0 0

PE (%) 54 0 0 0 0

SF 1 0 0 0 0
CF: colonies formed, PE: plating efficiency, SF: survival fraction.

3.2.5. Spheroids

The capacity of the compounds to inhibit cell growth in 3D cultures was determined
in T24 cancer cell spheroids. In this assay, spheroids of T24 cells were incubated with
compounds 1 or 3 or cisplatin for 24, 48, and 72 h. Cell viability was then determined using
the resazurin method. The results indicate that compound 3 had a strong inhibitor effect
on 3D cell growth (Figure 6). Even at 24, 48, and 72 h, this compound exerted a higher
antiproliferative activity than the reference compound cisplatin.

Figure 6. Growth inhibition percentage in T24 spheroids by compounds 1, 3 or cisplatin (CDDP)
at IC50 during 24, 48 and 72 h. The data are the means ± standard deviation obtained from three
determinations.

The fact that the potent antiproliferative activity of compound 3 increased over the
time suggests that BC cells are unable to avoid its anticancer effect.
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3.2.6. Migration Assay

The ability to inhibit cell migration was determined using a scratch assay. Considering
the above results, 1 and 3 were selected to perform this study. To suppress cell proliferation,
cells were incubated with mitomycin-c for 2 h and then removed by washing before making
the scratch. Images were immediately taken (0 h). Cells were incubated for 17 h in the
presence of compounds 1 and 3 at 5 and 10 μM. SAHA at 10 μM, a pan-HDAC inhibitor,
was included as a control. After this period, images were captured to measure gaps. results
indicate (Figure 7) that in T24 cells, compound 3 was the most potent compound able to
reduce cell migration (57%), even better than SAHA (47%). On the other hand, in 253J
cells, SAHA reduced cell migration by 60%, whereas compound 3 reduced cell migration
by 30%.

Figure 7. Effect of compounds on T24 and 253J cell migration. (a) Percentage of cell migration in
the presence of compounds 1 and 3 at 5 and 10 μM during a 17 h period. SAHA at 10 μM was
included as a positive control. The graph represents the mean ± standard deviation obtained from
six measurements per well in three independent experiments. Statistical analysis was performed
using one-way ANOVA test followed by Dunnett’s test with * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001 and
**** p ≤ 0.0001. (b) Representative images of the scratch assay from each experimental condition are
shown in (a) graphical view at 0 and 17 h for both cell lines.
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3.2.7. Comet Assay

The induction of genotoxic effect by ·NO-releasing compounds was assessed by mea-
suring DNA migration caused by strand breaks in the alkaline single-cell electrophoresis
assay. BC cells were incubated in the presence of compounds 1 and 3 at 50 μM or H2O2
at 100 μM for 3 h. The results indicate that ·NO-releasing molecules induced DNA strand
breaks in cancer cells (Figure 8). Compound 1 induced mainly class 3 DNA damage in
both cell lines. Compound 3 also induced strand breaks, although the effect in T24 cells
was lower than 253J cells. While in T24 this compound induced different degrees of DNA
damage, in 253J cells, we identified comets that corresponded mainly to class 3. The positive
control H2O2 induced a higher genotoxic effect with a high prevalence of class 4 DNA
damage score.

Figure 8. Alkaline comet assay in T24 and 253J cells incubated with compounds 1 and 3 for 3 h. (a)
DNA damage score was calculated from each comet classified into five classes corresponding to the
amount of DNA in the tail from 0 to 4. (b) Representative single-cell electrophoresis images of each
experimental condition are shown in a) graphical view. Bar: 20 μM.

3.2.8. NF-κB Pathway Inhibition

Using a human pathway-specific reporter cell system (HT-29-NF-κB-hrGFP), the
in vitro capability to decrease the activation of NF-κB level was determined. Human in-
testinal cells HT-29 stably transfected with the pNF-κB-hrGFP plasmid were stimulated
with the pro-inflammatory cytokine TNF-α. NF-κB activation was estimated by measuring
the percentage of GFP-expressing cells. Determinations were performed in the absence and
presence of compounds 1 and 3 at the non-cytotoxic doses of 5 and 10 μM (100% of cell
survival on HT-29-NF-κB-hrGFP cells). BAY-117082 at 10 μM was used as a reference com-
pound. Controls without TNF-α stimulation were also included to evaluate the compounds’
intrinsic pro-inflammatory properties, finding that compounds were not pro-inflammatory
per se.
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The results shown in Figure 9 demonstrated that compound 1 at 10 μM inhibited
NF-κB activation almost as well as the positive control BAY-117082. On the other hand,
compound 3 was found to be inactive at the evaluated doses. Thus, compound 1 may
suppress cancer cell proliferation by modulating the NF-κB pathway.

Figure 9. Percentage of NF-κB activation in the presence of compounds 1 and 3 at 5 and 10 μM.
BAY-117082 at 10 μM was included as a positive control. The graph represents the mean ± standard
deviation of three independent experiments. Statistical analysis was performed using one-way
ANOVA test and Dunnett’s test with ** p ≤ 0.01 and **** p ≤ 0.0001.

3.2.9. Survivin Expression Inhibition

Survivin is known to be involved in cancer cell proliferation and apoptosis inhibition.
Thus, inhibition of survivin expression holds promise for BC therapies. T24 and 253J
cells were exposed to compounds 1 and 3 at 10 μM for 24 h and a Western blot assay
was performed. Our results suggest that compound 1 is a moderate inhibitor of survivin
expression in both cell lines (Figure 10). Taking into consideration the above results,
compound 1 could induce the antiproliferative activity by modulating the NF-κB and
reducing the survivin expression. On the other hand, compound 3 showed a strong
downregulation of survivin level in both BC cell lines. Therefore, compound 3 emerges as
a promising survivin inhibitor for cancer treatment.

Figure 10. Expression profile of survivin in T24 and 253 J cells treated with compounds 1 and 3. (a)
Protein expression of survivin from Western blot analysis. α-Tubulin was used as an internal control
for total protein measurement. (b) Survivin/α-Tubulin ratio of the Western blot analysis. The graph
represents the mean ± standard deviation of three independent experiments. Statistical analysis
was carried out using two-way ANOVA followed by a Bonferroni multiple comparison test with
** p < 0.01 and **** p < 0.0001.
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4. Discussion

BC is one of the most frequent cancers and a worldwide health problem. There is an
urgent need to develop new therapeutic agents targeting the underlying mechanisms that
trigger the tumorigenesis and progression of BC. The main antitumor effects of ·NO include
apoptosis, necrosis, and cytotoxicity stimulation; the inhibition of tumor cell proliferation;
DNA fragmentation; the inhibition of NF-κB and the modulation of its gene products; and
the impairment of angiogenesis and metastasis [8]. Continuing our efforts in the search for
new arylsulfonylfuroxans with potent anticancer activity, herein, we describe the study of
three ·NO-donor compounds as potential therapeutic agents for BC. Our results indicate
that compounds 1, 2, and 3 exert a high antiproliferative activity against BC cells.

In previous studies, in the BC cell lines described here, compounds analogs to 2 and
3, including 4 and 5, and the furoxan precursor of the latter were tested [18]. From these
studies, compound 4 was found to have the highest antiproliferative activity and selectivity
towards tumor cells in the 253J cell line (Table 3), while for the T24 cell line, compound
5 stands out, with an acceptable IC50 but with a relatively low selectivity index (Table 3).
In the search to improve these results and to further study the underlying mechanisms
of action, we started to work on the synthesis of hydroxamic acid derivatives of these
compounds. However, the synthesis was very challenging and it was not possible to obtain
these derivatives, but it was possible to obtain the synthetic intermediates described here, 2

and 3, which we studied as shown, and achieved comparable-to-better activities than their
precursors 4 and 5.

Table 3. Antiproliferative activity (IC50 values in μM ± standard deviation) and selectivity index (SI)
of arylsulfonylfuroxan derivatives in 253J and T24 cancer cells.

253J T24

Compound IC50 SI Compound IC50 SI

1 3.59 ± 1.11 5.55 12.26 ± 1.26 * 2.81 *

4 4.94 ± 1.22 * 5.09 * 5 3.69 ± 1.12 * 1.31 *

2 2.27 ± 1.08 1.86 3 2.57 ± 1.10 6.48

* Data from [18].

In this line of thought, if we compare the results of antiproliferative activity in the
253J cell line for compounds 1, 4, and 2, going from a simple to a more complex arylsul-
fonylfuroxan, incorporating a tocopherol-mimetic pharmacophore with known antitumor
activity [36,37], it was observed that compound 1 stood out for its antiproliferative activity
and selectivity and was therefore selected for further studies. The proposed structural
changes did not significantly improve its activity or its selectivity. In contrast, when we
performed the same analysis on the T24 cell line for compound 3 and its precursors, it was
observed that the structural changes introduced improved both its antiproliferative activity
and selectivity (Table 3). Moreover, compound 3 also stood out for its antiproliferative
activity in the 253J cell line, and was therefore selected for further studies.

Compounds 1 and 3 proved to have a higher selectivity for T24 and 253J cancer cells
than for non-cancer cells HaCaT, surpassing the chemotherapeutic drug cisplatin. Com-
pound 2 showed a high inhibition of cell growth in 253J cells and a moderate effect in
T24 cells; however, its selectivity toward BC cells was low, indicating possible side effects.
In addition, we observed that the ·NO-releasing activity of compounds was primarily
responsible for the anticancer effect in T24 cells, whereas in 253J cells, the ·NO-releasing
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capacity was partially involved. These observations confirm previously reported studies
that emphasise the importance of ·NO donors for BC [7,18]. A clonogenic assay showed
similar anticancer behavior of compounds as was observed in the sulforhodamine B assay,
indicating that compounds 1 and 3 are suitable for further studies in BC cells. In this sense,
we performed a three-dimensional antiproliferative assay as an approach to determine
the antitumor effect of compounds in a small tumor. As we have shown above (Figure 6),
compound 3 exhibited higher toxicity towards cancer cells, increasing its antiproliferative
effect between 24 and 72 h of treatment. Thus, compound 3 appears to be a promising
molecule to perform future in vivo studies for BC. With the aim to identify possible mecha-
nisms of action exerted by compounds 1 and 3, additional studies were performed. It is
well-known that ·NO can react with molecular oxygen to generate secondary species which
induce DNA damage. Via an alkaline comet assay, we observed the induction of DNA
strand breaks in the BC nucleus after incubation with 1 and 3 (Figure 8). However, this
assay did not discriminate between alkali-labile sites and single- or double-strand breaks.
Further studies will be performed to elucidate precisely the DNA damage induced by these
·NO donors. As we pointed out before, the NF-κB pathway has been described as an EMT
and metastasis positive regulator [13]. Moreover, NF-κB activation upregulates survivin
expression enhancing the proliferation and resistance to the apoptosis of BC cells [14]. In
this regard, inhibition of the NF-κB pathway and downregulation of the growth-promoting
and anti-apoptotic protein survivin is suitable for cancer therapy. Our results suggest that
compound 1 inhibited the NF-κB pathway, slightly reduced cell migration, and moderately
reduced survivin expression in BC cell lines. On the other hand, compound 3 significantly
decreased cell migration and strongly downregulated survivin in BC cells, although it did
not seem to affect the NF-κB pathway. Therefore, this molecule could impair the initial stage
of the EMT process and reduce the survivin intracellular level through a different mech-
anism than compound 1. Survivin plays an important role in DNA double-strand-break
repair regulation through its interaction with proteins involved in double-strand-break
repair machinery [38]. In this way, our results indicate that the synthetized ·NO-releasing
compounds 1 and 3 induce DNA strand breaks and avoid DNA repair through survivin
downregulation. Hence, in this work, we evidenced that the ·NO donors 1 and 3 inhibit BC
cell proliferation with high selectivity and induce DNA damage through a mechanism that
involves ·NO-releasing capacity and survivin downregulation. A general scheme of the
identified mechanisms of action exerted by ·NO donors 1 and 3 in this work can be seen
below (Figure 11). We highlight compound 3 as a promising therapy for BC. In the future,
further studies of this ·NO donor will be performed.

Figure 11. Schematic overview of the main pathways involved in the mode of action of ·NO-releasing
compounds 1 and 3.
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Finally, herein, we confirmed that the generation of arylsulfonylfuroxans and their
hybridization with tocopherol-mimetic pharmacophores is a promising strategy for BC
treatment. The combined administration of these ·NO-releasing compounds and traditional
cancer therapies must be considered to enhance its efficacy. To the best of our knowledge,
this is the first report of ·NO-releasing compounds with survivin-downregulating activity
proposed for BC treatment. Future approaches of ·NO donors in other cancer types in
which survivin is upregulated will be performed.

5. Conclusions

In conclusion, we report three ·NO-releasing compounds as promising anti-bladder-
cancer drugs. We demonstrate that compound 3 is a potent inhibitor of cell proliferation
and a strong downregulator of survivin levels in BC cells. Therefore, we believe that the
development of ·NO donors is a promising therapeutic directed against the underlying
mechanism of BC development.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines11010199/s1, Figure S1: 1H and 13C-NMR spectra
of synthesized compounds 2 and 3.
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Abstract: Chronic obstructive pulmonary disease (COPD) affects the airways and gas exchange
areas. Nitric oxide (NO) production from the airways is presented as FENO50 and from the gas
exchange areas as alveolar NO (CANO). We aimed to evaluate, over two years, the consistency
of the CANO estimations in subjects with COPD. A total of 110 subjects (45 men) who completed
the study were included from primary and secondary care settings. CANO was estimated using
the two-compartment model. CANO increased slightly during the two-year follow-up (p = 0.01),
but FENO50 remained unchanged (p = 0.24). Among the subjects with a low CANO (<1 ppb) at
inclusion, only 2% remained at a low level. For those at a high level (>2 ppb), 29% remained so.
The modified Medical Research Council dyspnoea scale (mMRC) score increased at least one point
in 29% of the subjects, and those subjects also increased in CANO from 0.9 (0.5, 2.1) ppb to 1.8
(1.1, 2.3) ppb, p = 0.015. We conclude that alveolar NO increased slightly over two years, together
with a small decline in lung function. The increase in CANO was found especially in those whose
levels of dyspnoea increased over time.

Keywords: COPD; fraction exhaled nitric oxide and lung function tests; comorbidity; GOLD;
mathematical model; gas exchange

1. Introduction

Chronic obstructive pulmonary disease (COPD) affects the conducting airways and
gas exchange areas. Post-bronchodilator spirometry sets a COPD diagnosis in individuals
with typical respiratory symptoms such as dyspnoea and chronic cough, often together
with a history of relevant exposure to smoke, usually cigarette smoke. Emphysema with
the destruction of lung parenchyma can develop after many years of smoking and cannot
be reversed.

In a meta-analysis, the fraction of exhaled nitric oxide (FENO) was slightly increased
in persons with COPD compared to healthy controls [1]. FENO is further increased if
there is an eosinophilic inflammation, such as type-2 inflammation [2]. Tobacco smoke
will interfere with nitric oxide (NO) production in the airway epithelia. Patients with
COPD who are currently smoking will therefore have a lower FENO than ex-smokers.
Additionally, ex-smokers have lower values than never-smokers [3]. Thus, the clinical
significance of FENO in stable COPD patients is unclear, as was summarised in a recent
scoping review [4].

The NO production in the lungs can be traced to the exhalation gas. Fractional exhaled
nitric oxide at 50 mL/s (FENO50) represents the NO production in the airways, and the
alveolar NO (CANO) represents production from the gas exchange areas. In COPD, there
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is an involvement in the lung parenchyma, which can manifest as emphysema. Higher
values of CANO in COPD patients have been reported [5–8], but also values that did not
differ from healthy controls [9]. There are also methodological issues associated with the
estimation of CANO, which were reviewed in 2017 by a European Respiratory Society task
force [10]. The task force recommended two methods to determine estimation: the linear
method by Tsoukias & George and the non-linear Högman-Meriläinen algorithm. Both
methods refer to Fick’s first law of diffusion, where a bolus of gas (alveolar gas) transported
up into the conducting airways picks up NO driven by a concentration gradient from
the bronchial wall. These methods are explained, and the equations for the calculations
can be found together with the usefulness of these methods in respiratory diseases in
Högman et al., 2014, 2017 [11,12].

A limited number of studies have followed CANO values in patients with COPD over
a more extended period. Lehouck et al. followed 22 patients in stable condition for four
months. There were no statistically significant differences in the CANO values compared to
those at inclusion [9]. Lázár et al. investigated patients in a stable disease state and patients
experiencing an acute exacerbation, and they found that the CANO values were elevated
compared to healthy controls [13]. However, no difference was found between the stable
and the exacerbated patients. In 26 patients, there was no difference between the CANO
at the time of the acute exacerbation and discharge from the hospital. Two other studies
looked at the effect of corticosteroid treatment after one week [14] and after four weeks [15].
Both studies showed no difference in CANO between the visits.

This study aimed to evaluate, over two years, the consistency of the CANO estimations
in subjects with COPD and the associations of the CANO changes to the clinical progression
of the disease.

2. Materials and Method

2.1. Study Design and Subjects

The research subjects were recruited from the Swedish multicentre study: Tools
Identifying Exacerbations in COPD (TIE-study) [16]. Those included were participants
over the age of 40 with a diagnosis of COPD from primary and secondary care settings
who came from one of the research centres that could measure CANO at inclusion and at
the one and two-year follow-ups (Figure 1). The measurements were performed only when
the study participants were in a stable disease state, i.e., no exacerbation within the last
three weeks. Recruitment to the study occurred from September 2014 until October 2016.
The study was completed in October 2018.

2.2. Methods

The COPD diagnosis was set by a physician and confirmed by spirometry. The mea-
surement was obtained using a post-bronchodilator (400 μg salbutamol) forced expiratory
volume in one second (FEV1) divided by the highest value of vital capacity (VC) or forced
vital capacity (FVC) with a ratio of <0.70 (SpiroPerfect spirometer, Welch Allyn, Skaneateles
Falls, NY, USA). FEV1 and FVC are presented as per cent predicted using Swedish reference
values [17,18].

According to the 2005 standardised measurements recommendation, the measurement
of exhaled NO was performed at a flow of 50 mL/s (FENO50) [19]. In addition to FENO50,
exhaled NO at flows of 20, 100, and 300 mL/s were measured in duplicate for the non-linear
Högman-Meriläinen algorithm (HMA) modelling of NO exchange. The NO analyser was
equipped with the software for the HMA estimation (Eco Medics CLD 88, Eco Medics,
Dürnten, Switzerland). HMA estimates the CANO, airway wall NO content (CawNO), the
diffusing capacity of NO from the airway wall (DawNO), and FENO50. For quality control,
the measured and the estimated FENO50 were compared for a difference not exceeding
5 ppb [10]. For subjects who could not perform the HMA, the linear modelling method
was applied with flows of 100, 200, and 300 mL/s and an r-value > 0.95 [10].
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Figure 1. Flow chart of excluded and included COPD subjects. Subjects were grouped according to
whether they completed or did not complete the study. Further grouping at inclusion was according
to the GOLD 2021 assessment of airflow limitations (GOLD grade) and symptom/risk of exacerbation
(GOLD group) (https://goldcopd.org, accessed on 1 March 2022).

Blood cell counts analysing neutrophils (B-Neu) and eosinophils (B-Eos) were per-
formed (Cell-Dyn 4000, Abbott, Abbott Park, IL, USA and Sysmex XN-10, Sysmex America
Inc, Lincoinshire, IL, USA). Additionally, questionnaires including the COPD Assessment
Test (CAT), the Clinical COPD Questionnaire (CCQ) and the modified Medical Research
Council Dyspnoea Scale (mMRC) were used [20]. A clinical difference in CAT was set at
≥2 points [21] and CCQ at ≥0.4 points [22]. For statistical comparisons, mMRC scores were
grouped as <2 and ≥2. Questions regarding demographics, smoking habits, comorbidities
and inhaled COPD treatment were also assessed. The research nurse reviewed the answers
to the questionnaires with the research subjects to assure accuracy.

2.3. Data Analysis

To classify the COPD subjects’ disease severity, the GOLD risk assessment version 2021
with assessments of airflow limitations and symptoms/risk of exacerbations (CAT scale)
was used together with the history of exacerbations/hospitalisations. An exacerbation was
defined as an unscheduled health care visit, and/or a course of oral corticosteroids, and/or
a course of antibiotics due to COPD deterioration (questionnaire assessed). Information
about hospitalisation admittance was retrieved from hospital records. A questionnaire
gathered the exacerbation history for the year prior to each visit.

Binominal test, Pearson χ2-test, Kolmogorov–Smirnov normality test, and non-
parametric tests, i.e., McNemar χ2-test, Mann–Whitney U test, Friedman’s test and Spear-
man’s rho (SPSS, v. 24 for Windows, SPSS Inc., Chicago, IL, USA) were used for the
statistical calculations. Descriptive statistics are given as frequencies and percentages,
mean ± SD, or median with lower quartile (Q1) and upper quartile (Q3). A p-value of
p < 0.05 was considered significant.
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3. Results

Of the 221 included subjects, 111 did not complete the study. Non-completion was due
to death, lack of participation in all follow-up visits, or incomplete data collection (Figure 1).
FENO50 could not be collected from six subjects, and the CANO estimations were missing
from 51 subjects. More severe disease was found in the subjects who did not complete the
study, as validated by lung function, higher B-Neu levels, lower FENO50 and higher CANO
values. The symptom burden according to the CAT, CCQ, and mMRC was also higher,
and they had a greater number of comorbidities, exacerbations, and treatments with triple
therapy (an inhaled corticosteroid in combination with a long-acting beta-2-agonist and
a long-acting muscarinic antagonist) than the subjects who completed the study, see Table 1.
The CANO and FENO50 were 2.3 (0.6, 3.5) and 12 (5, 15) ppb, respectively in participants
who died before completing the study. The 51 subjects whose NO modelling was missing
had a FEV1.0 of 1.33 (0.94, 1.56) L and a FVC of 2.40 (1.97, 2.96) L.

Table 1. Characteristics of the study subjects at inclusion who completed or did not complete
the study.

Did Not Complete
n = 111

Completed
n = 110

p-Value

Women n (%) 67 (60%) 65 (59%) 0.847

Age years 69 ± 8 68 ± 8 0.113

Current daily smokers n (%) 25 (23%) 28 (26%) 0.506

BMI 26 (23, 30) 27 (23, 32) 0.185

Comorbidity
Asthma 45% 33% 0.060
Chronic bronchitis 45% 25% 0.002
Heart infarction/angina 11% 12% 0.813
Heart failure 6% 1% 0.032
Heart fibrillation 19% 6% 0.005
Hypertension 47% 46% 0.836
Diabetes 13% 5% 0.034
Anxiety/depression 30% 21% 0.132

Lung function
FEV1.0 L 1.17 (0.79, 1.51) 1.53 (1.24, 1.86) <0.001
FEV1.0 % predicted 45 (31, 58) 57 (49, 67) <0.001
FVC L 2.38 (1.89, 3.16) 2.83 (2.47, 3.45) <0.001
FVC % predicted 57 (47, 74) 67 (61, 76) <0.001

Inflammatory markers
B-Neu 109/L 5.4 (4.3, 6.1) 4.3 (3.5, 4.9) <0.001

B-Eos 109/L 0.14 (0.08, 0.23) 0.18 (0.10, 0.28) 0.094

Exhaled NO
FENO50 ppb 11 (6, 17) 1 14 (9, 21) 0.006
CANO ppb 1.5 (0.9, 2.7) 2 1.3 (0.6, 2.1) 0.043
CawNO ppb 35 (16, 95) 2 65 (30, 136) 0.007
DawNO mL/s 22 (10, 34) 2 15 (7, 30) 0.084

Symptom burden
CAT 14 (9, 22) 11 (6, 16) <0.001
mMRC ≥ 2 65 (59%) 46 (42%) 0.013
CCQ 2.0 (1.1, 3.1) 1.3 (0.7, 2.1) <0.001

Exacerbations
Questionnaire ≥ 1 (%) 67 (61%) 48 (44%) <0.001

Inhaled treatment
ICS + LABA + LAMA 3 73 (66%) 46 (42%) <0.001

1 Missing 6 subjects, 2 missing 51 subjects; 3 regular treatment with inhaled corticosteroids (ICS) in combination
with long-acting beta-2-agonist (LABA), and long-acting muscarinic antagonist (LAMA). Body mass index (BMI),
forced expiratory volume at 1 s (FEV1.0), forced vital capacity (FVC), blood neutrophils (B-Neu), blood eosinophils
(B-Eos), fraction of exhaled nitric oxide at 50 mL/s (FENO50), alveolar NO (CANO), airway wall NO content
(CawNO), diffusing capacity of NO from the airway wall (DawNO), COPD Assessment Test (CAT), modified
Medical Research Council dyspnoea scale (mMRC), Clinical COPD Questionnaire (CCQ). Data are given in
percentage, median (Q1, Q3), or mean ± SD.
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A total of 110 subjects completed the two-year follow-up. They were aged 68 ± 8 years
and 59% were women. Among the comorbidities reported were: asthma (33%) and chronic
bronchitis (25%). However, the distribution of CANO was not different from those subjects
who did not report asthma or chronic bronchitis, p = 0.81 and p = 0.26, respectively. Other
comorbidities were hypertension (46%), anxiety/depression (21%), heart disease (19%),
and diabetes (5%). Additional characteristics of the study participants are presented in
Table 2 and Figure 1.

Table 2. Characteristics of the subjects completing the study at inclusion, and their one and two-year
follow-ups.

Inclusion
n = 110

1-Year
n = 110

2-Year
n = 110

p-Value

Current daily smokers n (%) 28 (26%) 22 (20%) 27 (24%) 1.0

BMI 27 (23, 32) 27 (23, 31) 27 (24, 31) 0.559

Lung function
FEV1.0 L 1.53 (1.24, 1.86) 1.53 (1.20, 1.94) 1.49 (1.15, 1.89) 0.024
FEV1.0 % predicted 57 (49, 67) 58 (48, 68) 56 (46, 66) 0.429
FVC L 2.83 (2.47, 3.45) 2.78 (2.27, 3.18) 2.68 (2.23, 3.27) <0.001
FVC % predicted 67 (61, 76) 66 (57, 76) 65 (56, 76) 0.007

Inflammatory markers
B-Neu 109/L 4.3 (3.5, 4.9) 4.3 (3.2, 5.3) 4.2 (3.6, 5.4) 0.890
B-Eos 109/L 0.18 (0.10, 0.28) 0.17 (0.11, 0.29) 0.16 (0.11, 0.24) 0.072

Exhaled NO
FENO50 ppb 14 (9, 21) 14 (9, 23) 13 (8, 19) 0.238
CANO ppb 1.3 (0.6, 2.1) 1.5 (1.0, 2.2) 1.7 (1.1, 2.3) 0.013
CawNO ppb 65 (30, 136) 49 (21, 111) 52 (25, 96) 0.089
DawNO mL/s 15 (7, 30) 18 (9, 36) 16 (6, 33) 0.553

Symptom burden
CAT 11 (6, 16) 10 (6, 15) 11 (7, 17) 0.523
mMRC n 0/1/2/3/4 17/47/23/14/9 16/48/20/14/12 11/51/16/15/17
CCQ 1.3 (0.7, 2.1) 1.3 (0.8, 2.1) 1.3 (0.8, 2.4) 0.537

Exacerbations ≥ 1/year 48 (44%) 25 (23%) 29 (27%) 0.002

Treatment

No regular treatment n (%) 21 (19%) 22 (20%) 18 (16%) 0.863

Bronchodilators 1 n (%) 26 (24%) 22 (20%) 27 (25%)

ICS 2 n (%) 63 (57%) 63 (57%) 64 (58%)

SABA last week 50 (45%) 48 (44%) 47 (43%) 0.584
1 Regular treatment with long-acting beta-2-agonist and/or long-acting or short-acting muscarinic antagonist
alone or in combination, 2 regular treatment with inhaled corticosteroid alone or in any combination with bron-
chodilators. Body mass index (BMI), forced expiratory volume at 1 s (FEV1.0), forced vital capacity (FVC), blood
neutrophils (B-Neu), blood eosinophils (B-Eos), fraction of exhaled nitric oxide at 50 mL/s (FENO50), alveolar NO
(CANO), airway wall NO content (CawNO), diffusing capacity of NO from the airway wall (DawNO), COPD As-
sessment Test (CAT), modified Medical Research Council dyspnoea scale (mMRC), Clinical COPD Questionnaire
(CCQ), inhaled corticosteroids (ICS), short-acting beta-2-agonist (SABA). Data are given in percentage or median
(Q1, Q3).

Most of our subjects could perform the multiple flows for the HMA to estimate the
CANO, but the linear model was used for two subjects at the inclusion, for seven sub-
jects at the one-year visit and for 24 subjects at the two-year visit. There was no statisti-
cally significant change in FENO50 between the visits. FENO50 was lower in subjects who
were currently smoking at inclusion compared to ex-smokers, FENO50 9 (6, 16) ppb and 15
(11, 24) ppb respectively, p = 0.004. CawNO was also lower, 34 (21, 94) ppb and 74 (36, 154) ppb
respectively, p = 0.018, while DawNO and CANO were not affected by smoking status
(p = 0.56 respectively p = 0.27). CANO increased during the study period while the other pa-
rameters of the HMA did not change (Table 2). CANO had no correlation to age. There was
no statistically significant difference in CANO between females and males, 1.3 (0.7, 2.3) ppb
and 1.3 (0.5, 2.0) ppb respectively, p = 0.38. CANO was 1.3 (0.6, 2.1) ppb in subjects without
ICS and 1.3 (0.5, 2.2) ppb in subjects taking ICS, p = 0.68. During the two-year follow-up,
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the FEV1 % predicted was not significantly changed, but the FVC % predicted decreased
slightly (p < 0.001), see Table 2. There were no correlations between lung function and
FENO50 or CANO at any point in time. Additionally, there was no correlation between the
change in FENO50 or CANO and the change in lung function.

To evaluate the consistency of the CANO measurements, we divided the participants
into three groups: low <1 ppb, medium 1–2 ppb, and high >2 ppb (Figure 2). Only 2%
of the subjects who had a low CANO at inclusion consistently remained at a low level at
the last follow-up. In the medium group 18% remained at the same level, and in the high
CANO group 29% remained the same.

Figure 2. The estimation of CANO at inclusion and each follow-up during the two-year period. The
subjects are grouped in low <1 ppb, medium 1–2 ppb, and high >2 ppb.
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The symptom burden assessed by CAT and CCQ did not change during the two-year
follow-up period (Table 2). A clinical increase in CAT scores was seen in 44 subjects, but
there was no difference in the change in CANO in those with and those without an increase
(p = 0.38). In CCQ scores, a clinical decrease was seen in 36 subjects also without a difference
in the change in CANO (p = 0.08). There were changes in the mMRC dyspnoea scores over
the study period, with a shift toward higher values as illustrated in Figure 3 and seen in
Table 2. The subjects were divided into two groups, one that increased their mMRC scores
by 1–3 points (n = 32) and another that scored minus 1 or had the same value (n = 78)
between inclusion and the two-year follow-up. The distribution of CANO at inclusion was
the same for the two mMRC groups. As seen in Figure 4, the subjects who had an increase
in their mMRC, also had an increase in CANO.

Figure 3. The modified Medical Research Council dyspnoea scale (mMRC) (ordinal scale 0–4) at
inclusion and after two years.

Figure 4. CANO values for the subjects that increased their modified Medical Research Council
dyspnoea scale (mMRC) by 1–3 points (n = 32, left) and the subjects that had a stable mMRC, minus 1
or the same value (n = 78, right) at inclusion and after two years. The horizontal line in each box
corresponds to the median value, the upper and lower margins correspond to Q1 and Q3, and the
whiskers correspond to the 10th and 90th percentiles.

The inhaled COPD treatment of our participants that completed the study was similar
during the study period (Table 2). The frequency of exacerbations for the subjects with
≥1 exacerbation(s) the year prior to inclusion decreased at the one and two-year follow-ups
(Table 2).

4. Discussion

This study showed that over a period of two years, subjects with COPD who had
stable treatment had a progression of the disease; as evidenced by slightly lower FVC
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measurements, higher CANO values, and a shift towards higher dyspnoea scores. The
subjects who increased their dyspnoea scores had a higher CANO. Only a third of our
subjects with a higher CANO value, defined as above 2 ppb, remained at the same level
after two years.

When CANO values from this study were compared to those from healthy subjects, the
values from the COPD subjects were found to be slightly lower. The subjects completing
the study aged 47–83 years had a CANO of 1.3 that increased to 1.7 ppb, the subjects
not completing aged 40–87 years had at inclusion a CANO of 1.5 ppb, and the healthy
comparison subjects from the literature aged 50–78 years had 2.2 (1.5, 2.9) ppb [11]. CANO
increases with age in healthy subjects [11], but there was no correlation between age and
CANO among our COPD subjects.

CANO values have been found to be not increased in COPD patients [9], but contradic-
tory results with higher values have also been found [5,6,23]. These divergent results might
be related to differences in the populations studied, but also to methodological aspects.
For example, the lowest flow to use with the linear method is 100 mL/s [10], and using
a flow lower than that will give a falsely high CANO level. However, we found higher
CANO values in a small sample of COPD patients when using the HMA as in the present
study [8]. This difference is, therefore, most likely due to the subjects being in different
stages of the disease, since CANO increased with disease progression. The subjects who
did not complete the study and had a higher disease burden had higher CANO values than
the subjects who completed the study.

Good consistency of CANO estimation over the follow-up period was lacking. Only
29% of our subjects with a higher CANO value, defined as above 2 ppb, remained at the
same level after two years. However, in this study, there was an increase in CANO over time.
The increase was mainly seen in participants that had increased problems with dyspnoea.
In COPD, the alveolar region is involved with the formation of emphysema, which is
known to affect the gas exchange and ventilation to perfusion ratio (VA/Q) matching [24],
which starts already in GOLD stage 1 (FEV1-% predicted ≥80) [25]. Further investigation is
needed to determine if the loss of lung volume causes a compensatory upregulation of NO
in the peripheral lung. McCurdy et al. studied physical performance and CANO in COPD
patients. They found higher CANO values with shorter travel distances in a walking test [7],
which gives the hypothesis for compensatory upregulation credibility. Another possibility
is that the uptake of the inhaled NO that is produced in the airways is not homogenous,
such that some of the inhaled NO is exhaled at high flows giving a higher CANO.

In contrast to the NO from the airways, as well as the content of NO in the airway
wall, the effect of smoking was not seen in CANO or in the diffusing capacity of NO from
the airway wall in this study. That CANO is not affected by smoking has been shown
previously [3]. The contrary has also been shown, but then the highest flow was too
low, which allowed NO to be picked up from the airway [9,12]. In a study examining
smoking cessation over a four-week period, the airway NO gradually increased, while
CANO remained unchanged [26]. This suggests that CANO might be a useful marker since
many COPD patients are still smoking or are trying to quit.

Most of our research subjects could perform the NO modelling with multiple flows.
There were only two subjects in the completed group at inclusion that could not perform
the lowest flow of 20 mL/s. It was more difficult at the two-year follow-up since, for
24 subjects, we had to use the linear model that excludes the low flow. Among all of
the subjects, both completed and non-completed, NO modelling was missed in 22% for
whatever reason (performance, analyser, or simply not done). Lazar et al. missed 7% in
their stable subjects due to an inability to complete a flow of 250 mL/s and as much as 32%
in the subjects that had an exacerbation at inclusion [13]. Karvonen et al. had a higher rate
of successful results with the linear model compared to the HMA [27]. We can conclude
that NO modelling with multiple flows cannot be accomplished in all patients.

A limitation of this study was that we were not able to follow the subjects who did
not complete the study and had more severe disease. We do not know what the reasons
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were for the missing values, but during the follow-up period, there were more subjects
that required the use of higher flows for the NO analysis. This points to a more severe
disease as the possible reason. It could be seen as a limitation that different methods of
estimating CANO were used, but they are partially based on the same measurements, and
it has been found that the estimation of CANO with the linear and the non-linear methods
do not differ [12]. To strengthen the clinical value of CANO, it would have been interesting
to evaluate both hyperinflation and lung diffusion capacity (DLCO) from a pulmonary
function perspective, and have a computerized tomography assessment of emphysema in
the present study.

The strength of this study is that we have longitudinal data on estimated CANO over
a two-year period and could analyse changes over time in relation to changes in disease
burden. Another strength is that the subjects were examined in a stable disease state at all
time points. Our study population involved patients from both primary and secondary
care settings, making these results relevant to most of the patients. We have used validated
questionnaires at all three visits and the same research nurse reviewed these questionnaires
with the subjects. Finally, COPD was physician-diagnosed and verified by spirometry at
the inclusion in the study.

5. Conclusions

Alveolar NO increased slightly over the follow-up period, together with a small
decline in lung function. There was a lack of consistency in the alveolar NO values, with
only a third of our subjects with higher CANO values, remaining at the same level after
two years. The increase in CANO was found especially in those whose levels of dyspnoea
increased over time.
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Abbreviations

B-Eos blood eosinophils
B-Neu blood neutrophils
BMI body mass index
CANO alveolar NO
CAT COPD Assessments Test-scores
CawNO NO content in airway wall
COPD chronic obstructive pulmonary disease
DawNO NO diffusion capacity over airway wall
FENO50 fraction of exhaled NO at 50 mL/s
FEV1 forced expiratory volume in 1 s
FVC forced vital capacity
HMA Högman Meriläinen algorithm
mMRC modified Medical Research Council dyspnoea scale
NO nitric oxide
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Abstract: Macrophage-derived nitric oxide (NO) plays a critical role in atherosclerosis and presents
as a potential biomarker. We assessed the uptake, distribution, and NO detection capacity of
an irreversible, ruthenium-based, fluorescent NO sensor (Ru-NO) in macrophages, plasma, and
atherosclerotic plaques. In vitro, incubation of Ru-NO with human THP1 monocytes and THP1-PMA
macrophages caused robust uptake, detected by Ru-NO fluorescence using mass-cytometry, confocal
microscopy, and flow cytometry. THP1-PMA macrophages had higher Ru-NO uptake (+13%, p < 0.05)
than THP1 monocytes with increased Ru-NO fluorescence following lipopolysaccharide stimulation
(+14%, p < 0.05). In mice, intraperitoneal infusion of Ru-NO found Ru-NO uptake was greater in
peritoneal CD11b+F4/80+ macrophages (+61%, p < 0.01) than CD11b+F4/80− monocytes. Infusion of
Ru-NO into Apoe−/− mice fed high-cholesterol diet (HCD) revealed Ru-NO fluorescence co-localised
with atherosclerotic plaque macrophages. When Ru-NO was added ex vivo to aortic cell suspensions
from Apoe−/− mice, macrophage-specific uptake of Ru-NO was demonstrated. Ru-NO was added ex
vivo to tail-vein blood samples collected monthly from Apoe−/− mice on HCD or chow. The plasma
Ru-NO fluorescence signal was higher in HCD than chow-fed mice after 12 weeks (37.9%, p < 0.05).
Finally, Ru-NO was added to plasma from patients (N = 50) following clinically-indicated angiograms.
There was lower Ru-NO fluorescence from plasma from patients with myocardial infarction (−30.7%,
p < 0.01) than those with stable coronary atherosclerosis. In conclusion, Ru-NO is internalised by
macrophages in vitro, ex vivo, and in vivo, can be detected in atherosclerotic plaques, and generates
measurable changes in fluorescence in murine and human plasma. Ru-NO displays promising utility
as a sensor of atherosclerosis.
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1. Introduction

Nitric oxide (NO) is a gaseous messenger molecule known for its significant regulatory
role in almost every cell and it plays a crucial role in maintaining optimum function of
the cardiovascular system [1]. NO has a well-established role as a vasodilator produced
at nanomolar concentrations in vascular endothelial cells produced by phosphorylation
regulated endothelial nitric oxide synthase (eNOS) [2,3]. In addition, activated macrophages
within the vascular tissues produce relatively higher levels of NO via activation of inducible
nitric oxide synthase (iNOS) [4,5]. Macrophages can be resident or derived from different
sources, such as from monocytes or smooth muscle cells, and play a critical role in the
development and progression of atherosclerosis [6]. These immune cells can be utilised
as a target for detection of the presence of plaque. Derangement of NOS regulation and
changes in soluble NO levels in specific tissues are associated with different cardiovascular
pathologies, such as hypertension, myocardial infarction, peripheral vascular disease,
stroke, and cardiogenic/septic shock [2,7]. In particular, alterations in NO metabolism and
presence of reactive nitrogen species are associated with inflammation, a determinant of
plaque vulnerability in atherosclerosis [8,9]. Therefore, NO has the potential to be used
as marker of early detection of atherosclerosis and to predict the prognosis. Despite such
clinical significance, only sub-optimal or surrogate measurements are available as research
tools to detect NO in cardiovascular diseases and continue to be used despite reporting
variable findings [10,11]. Although methods for detecting NO production by macrophages
have been reported [11], they have not been applied to the context of cardiovascular disease.

Light-based methods, such as fluorescence and luminescence detection, represent
a more feasible and applicable solution to understand the mechanisms of NO metabolism
in biomedical studies, compared to existing radioisotope-based methods. To date, most
NO sensor applications have been used in cell-free media conditions, cell lysates or in
in vitro cell cultures to demonstrate NO sensor capabilities [11,12]. There are very limited
in vivo studies that have tested NO detection probes with non-invasive methods, such as
photoacoustic imaging [13]. None of these studies has focused on in vivo detection of NO
in atherosclerotic plaque or in blood using fluorescent sensors. Accurate sensing of NO in
macrophages and atherosclerosis has the potential to facilitate improved understanding of
the role of NO in atherosclerosis and may be applied as a future point-of-care test for the
early detection and monitoring of atherosclerosis.

The ruthenium-based NO sensor with the chemical composition of [Ru(bpy)2(dabpy)]2+

(Ru-NO) is converted to its active form [Ru(bpy)2(T-bpy)]2+ in the presence of NO, leading
to an increase in luminescence [14]. It has previously been validated as an extracellular
sensor of secreted NO from endothelial cells [15]. In this study, we aimed to assess the
uptake and distribution of the Ru-NO sensor in macrophages in vitro and in in vivo murine
models of atherosclerosis as well as to test the utility of using Ru-NO sensor fluorescence
to track atherosclerosis in mouse and human plasma. We report that Ru-NO has potential
future applications as a research tool to study NO metabolism and macrophage function in
atherosclerosis and other cardiovascular diseases.

2. Materials and Methods

2.1. Ruthenium Based NO Sensor (Ru-NO)

The synthesis and preliminary application of the ruthenium-based NO sensor complex
bis(2,2′-bipyridine)(4-(3,4-diaminophenoxy)-2,2′-bipyridine)ruthenium(II)hexafluorophosphate
([(Ru(bpy)2(dabpy)][PF6]2) has been previously described [14]. Serial dilutions from
a 100 mM working solution of Ru-NO made in 0.1% dimethyl sulfoxide (DMSO) in
phosphate-buffered saline (PBS) were used for in vitro, ex vivo, and in vivo studies with
working solutions at a 10–50 μM concentration.

54



Biomedicines 2022, 10, 1807

2.2. In Vitro Studies
2.2.1. Human Monocytes and Macrophages

THP1-monocytes were obtained from American Type Culture Collection (ATCC)
and grown in RPMI medium with 10% foetal bovine serum (FBS), 1% L-glutamine, and
1% Penicillin-Streptomycin (Sigma-Aldrich, Sydney, Australia). Cells were seeded in
a six-well plate at a concentration of 2 × 105 and treated with 200 nM phorbol-12-myristate-
13-acetate (PMA) for three days to stimulate differentiation of monocytes to macrophages,
as previously described [16]. Macrophages were used two days after changing to PMA-free
media. THP1 monocytes and THP1-PMA macrophages were treated with 10 or 50 μM Ru-
NO for 24 h for assessments of Ru-NO uptake using flow cytometry, confocal microscopy,
and mass cytometry (Supplementary Methods S1–S3). In parallel, a sample of macrophages
were permeabilised using 0.3% saponin in PBS, gently vortexed, and centrifuged at 800× g
for 10 min. The permeabilised cells were reassessed for the presence/absence of fluores-
cence signal. THP1 monocytes and THP1-PMA macrophages were also treated in some
experiments with 40 μM Ru-NO and 10 μg/mL lipopolysaccharide (LPS) for 18 h [17].
Changes in the Ru-NO fluorescence intensity (λex = 488 nm, λem = 780/60 nm) in treated
cells were assessed using flowcytometry.

2.2.2. Bone Marrow Derived Mouse Macrophages (BMDMs)

BMDMs were isolated from the tibial/femoral bone marrow of C57BL/6J mice, cul-
tured and differentiated [18]. Briefly, the extracted BMDMs were seeded in DMEM F12,
5% FBS, 25 ng/mL macrophage colony-stimulating factor (MCSF), L-glutamine, and
penicillin–streptomycin. MCSF (50 ng/mL) was added on Day 5 and granulocyte-MCSF
(GMCSF) (50 ng/mL) was added on Day 6 for differentiation. During the differentiation
process, the cells were treated with 50 μM Ru-NO for 24 h on Day 8 with or without
LPS (100 ng/mL) and interferon gamma (IFNγ, 10 ng/mL) for 16 h. Ru-NO fluorescence
within the BMDMs was then analysed using flowcytometry and mass cytometry or used
for analysis of iNOS protein expression by Western blotting (Supplementary Methods S4).

2.3. In Vivo Studies in Mice

All animal care and handling procedures were approved by the Animal Ethics Com-
mittee of the South Australian Health and Medical Research Institute (SAHMRI, protocol
SAM310) and performed in accordance with the Australian Code for the Care and Use of
Animals for Scientific Purposes (2013). C57BL/6J and Apoe−/− null (homozygous−/−) male
mice were bred in-house and housed at the SAHMRI Bio-resources animal facility. Food
and water were provided ad libitum. A pilot study was first conducted to determine the
optimum concentration of Ru-NO for in vivo studies and to assess sensor biodistribution
and toxicity (Supplementary Methods S5). At the end of Ru-NO administration, mice were
humanely killed using a single administration of 5% isoflurane via inhalation, followed by
terminal cardiac puncture and exsanguination.

2.3.1. Peritoneal Macrophages

We tested the uptake and sensor capabilities of Ru-NO in peritoneal macrophages.
C57BL/6J male mice of 4–12 weeks were injected with 2.4 μM/kg of Ru-NO intraperitoneally
and humanely killed 24 h post-infusion using a single administration of 5% isoflurane via
inhalation. Peritoneal cells were collected via peritoneal wash/lavage as previously de-
scribed [19]. Briefly, ice cold PBS was injected into the peritoneal cavity, massaged gently,
and peritoneal fluid collected. These steps were repeated twice to obtain the maximum
number of cells. Some cells (3 × 104) were concentrated onto a microscopic slide via
a Cytospin™ 4 Cytocentrifuge (Thermo Fisher Scientific, Scoresby, VIC, Australia) and later
imaged by confocal microscopy. The remaining peritoneal lavage cells were analysed using
flow cytometry to detect Ru-NO fluorescence following incubation with antibodies against
myeloid/macrophage markers F4/80 (Australian Biosearch, Karrinyup, WA, Australia)
and CD11b (BD Biosciences, Adelaide, Australia) to characterise cell populations.
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2.3.2. Murine Model of Atherosclerosis

Apolipoprotein E−/− (Apoe−/−) mice at 6 weeks of age were fed a high-cholesterol
diet (HCD, 21% fat, 0.15% cholesterol) for 12 weeks to develop mid-stage plaques. A cohort
of Apoe−/− mice that remained on chow for the same time period were included in parallel.
Ru-NO (2.4 μM/kg) was injected intravenously 24 h and 5 min before being humanely
killed using a single administration of 5% isoflurane via inhalation. Blood was collected
through cardiac puncture in EDTA tubes and the aorta, liver, heart, and spleen were
harvested and analysed for Ru-NO sensor uptake by flow cytometry. Cross sections of
plaque-containing aortic sinuses from optimal cutting temperature compound (OCT, Tissue-
Tek)-embedded hearts were fixed post culling and incubated with an antibody against CD68
(1:1000, rat anti-CD68, clone FA-11, #MCA1957GA, Bio-Rad) followed by a fluorescently
conjugated secondary antibody (1:2000, Donkey anti-Rat IgG with Alexa Fluor 488, #A-
21208) (Invitrogen, Thornton, NSW, Australia) before imaging under confocal microscopy.

2.4. Ex Vivo Assessment of Ru-NO Sensor Uptake
2.4.1. Aorta, Spleen, and Liver Cells

Apoe−/− mice were fed HCD or normal chow for 16 weeks. Aortas, livers, and spleens
were digested (Supplementary Methods S5), then incubated with PBS or 40 μM Ru-NO (in
duplicate) at 37 ◦C for 60 min. Cells were then washed and analysed using flowcytometry
to detect Ru-NO fluorescence following incubation with antibodies against CD11b and
F4/80 (myeloid cells/macrophages) and CD31 (endothelial cells).

2.4.2. Blood

From Apoe−/− mice fed a HCD or normal diet, 100–150 μL blood was collected via
tail bleed, at timepoints of 4, 8, 12, and 16 weeks. Aliquots of 50 μL were immediately
added to two tubes containing equal volumes of (1) 40 μM Ru-NO or (2) 40 μM Ru-NO +
NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO;
200 μM, final concentration [20]), both in PBS. The blood samples were left on ice for 30 min,
centrifuged at 7000 rpm for 3 min to isolate plasma then kept on ice before being snap
frozen at a consistent time point 100 min after collection. Ru-NO fluorescence was read in
thawed plasma samples using a SynergyMx Microplate Reader (BioTek) at λex = 450 nm
and λem = 615 nm and the fluorescence values at 615 nm were taken for the analysis. The
difference (delta, Δ) between Ru-NO only and Ru-NO + cPTIO fluorescence was calculated
to determine the NO-specific signal.

2.5. Clinical Blood Samples

Peripheral arterial blood samples were obtained from 50 human subjects who under-
went clinically indicated coronary angiography at the Royal Adelaide Hospital, Adelaide,
Australia, as approved by the Human Research Ethics Committee of the Central Adelaide
Local Health Network, Adelaide, Australia (CALHN HREC # 13579). Informed, written
consent was obtained from subjects in accordance with the Declaration of Helsinki and
all procedures were performed in accordance with the National Statement on Ethical Con-
duct in Human Research (2007) in Australia. A 5 mL blood sample was obtained from
a radial artery sheath from each patient prior to diagnostic cardiac catheterisation and
a 1 mL aliquot of the blood sample was immediately added to a tube containing an equal
volume of PBS with the Ru-NO sensor, bringing it to a final concentration of 40 μM of
Ru-NO. Another 1 mL aliquot of the same blood sample was also immediately added to
a tube containing an equal volume of PBS with the Ru-NO sensor and cPTIO (200 μM, final
concentration). Blood added with PBS only and cPTIO only in equal volumes were used as
background controls for fluorescence. Following the addition of the sensor/scavenger, the
blood samples were left on ice for 30 min, centrifuged at 2600 rpm for 10 min to isolate the
plasma, then left on ice before snap freezing one hour after collection. Ru-NO fluorescence
was read at λex = 450 nm and λem = 615 nm and the fluorescence values at 615 nm were
taken for the analysis.
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2.6. Statistical Analysis

GraphPad Prism software (GraphPad Software, Inc. La Jolla, San Diego, CA, USA) was
used for data analysis. The normality of the distribution was tested using Shapiro–Wilk nor-
mality test. The fluorescence values between Ru-NO and PBS treated cells were compared
using a paired or unpaired t-test as relevant. A one-way ANOVA was used to compare
three or more groups with the p-values for significant differences derived using a Tukey’s
post-hoc test for multiple comparisons. The two-tailed p-value for significance was <0.05.
All data are reported as mean ± standard error of the mean (SEM).

3. Results

3.1. Ru-NO Is Detectable In Vitro in THP1 Monocytes and Macrophages

In vitro, THP1 monocytes and PMA-differentiated macrophages were able to take
up the Ru-NO sensor following incubation. This was identified using CyTOF mass
spectrometry for detection of elemental Ruthenium; specifically, the 102Ru isotype
(Figure 1A,B). THP1-PMA macrophages demonstrated approximately two-fold higher
Ru-NO sensor uptake compared with THP1 monocytes at both 10 μM (MFI: THP1
monocytes 4.03; THP1-PMA macrophages 9.2, +128%) and 50 μM (MFI: THP1 mono-
cytes 28.12; THP1-PMA macrophages 58.46, +108%). Intracellular Ru-NO fluores-
cence was also demonstrated in THP1-PMA macrophages using confocal microscopy
(Figure 1C). Ru-NO fluorescence was also detected in both THP1 monocytes and THP1-
PMA macrophages using flow cytometry (Figure 1D,E). The mean fluorescence intensity
(MFI) was greater than six-fold higher in THP1-PMA macrophages compared with THP1
monocytes (THP1 monocytes: 81.1 ± 24.7 vs. THP1-PMA macrophages: 652.6 ± 39.9)
and the fluorescence in macrophages was further enhanced by the addition of lipopolysac-
charide (+13.8%, p < 0.05, Figure 1F). The Ru-NO fluorescence disappeared following
permeabilisation, further confirming that the Ru-NO sensor is internalised and the fluores-
cence signal is specific to the sensor (Figure 1G).

3.2. Detection of Ru-NO in Murine Macrophages

The Ru-NO sensor fluorescence was also detected in CD11b+ F4/80+ BMDMs from
healthy adult C57BL/6 mice (Figure 2A,B). A longer incubation period with the Ru-NO
sensor from 1 h to 4 h was found to significantly increase the fluorescence signal. Using
Western Blotting, we next confirmed an increase in iNOS protein expression in BMDMs
following stimulation with LPS and IFNγ (Figure 2C and Supplementary Figure S1). Po-
larised M1- and M2-like macrophages were next tested for their ability to take up the
Ru-NO sensor and respond to inflammatory stimuli. In contrast with our findings in
human macrophages and despite the induction in iNOS, it was found that stimulation
with LPS + IFNγ for 1 h and 4 h reduced the Ru-NO fluorescence signal in the CD86+

(M1-like) macrophages (Figure 2D) and CD206+ (M2-like) macrophages (Figure 2E). We
then determined if the LPS + IFNγ stimulation was affecting cell number or the uptake
of the Ru-NO sensor. We found that LPS + IFNγ stimulation increased the proportion of
M1-like cells and, conversely, decreased the number of M2-like cells (Figure 2E,F). These
effects of LPS + IFNγ were independent of the presence of the Ru-NO sensor, occurring
also in the PBS-treated controls. Using mass cytometry, less 102Ru was found in BMDMs
stimulated with LPS + IFNγ (Figure 2G), indicating an impairment of Ru-NO sensor uptake
with inflammatory stimulation.
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Figure 1. Ru-NO sensor uptake and detection in human THP1 monocytes and THP1-PMA

macrophages. THP1 monocytes and macrophages were exposed to the Ru-NO sensor to assess
sensor uptake and fluorescence detection. The histograms of 102Ru in (A) THP1 monocytes and
(B) macrophages exposed to 10 and 50 μM of Ru-NO as assessed by Mass Cytometry (CyTOF).
(C) Confocal microscopic images of THP1-PMA macrophages treated with PBS (top) and 50 μM
Ru-NO (bottom) (red: Ru-NO, and blue: DAPI). Representative flow cytometry histograms of
Ru-NO fluorescence in (D) THP1 monocytes and (E) THP1-PMA macrophages with/without LPS
stimulation (F) with analyses. (G) Lack of Ru-NO fluorescence detection in permeabilised THP1-
PMA macrophages by flow cytometry. Mean ± SEM of the mean fluorescence intensity (MFI) of
independent experiments, and p values derived from a paired t-test (n = 5 replicates).
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Figure 2. Ru-NO sensor uptake and detection in murine M1- and M2-like macrophages. Mouse
bone marrow derived macrophages (BMDMs) were assessed for Ru-NO uptake using flowcytometry.
(A) Mean Fluorescence Intensity (MFI) and (B) Frequency of Parental (FoP) of PBS and Ru-NO ex-
posed CD11b+F4/80+ BMDMs in the absence of inflammation/polarisation. (C) Western Blot analysis
of iNOS expression in BMDMs with/without LPS + IFN-γ stimulation. The percentage of cells with
Ru-NO uptake in (D) M1-like and (E) M2-like macrophages with/without LPS + IFN-γ. The propor-
tion of (F) M1-like (CD86+) and (G) M2-like (CD206+) macrophages with/without LPS + IFN-γ stim-
ulation. (H) Mass cytometry histogram for Ruthenium uptake in BMDM with/without LPS + IFN-γ
stimulation. Mean ± SEM, p values derived from a one-way ANOVA with Tukey post-hoc test (n = 3,
performed in quadruplicate) repeated experiments.
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3.3. In Vivo Toxicity, and Detection and Distribution of Ru-NO

A pilot study was conducted in C57BL/6J mice to determine optimum intravenous
concentration and exposure time for the Ru-NO sensor. Toxicity testing revealed that
infusion of Ru-NO was well tolerated without any adverse events in vivo at 0.6–2.4 μM/kg.
Twenty-four hours following administration of 2.4 μM/kg Ru-NO, tissue Ru-NO fluo-
rescence was detected in liver by flow cytometry, greater than for livers of mice infused
with PBS (7.1 ± 4.1% of all liver cells, n = 3–5). Ru-NO fluorescence was also present in
kidney (+10.7 ± 3.25%) and spleen (+3.2 ± 2.0%), and, to a very modest extent, in aorta
(+0.16 ± 0.15%), compared to PBS-infused control mice (Supplementary Figure S2). Sensor
uptake was minimal/negligible in these organs at a dose of 0.6 μM/kg (data not shown).
Fluorescence was also negligible in bone marrow, lungs, heart, and plasma after 24 h of
either 0.6 and 2.4 μM/kg of Ru-NO infusions (data not shown). Time-course studies using
the selected dose of 2.4 μM/kg of Ru-NO sensor injected 5 min, 2, 4, 6, and 24 h before
euthanasia revealed that Ru-NO fluorescence was maximum at the 24 h time point in the
liver (6.6 ± 4.1%) and kidney (9.5 ± 3.2%), whereas the maximum Ru-NO fluorescence
was detected at the 6 h timepoint in the spleen (28.3 ± 15.6) and the aorta (6.4 ± 4.7%)
(Supplementary Figure S3).

3.4. Detection of Ru-NO in Peritoneal Macrophages

Confocal microscopy demonstrated an intracellular fluorescence signal in peritoneal
macrophages 24 h following intraperitoneal injection of Ru-NO (Figure 3A). When analysed
using flow cytometry, we observed a substantial increase in viable fluorescent cells in the
Ru-NO exposed peritoneal lavage cells, when compared to PBS injected controls (Figure 3B).
There were no differences in overall cell viability or distribution with either PBS or Ru-NO
administration to the peritoneum (data not shown). Two distinct populations of cells,
(1) myeloid cells (F4/80−D11b+) and (2) macrophages (F4/80+CD11b+), were identified
in all samples (Figure 3C). When compared to the PBS-treated group (Figure 3D), both
CD11b+F4/80− myeloid cells and CD11b+F4/80+ macrophage populations showed robust
Ru-NO fluorescence (Figure 3E). The macrophage population demonstrated the highest Ru-
NO sensor uptake with consistently higher MFI, when compared to PBS controls (Figure 3F).
Within the Ru-NO treated mice, the fluorescence from the Ru-NO sensor was significantly
higher in CD11b+F4/80+ macrophages (MFI: 515.9 ± 121.4; Frequency of Parent, FoP:
61.2 ± 10.6%), demonstrating macrophage-specific uptake of Ru-NO when compared to
non-myeloid cells (MFI: 20.5 ± 6.2; FoP: 0.3 ± 0.1%) and myeloid cells (MFI: 202 ± 114.6;
FoP: 30.0 ± 9.4%, Figure 3G,H).

3.5. Ru-NO in In Vivo Atherosclerotic Plaque Macrophages

We next investigated whether Ru-NO sensor fluorescence was detectable in atheroscle-
rotic plaques in Apoe−/− mice fed HCD for 12 weeks. Following infusion of the Ru-NO
sensor we were able to detect the presence of Ru-NO fluorescence in atherosclerotic plaques
in aortic sinus cryosections by confocal microscopy. Immunofluorescent staining for CD68
revealed that the Ru-NO fluorescence signal localised with CD68+ plaque macrophages
(Figure 4A–F). Consistent with this, flow cytometry analyses of aortic cell suspensions from
these mice found that the aortic CD11b+F4/80+ macrophage population had a significantly
higher in vivo Ru-NO sensor uptake/fluorescence (MFI: 125 ± 33.9; FoP: 65.1 ± 19.1%) com-
pared to CD11b+F4/80− myeloid cells (MFI: 6.6 ± 5.8; FoP: 6.5 ± 5.1%) and CD11b−F4/80−
non-myeloid cells (MFI: 4.3 ± 0.8; FoP: 0.62 ± 0.23% Figure 4G,H).
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Figure 3. Ru-NO uptake and detection in peritoneal macrophages (A) Representative confocal
microscopy images of Ru-NO intracellular fluorescence signal in peritoneal cells 24 h following
intraperitoneal injection of PBS (top) and 40 μM Ru-NO (bottom). (B) Representative flow cytom-
etry histograms of peritoneal lavage cells following intraperitoneal infusion of PBS and Ru-NO.
(C) Representative plot of the distribution of cells with F4/80 and CD11b markers. Representative
flow cytometry histograms identifying four populations based on F4/80 and CD11b markers and sen-
sor uptake in (D) PBS and (E). Ru-NO exposed peritoneal lavage cells. (F) Mean fluorescence intensity
(MFI) of PBS and Ru-NO exposed CD11b+F4/80+ peritoneal lavage cells. (G) MFI and (H) frequency
of parental (FoP) analyses of Ru-NO fluorescence in non-myeloid cells (CD11b−F4/80−), myeloid
cells (CD11b+F4/80−) and macrophages (CD11b+F4/80+). Mean ± SEM, p values derived from
a t test or one-way ANOVA with Tukey post-hoc test (n = 7 repeated experiments).
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Figure 4. In vivo detection of Ru-NO in mouse atherosclerotic plaque. Detection of Ru-NO
fluorescence in aortic sinus plaque following intravenous administration of Ru-NO (40 μM) to
Apoe−/− mice fed a high-cholesterol diet (HCD) for 12 weeks and imaged using confocal microscopy.
(A,C,E): Distribution of the Ru-NO (red) in cellular areas of the plaques with nuclear stain DAPI
(blue) with increasing magnification. (B,D,F): Comparison with plaque macrophage location (CD68+,
green). (G) Mean fluorescence intensity (MFI) and (H). frequency of parental (FoP) of aortic cell
suspensions for the detection on Ru-NO fluorescence in non-myeloid cells (CD11b+F4/80−), myeloid
cells (CD11b+F4/80−) and macrophages (CD11b+F4/80+) in HCD-fed mice post-Ru-NO infusion.
Mean ± SEM, p values derived from a repeated measures one-way ANOVA with Tukey post-hoc test
(n = 5 animals).

3.6. Ru-NO in Ex Vivo Cell Suspensions of Atherosclerotic Mice

Ex vivo testing of Ru-NO uptake in cell suspensions from the aorta, liver, and spleen
of Apoe−/− mice fed on HCD or normal chow for 20 weeks was then conducted using flow
cytometry. In the aortic cell suspensions, a distinct CD11b+F4/80+ macrophage population
was identified (Figure 5A) and 36.8% of these cells displayed Ru-NO uptake (Figure 5B).
The Ru-NO uptake/fluorescence was then analysed among the myeloid (CD11b+F4/80−),
macrophage (CD11b+F4/80+) and endothelial cell (CD11b−F4/80− CD31+) populations.
In the mice fed normal chow, the aortic macrophage population displayed the highest
fluorescence compared to myeloid cells and endothelial cells (Figure 5C,D). The same
Ru-NO uptake/fluorescence patterns were observed in aortic cell suspensions from the
HCD fed group (Figure 5E,F). We found a significant increase in the FoP (Figure 5G) and
the MFI (Figure 5H) in macrophages from those mice injected with the Ru-NO sensor,
compared to the PBS controls in both the HCD and normal chow-fed groups. Interestingly,
there were no differences in aortic macrophage Ru-NO fluorescence between normal chow-
fed and HCD mice. When we then compared the proportion of aortic macrophages in
the chow-fed and HCD mice, it was revealed that the proportion of macrophages in all
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viable cells was significantly decreased (60.8%) in the HCD group, compared to the normal
chow group (Figure 5I). This pattern remained consistent following ex vivo exposure to
Ru-NO (Figure 5J).

Figure 5. Ex vivo uptake of Ru-NO by macrophages in aortic cell suspensions from atheroscle-

rotic mice. (A) Representative plot for the distributions of aortic cell suspensions incubated with
antibodies against CD11b and F4/80 markers. (B) Representative histogram demonstrating the shift
in Ru-NO fluorescence in aortic cell suspensions. (C) Frequency of parental (FoP) and (D) mean
fluorescence intensity (MFI) for Ru-NO fluorescence in myeloid cells (CD11b+F4/80−), macrophages
(CD11b+F4/80+) and endothelial cells (CD31+) in aortic cell suspensions from chow-fed mice. (E). FoP
and (F) MFI for Ru-NO fluorescence in aortic cell suspensions in high-cholesterol diet (HCD)-fed
group. (G) FoP and (H) MFI in CD11b+F4/80+ macrophages comparing aortic cell suspensions from
chow and HCD-fed groups with ex vivo addition of PBS or Ru-NO. Proportion of macrophages in
all viable cells that had been incubated with (I) PBS and (J) Ru-NO. Mean ± SEM, p values derived
from one-way ANOVA with Tukey post-hoc test for multiple comparisons across different groups
(n = 5–6 mice/group).

Comparative assessments for the liver and spleen cells were also conducted
(Supplementary Figures S4 and S5). In comparison to the aorta, a relatively higher per-
centage of macrophages took up the Ru-NO sensor in the spleen (+52.9%) and a relatively
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lower percentage uptake was reported with the liver cell suspensions (−29.3%). In con-
trast to the aorta, both spleen and liver cell suspensions contained a higher proportion of
macrophages in all viable cells from the HCD group. The uptake patterns in the spleen
and liver were, however, similar to the aorta in that the macrophages had the highest
uptake/fluorescence of the sensor than myeloid and endothelial cell populations. There
remained a lack of change between the Ru-NO sensor uptake between HCD and normal
diet fed groups.

3.7. Ru-NO in Mouse Blood in Atherosclerosis

We next tested the utility of the Ru-NO sensor to track atherosclerosis progression
using blood samples. Serial, four-weekly tail-vein blood samples from atherosclerotic mice
were added ex vivo with Ru-NO with/without the NO scavenger cPTIO. Plasma fluores-
cence was then quantified using spectrophotometry. At every time point, the sample with
only Ru-NO reported a significantly higher fluorescence reading compared Ru-NO + cPTIO
sample in both HCD and normal diet-fed mice (Figure 6A,B). This indicates the pres-
ence of background fluorescence in blood that can be identified by the inclusion of the
Ru-NO + cPTIO sample. There was a trend for an increase in Δfluorescence readings
(specific NO signal) from the Ru-NO samples with increasing age and time on the HCD
(Figure 6C) and chow diets (Figure 6D). When comparing the chow and HCD-fed mice, the
Δfluorescence reading was significantly higher in the HCD group (+37.9%, p < 0.05) at the
12-week timepoint, when compared to chow fed mice (Figure 6E).

Figure 6. Plasma Ru-NO fluorescence is higher in mice after 12 weeks of high-cholesterol diet

than with chow feeding. Spectrophotometric readings of Ru-NO fluorescence in plasma from blood
samples collected every four weeks added with Ru-NO or Ru-NO + cPTIO (NO scavenger) in mice fed
(A) high-cholesterol diet (HCD) and (B) chow for 16 weeks. Δfluorescence (Ru-NO–Ru-NO + cPTIO)
specific NO signal in plasma from mice fed (C) HCD and (D) chow with (E): combined analyses
directly comparing the signal between HCD- and chow-fed mice. Mean ± SEM, ** p < 0.01 and
*** p < 0.001 using two-way ANOVA with Tukey post-hoc test for multiple comparisons across differ-
ent groups. The p values in (A–D) for the linear trend were also calculated (n = 9–10 mice/group).
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3.8. Ru-NO Changes in Clinical Blood Samples

Peripheral arterial blood samples from patients presenting for an angiogram were
spiked with Ru-NO with/without NO scavenger cPTIO. Plasma fluorescence was quanti-
fied using spectrophotometry. The relevant demographic and clinical details are reported
in Supplementary Table S1. We identified three categories of patients based on the an-
giogram findings and clinical manifestations: (1) no or minor coronary artery disease
(CAD), <20% narrowing in the vessels, n = 19; (2) stable CAD: >20% narrowing in the ves-
sels without myocardial infarction, n = 20 and; (3) myocardial infarction: >70% narrowing
in the vessels with ST elevation myocardial infarction (STEMI) or non-STEMI, n = 11. In
all categories, the plasma samples added with Ru-NO only reported a significantly higher
reading compared to samples added with Ru-NO + cPTIO, irrespective of the plaque
burden or clinical manifestation (Figure 7A). The plasma Δfluorescence reading of the
specific NO signal for each patient revealed an upward non-significant trend in the stable
CAD group, compared to the no CAD group. Interestingly, the plasma Δfluorescence was
significantly lower in the myocardial infarction group, compared to the stable CAD group
(−30.7%, p < 0.01, Figure 7B).

Figure 7. Ru-NO in blood samples from patients with coronary artery disease. Plasma Ru-NO
fluorescence was quantified using spectrophotometry in peripheral arterial blood samples from
patients presenting for an angiogram that were divided into groups of either (1) no or minor coronary
artery disease (CAD, <20% narrowing of the vessels, n = 19), (2) stable CAD (<20% narrowing of the
vessels without myocardial infarction, n = 20), or (3) with myocardial infarction (MI, >70% narrowing
of the vessels with myocardial infarction, n = 11). (A) Plasma fluorescence from blood samples added
with Ru-NO or Ru-NO + cPTIO (NO scavenger). (B) The Δfluorescence (Ru-NO–Ru-NO + cPTIO)
NO specific signal from patient blood samples. Mean ± SEM, *** p < 0.01 using one-way ANOVA
with Tukey post-hoc test for multiple comparisons across different groups.

4. Discussion

In this study, we demonstrated the NO detection capabilities of a Ruthenium-based
NO sensor, Ru-NO [14,15], in macrophages, plasma, and atherosclerosis. We show that
the Ru-NO sensor is internalised within macrophages and provides NO detection in vitro,
ex vivo, and in vivo, including in macrophages in atherosclerotic plaques and aortas. In
addition, the Ru-NO sensor was able to detect NO in murine plasma across different
stages of atherosclerosis. This was supported by detection of NO in human blood samples
from patients with stable and unstable CAD. Using our systematic stepwise approach, we
demonstrate bench-to-bedside translation of the Ru-NO sensor, with potential application
as a research tool for the measurement of NO in macrophages and as a point-of-care test
for atherosclerosis.
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The sensitivity and specificity of the Ru-NO sensor was first validated in cell-free
media conditions [14] and then in vitro in endothelial cells [15]. It was reported to display
comparative responses with commercially available, conventional sensors, such as DAF-
FM-diacetate (4-Amino-5-methylamino−2′,7′-difluorofluorescein diacetate) and the Griess
assay [15]. The Ru-NO sensor demonstrated relatively higher stability compared to these
sensors/assays with no evidence of cytotoxicity at 10–50 μM concentrations in human
umbilical vein endothelial cells [15]. We, therefore, used the same concentration range of
the Ru-NO sensor in the current study in vitro, ex vivo, and in vivo. In vascular endothelial
cells, the Ru-NO sensor was not internalised and, therefore, functioned as an extracellular
sensor for the detection of endogenous changes in NO [15]. In contrast, the current study
found that the Ru-NO sensor was able to be internalised by macrophages, probably due to
their greater phagocytotic capabilities [21].

In our in vitro studies, Ru-NO was internalised by both human THP1 monocytes
and THP1-PMA macrophages, as demonstrated by changes in the proportion of cells
with Ru-NO fluorescence and confirmed by the absence of these changes with cell per-
meabilisation. These observations were further supported by confocal microscopy and
mass cytometry. Both THP1 monocytes and THP1-PMA macrophages demonstrated
concentration-dependent increases in Ru-NO uptake, while THP1-PMA macrophages
reported two-fold higher levels of intracellular 102Ru compared with THP1 monocytes
using mass cytometry. Mass cytometry (CyTOF) detects and quantifies the presence of
elemental Ruthenium in the cells, but does not differentiate NO-bound and unbound forms
of the sensor. However, our Ru-NO fluorescence data also show higher Ru-NO sensor
uptake and/or higher NO levels in THP1-PMA macrophages than THP1 monocytes that
was further enhanced in inflammatory conditions. There are several mechanisms that
may underly these quantifiable differences in Ru-NO fluorescence. Macrophages are more
phagocytic than monocytes [21] and, therefore, may internalise more Ru-NO, which is
supported by the CyTOF findings. The Ru-NO sensor only emits a fluorescence signal at
specified wavelengths when bound to and activated by NO [14]. This is supported by the
PBS controls that had minimal autofluorescence. The Ru-NO fluorescence is, therefore,
likely to predominantly represent NO-bound sensor levels inside cells. Previously, in
endothelial cells we found similar changes in extracellular NO in response to endogenous
stimuli that were compatible with changes in phosphorylated eNOS [15]. Together, these
studies support the application of Ru-NO as a sensor to detect both intra and extracellular
NO in different cell types associated with vascular function and disease.

Macrophages polarise into M1 and M2-like phenotypes following physiological or
pathological stimuli and the M1/M2 distribution within plaques is predictive of the prog-
nosis of atherosclerosis [22]. Increased activity of iNOS-producing NO is evident in M1-
like (pro-inflammatory) and some sub-sets of M2-like cells [23]. We found that under
non-inflammatory conditions, murine unpolarised (M0) F4/80+/CD11b+ BMDMs dis-
played time-dependent increases in Ru-NO fluorescence from 1 h to 4 h. This observa-
tion reflects either increased sensor uptake or NO accumulation over time. Following
inflammatory stimulation, an expected increase in the proportion of CD86+ (M1-type,
pro-inflammatory) BMDMs and a decrease in CD206+ (M2-type) BMDMs occurred. These
changes in macrophage phenotype were independent of the presence or duration of ex-
posure to Ru-NO, suggesting that the Ru-NO sensor does not affect macrophage differ-
entiation or cell viability. Unexpectedly, LPS + IFNγ stimulation reduced Ru-NO up-
take/fluorescence in CD86+ M1-like BMDMs, despite an increase in the proportion of
this cell population. Interestingly, this response was opposite to that of human THP1
macrophages. Previous studies testing different NO sensors have predominately used
the murine macrophage RAW264 cell line, which report sensor uptake in undifferenti-
ated macrophages via microscopy. These studies have not demonstrated parallel changes
in iNOS activity or reported changes in sensor uptake in the presence of inflammatory
stimuli [11,24]. These reports and our observations suggest a cell-species dependent effect
in which inflammation has varying effects on Ru-NO uptake into macrophages. There
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were no differences in Ru-NO fluorescence between the M1 and M2 macrophages. It may
have been expected that Ru-NO fluorescence would be higher in the M1-like macrophages,
however, variable expression of iNOS in M1, M2 and other sub-types of macrophages has
been reported [23] and may explain this lack of change. In summary, our in vitro findings
identify Ru-NO as a sensor that can detect NO in macrophages irrespective of cell polarity
or inflammation.

In this study we conducted important pilot testing in non-atherosclerotic C57BL6/J
mice to determine the biodistribution, optimal dose, time course, and toxicity of the Ru-
NO sensor. No adverse toxicological effects were observed. The absence of a Ru-NO
fluorescence signal in blood, with low and variable amounts of Ru-NO sensor signal in the
liver and kidney 24 h post-systemic infusion, indicates variation in the metabolism and
clearance rates of the Ru-NO sensor. This was supported by the time-course studies, in
which the highest Ru-NO fluorescence signal occurred in excretory/metabolic organs, such
as the kidney and liver at the 24 h time point. In contrast, at the 6 h time point, the highest
Ru-NO signal was in the spleen and aorta. This signal declined after 24 h, suggesting there
is minimum tissue retention in an uninflamed state in non-atherosclerotic mice. Relatively
rapid excretion with minimal tissue retention has significant advantages. Studies with
other fluorescence sensors that are retained long-term within tissues following intravenous
administration have reported adverse sub-cellular changes [25].

We demonstrated that the Ru-NO sensor can be taken up in vivo into peritoneal
macrophages. Peritoneal macrophages from mice injected with the Ru-NO sensor demon-
strated a clear shift in fluorescence intensity, compared to PBS controls, suggesting negligi-
ble autofluorescence at these wavelengths in vivo. The internalisation of the Ru-NO sensor
is a positive attribute as it enables the study of NO using flow cytometry in cell suspensions.
Background autofluorescence can, thereby, be kept to a minimum and not be affected by the
constituents of culture media for example. Our peritoneal studies found both macrophages
and myeloid cells took up the Ru-NO sensor. Consistent with our initial in vitro studies,
macrophages had significantly higher uptake/fluorescence of the Ru-NO sensor, compared
to myeloid cells and F4/80−/CD11b− non-myeloid cells. Once again this could be due
to higher levels of iNOS and NO production in macrophages or their greater phagocytic
properties. We demonstrate, however, the important utility of the Ru-NO sensor to track
macrophage-driven diseases in vivo.

We next tested the Ru-NO sensor in atherosclerotic Apoe−/− mice for its ability to
detect changes in NO levels in plaque, other organs (liver and spleen) and in blood with
increasing development of atherosclerosis. We tested plaque-prone regions of the aorta
for Ru-NO sensor uptake. Confocal microscopy on aortic sinus sections revealed a robust
signal for Ru-NO sensor fluorescence in plaque that co-localised predominantly with
CD68+ macrophages. We were able to confirm this observation using flow cytometry on
atherosclerotic aortic cell suspensions in which there was also robust aortic macrophage up-
take/fluorescence of the Ru-NO sensor following infusion. This signal was far higher than
in the non-atherosclerotic C57BL6 mice of the pilot studies, supporting that it has potential
utility for detecting disease. While similar findings were found when the Ru-NO sensor
was spiked into aortic cell suspensions, Ru-NO fluorescence from aortic macrophages
was not different between mice fed the HCD and those on chow. These findings may
suggest that the advancement of atherosclerosis in the HCD mice promoted macrophage
apoptosis/necrosis, thereby decreasing the number of macrophages able to take up the
Ru-NO sensor. This is supported by our analyses that show the total number of viable
aortic macrophages on HCD was lower than chow-fed aortas. Endothelial uptake was
minimal/negligible compared to monocytes and macrophages. These observations are
compatible with our previous findings that were confirmed with ICP-MS analysis [15].
When comparing other NO sensors, endogenous changes in macrophage NO have been
previously reported in vitro with a Coumarin-based sensor [24]. In vivo studies in mice
with LPS-induced inflammation have used a photoacoustic sensor to image NO in subcu-
taneous tissue [13]. Intravenous administration of NO sensors has also led to detection
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in the liver [26]. To our knowledge, the current study is the first demonstration of NO
sensing in vivo in plaque macrophages using a NO-specific fluorescence sensor. As demon-
strated in previous studies with iNOS imaging [27], NO can, therefore, potentially be
utilised as a marker of disease activity. With its specificity, macrophage NO-specific bind-
ing, and multimodality imaging potential, Ru-NO presents as a good candidate to detect
vulnerable plaque.

As an alternate application, we tested the ability of the Ru-NO sensor to track longitu-
dinal changes in NO levels in serial blood samples from mice fed HCD for 16 weeks and
assess if it associated with atherosclerotic disease progression. The mouse plasma samples
showed increases in the Δfluorescence NO-specific signal with age and time on HCD/chow.
It may have been expected that plasma NO levels from HCD mice would have consis-
tently carried a higher signal than the chow-fed mouse plasma but this was not the case.
A significantly higher NO signal did not occur until 12 weeks of HCD and this difference
disappeared after 16 weeks of HCD. This suggests there is a certain window in which the
Ru-NO sensor can detect changes in atherosclerosis. The chow-fed mice will also develop
plaque but after 12 weeks of HCD the plaque is likely to be sufficiently large enough for
a detectably different NO signal to be generated from plaque macrophages [28,29]. The
lack of change after 16 weeks indicates that the plaques may then have been heading to
a stage in which there is significant macrophage apoptosis that lowers iNOS-derived NO
production. This hypothesis is consistent with our findings in human plasma from patients
with different clinical presentations of CAD. Interestingly, we found the Δfluorescence
NO-specific signal in the plasma from myocardial infarction patients was significantly
lower than from the plasma of patients with stable CAD. This may reflect that unstable
plaque has a substantial level of macrophage apoptosis/necrosis that renders them unable
to generate iNOS-derived NO.

Plasma NO can be derived from multiple sources with contributions from both
eNOS [3], iNOS [30], nNOS [31], non-enzymatic sources (e.g., dietary nitrites) [32], and
ischaemic conditions [30]. Plasma NO concentrations in our study are, therefore, repre-
sentative of NO production in the whole cardiovascular system from multiple sources in
response to the progression of atherosclerosis. It is possible our NO plasma findings in mice
and human samples are a reflection of a reduction in eNOS-derived NO. It may also be
a manifestation of dysfunctional nitric oxide activity that causes a predisposition to myocar-
dial infarction [33,34]. There is currently no consensus on what NO levels associate with
atherosclerosism [35]. Previous studies have reported mixed findings with a decrease in
eNOS-mediated expression of NO and reduced nitrite and nitrate levels in HCD mice [36],
whereas others have found increased iNOS activity with inflammation [35].

Limitations: There are several limitations that may confound the interpretation of the
findings of the current study. Detailed distribution studies using radiolabelled Ruthenium
were not performed; instead, we used fluorescence as an indicator of the sensor, which
would emit a signal only in the presence of NO. Due to the human ethical implications
and potential exposure concerns, we could not include Ru-NO in the blood collection
syringe, which may have been optimal for a point-of-care test to minimise the time between
the blood draw and sensor contact. This limitation is critical when quantifying a volatile
molecule such as NO, which could be addressed in future larger clinical studies using
this sensor.

5. Conclusions

In conclusion, we report a stepwise in vitro, ex vivo, and in vivo approach for the
detection of NO using a molecular sensor. Compared to other multimodality imaging tech-
niques for NO, we identify several positive characteristics of Ru-NO, such as toxicological
tolerance at reasonable concentrations, minimal retention in tissues, a bright fluorescent
signal for detection with different modalities, and sensitivity to atherosclerosis-related en-
dogenous changes in NO. Due to its molecular size, Ru-NO uptake can be used as a marker
of macrophage activity within the vessel wall at the onset and during the progression of
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atherosclerosis. Most importantly, the application of Ru-NO in blood as a point-of care test
has the potential to be further developed, modified, and designed as a clinical tool for early
detection of unstable plaque and monitoring of NO-related cardiovascular disease.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/biomedicines10081807/s1, Figure S1: Unedited gels from West-
ern blot assessments presented in Figure 2C; Figure S2: Biodistribution of Ru-NO in vivo following
intravenous; Figure S3: Time course of Ru-NO fluorescence in vivo after intravenous infusion.
Figure S4: Ex vivo uptake of Ru-NO by macrophages in liver cell suspensions from atherosclerotic
mice. Figure S5: Ex vivo uptake of Ru-NO by macrophages in spleen cell suspensions from atheroscle-
rotic mice. Table S1: Demographic and Clinical information of patient blood samples for the analyses
with the Ru-NO sensor.
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Abstract: The renin–angiotensin system (RAS) and hypoxia have a complex interaction: RAS is
activated under hypoxia and activated RAS aggravates hypoxia in reverse. Renin is an aspartyl
protease that catalyzes the first step of RAS and tightly regulates RAS activation. Here, we outline
kidney renin expression and release under hypoxia and discuss the putative mechanisms involved. It
is important that renin generally increases in response to acute hypoxemic hypoxia and intermittent
hypoxemic hypoxia, but not under chronic hypoxemic hypoxia. The increase in renin activity
can also be observed in anemic hypoxia and carbon monoxide-induced histotoxic hypoxia. The
increased renin is contributed to by juxtaglomerular cells and the recruitment of renin lineage cells.
Potential mechanisms regulating hypoxic renin expression involve hypoxia-inducible factor signaling,
natriuretic peptides, nitric oxide, and Notch signaling-induced renin transcription.

Keywords: renin; hypoxia; HIFs; juxtaglomerular cells; nitric oxide

1. Introduction

The renin–angiotensin system (RAS) is a hormonal system responsible for blood
pressure homeostasis and electrolyte balance. This systemic RAS consists of several key
components: renin, angiotensinogen (AGT), angiotensin I (Ang I), angiotensin-converting
enzymes (ACEs), angiotensin II (Ang II), angiotensin II type 1 receptors (AT1Rs), and
angiotensin II type 2 receptors (AT2Rs) [1,2]. Renin metabolizes AGT, liberating Ang
I. ACEs, which are released from endothelial cells, convert Ang I to Ang II. Then, Ang
II acts on two types of receptors, including AT1Rs and AT2Rs. The actions of Ang II
on AT1Rs lead to increased sodium retention, vasoconstriction, stimulation of thirst and
desire for salt, increased sympathetic nervous system activity, and aldosterone release.
Ang II actions on AT2Rs are counter to those on AT1Rs, where AT2R stimulation leads
to anti-inflammatory, antifibrotic, and vasodilatory effects. In addition to the classic axis,
another axis through ACE2/Ang-(1–7)/MAS has been found. ACE homolog ACE2 can
form Ang-(1–7) directly or indirectly from either the decapeptide Ang I or from Ang II.
By acting through the receptor MAS, Ang-(1–7) promotes vasodilation, antiproliferation,
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and antihypertrophy [3–5]. Apart from the systemic RAS, local RASs have been found
in various organ systems. Local RASs exhibit multiple physiological effects in addition
to and distinct from those of the circulating RAS. In addition to hemodynamic actions,
multiple and novel functions of local RASs have been found, including the regulation of
cell growth, differentiation, proliferation and apoptosis, reactive oxygen species (ROS)
generation, tissue inflammation and fibrosis, and hormonal secretion [4,5].

Hypoxia is a state that arises when the cellular demand for molecular oxygen exceeds
supply. It often occurs in tissue and organs with microcirculation injury and hypoper-
fusion [6]. Under some hypoxia conditions, the RAS is activated and the level of Ang
II increases [7–9]. In return, Ang II binding on AT1Rs increases the constriction of both
afferent and efferent arterioles, which can aggravate hypoxia [10]. Oxidative stress is a
condition that results in the excessive production of oxygen radicals beyond the antioxidant
capacity. Both Ang II and hypoxia can induce oxidative stress, which decreases oxygen
supply and increases oxygen demand. Finally, the progression of renal injury by oxidative
stress further aggravates hypoxia and the activation of RAS. The complexity of the rela-
tionship between RAS, hypoxia, and oxidative stress is a vicious cycle [11]. The amount of
renin in the bloodstream is a key step in determining Ang II levels and RAS activity [12].
Thus, the pathophysiological change in renin secretion under hypoxia plays a crucial role
in the complex correlation between the RAS and hypoxia. To provide the latest evidence for
future research and practice, this study critically reviewed the role of kidney renin under
hypoxia. Two electronic databases, PubMed and Web of Science, were searched and the
main keywords were ‘hypoxia’ AND ‘renin’.

2. Renin Expression in Kidneys

From the embryonic stage, renin expression is located in renin precursor cells (RPCs) [13,14].
During kidney development, RPCs gradually disappear, mostly differentiating into renal
vascular smooth muscle cells (VSMCs), mesangial cells, and interstitial pericytes. At the same
time, the expression of renin in tubular cells also disappears. After kidney development is
complete, only a small number of renin-expressing cells are maintained and restricted to the
juxtaglomerular apparatus (JG) in adult mammals. They synthesize and release renin in response
to a decrease in renal perfusion pressure, a decrease in the concentration of sodium chloride in
the macula densa, or activation of β adrenergic receptors [15,16]. The number of JG cells is quite
small in adult mammals, accounting for only about 0.01% of total kidney cells. Under normal
circumstances, the release of renin by those few cells generally suffices for maintaining blood
pressure and fluid–electrolyte balance [17,18]. Although renin-expressing cells are classically
regarded as JG cells in adults, some studies have established that an increase in renin-expressing
cells can be derived from the renin lineage cells. This process is termed recruitment. The renin
lineage cells in kidneys are not fully differentiated but retain a degree of developmental plasticity
or molecular memory, allowing them to re-express renin. Under homeostatic threats, the renin
lineage cells like VSMCs, mesangial cells, and interstitial peritubular pericytes are transformed
to synthesize renin [19–21].

3. The Change in Renin under Hypoxia

Oxygen is a significant microenvironmental factor that acts as a terminal electron
acceptor in oxidative phosphorylation reactions to produce adenosine triphosphate (ATP).
Hypoxia is an insufficient supply of oxygen to tissues, which results in abnormal cell
metabolism and function [22,23]. According to the etiology of hypoxia, hypoxia can be
classified as hypoxemic hypoxia, anemic hypoxia, stagnant hypoxia, or histotoxic hypoxia.
According to the time of hypoxia, hypoxia can also be divided into chronic hypoxia and
acute hypoxia. Chronic hypoxia includes sustained hypoxia and intermittent hypoxia [24].
Here, we summarise the changes in systemic renin under different hypoxia conditions
(Table 1).

For hypoxemic hypoxia, studies have confirmed that plasma renin activity (PRA) in-
creases after acute hypoxia treatment under different oxygen concentrations. PRA increases
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from 2.3 ± 0.4 ng/mL/h to 4.9 ± 0.8 ng/mL/h after 8% oxygen breathing for 20 min and
increases from 2.8 ± 0.4 ng/mL/h to 8.4 ± 1.8 ng/mL/h after 5% oxygen breathing for
20 min [25]. A 12% oxygen breathing treatment for 20 min in rats increases PRA from
3.08 ± 0.68 ng/mL/h to 8.36 ± 1.8 ng/mL/h [26]. Sustained hypoxia (10% oxygen) leads
to a decrease in renal renin gene expression to 76% of that of a control after two weeks of
treatment and 49% of a control after four weeks of treatment [27,28]. Intermittent hypoxia
is composed of hypoxia–normoxia cycles. Hypoxia–normoxia cycles are controlled by indi-
vidually ventilated cages, which can rapidly change the fraction of inspired oxygen (FiO2)
in seconds [29]. In Fletcher’s research, the hypoxia–normoxia cycle was 2 min per cycle and
the lowest FiO2 level reached 2% or 3%. After 35 days of intermittent hypoxia treatment,
PRA increased about fourfold compared with the control group [30]. Saxena’s team set a
longer intermittent hypoxia cycle of 6 min and the lowest FiO2 level was 10%. The PRA
also increased after 1 day and 7 days of intermittent hypoxia treatment [31]. In summary,
acute hypoxemic hypoxia or intermittent hypoxemic hypoxia both induce an increase in
renin activity but sustained hypoxemic hypoxia negatively regulates renin activity.

Obstructive sleep apnea (OSA) is a common type of intermittent hypoxemic hypoxia
in clinics that is characterized by recurrent episodes of oxygen desaturation and reoxy-
genation [32]. A meta-analysis conducted on 13 studies found that elevated aldosterone
levels were observed in OSA patients with hypertension compared to normotensive OSA
patients. Hypertensive disorders are strongly linked with an overactive RAS because the
activation of RAS can regulate the body’s hemodynamic equilibrium, circulating volume,
and electrolyte balance. The activation of RAS has been implicated in playing a patho-
physiological role in the relationship between OSA and hypertension, particularly resistant
hypertension [33].

Another special type of hypoxemic hypoxia occurs at high altitudes. With increasing
altitude, the partial pressure of oxygen in the ambient air decreases. Humans ascending
to high altitudes inhale fewer oxygen molecules per breath [34]. The effect on plasma
renin activity depends on the time spent at high altitudes. Two studies have moved the
objects of observation from sea level to high altitudes and have tested the change in renin at
different time points. A short time at high altitudes causes a decrease in RAS, which seems
to be protective against plasma Ang II and could lead to vasoconstriction and sodium
retention. After a prolonged stay at high altitudes, plasma renin activity increases but
remains reduced compared to at sea level. The different change in renin at high altitudes
compared to classical hypoxemic hypoxia may be related to complex modifications in
systemic vascular dysfunction. In addition to the exposure to hypoxia, high altitudes cause
a significant increase in aortic stiffness, blood pressure, heart rate, and cardiac output. RAS
is not to be the determining factor for vascular changes because the inhibition of RAS did
not show any difference in parameters reflecting the viscoelastic properties of large arteries
at high altitudes [35,36]. Both hypoxia and systemic vascular dysfunction can influence a
change in RAS, which may be the reason for a different change in renin at high altitudes
compared to classical hypoxia. Another study compared high-altitude natives and sea-level
natives. It found that the level of PRA was higher in high-altitude natives compared with
sea-level natives [37]. In this study design, the higher PRA may be influenced by hypoxia
but is also affected by cardiopulmonary maladaptation, race, diet, and lifestyle.

Erythrocytes are essential for the delivery of oxygen to organs. Anemia causes a
whole-body oxygen shortage, which belongs to anemic hypoxia [38]. Kenichiro Miyauchi’s
team utilized inherited super anemic mutant (ISAM) mice to modulate anemia-related
hypoxia. Under anemic hypoxia, the levels of renin expression increased in the kidneys [39].
Exposure to carbon monoxide is one kind of histotoxic hypoxia. Kramer et al. found
that exposure to carbon monoxide increased PRA approximately three to four times and
boosted renin mRNA levels approximately two times compared to the control group [40].
Stagnant hypoxia is usually accompanied by changes in hemodynamics, which may play
a more dominant role in regulation than hypoxia. Thus, it is hard to evaluate the renin
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changes that are contributed to by the insufficient supply of oxygen under the condition of
stagnant hypoxia.

Table 1. The change in renin under hypoxia.

Change in Renin
Activity/Expression

Reference

Acute hypoxemic hypoxia
20 min Beagle dogs 5 and 8% O2 Increased [25]
20 min SD rats 12% O2 Increased [26]
Chronic sustained hypoxemic hypoxia
2/4 w Wistar rats 10% O2 Decreased [27,28]
Chronic intermit hypoxemic hypoxia
35 d Wistar rats 2–3% O2 2 min/cycle Increased [30]
1 d SD rats 10% O2 6 min/cycle Increased [31]

[31]7 d SD rats 10% O2 6 min/cycle Increased
Special type of hypoxemic hypoxia
Obstructive sleep apnea Increased [33]
High altitude natives
(vs sea level natives) Higher [37]

6 days stay at high altitude
(vs basal at sea level) Decreased [35]

Acute exposure to high altitudes
(vs basal at sea level) Decreased [36]

2 weeks stay at high altitudes
(vs basal at sea level) Decreased [36]

Anemic hypoxia
Inherited super anemic mutant mice Increased [39]
Histotoxic hypoxia
6 h SD rats 0.1% Carbon monoxide Increased [40]

4. Sources of Renin under Hypoxia

This part summarizes two sources of renin expression under hypoxia, including the
activation of JG cells and the recruitment of renin lineage cells (Figure 1).

The activation of JG cells under hypoxia: JG cells store renin in dense core secretory
granules and can become hypergranulated when renin secretion increases [41]. To study
the change in hypoxia on JG cells, Goldfarb first used a hypoxia chamber but found no
changes in the morphology of JG cell granularity under the hypoxia condition of one-half
atmospheric pressure for 12 h [42]. Furthermore, Oliver et al. found that hypoxia-treated
rats exhibited poor intake of food and sodium compared to control rats. Since serum sodium
levels can influence renin secretion, they improved the research design by adding sodium
supplements. In Olivers study, a supplemental injection of sodium chloride was used
daily to avoid the effect of sodium deprivation. The hypoxia condition was constructed
by maintaining an oxygen content of 7% to 8%. Finally, they verified that hypoxia induces
the hypergranulation of JG cells [43]. The in vivo preliminarily experiment revealed that
hypoxia leads to the granularity of JG cells, but the in vitro experiment did not present
similar results. In the primary culture of renal JG cells, hypoxia treatment (1% or 3%
oxygen for 6 or 20 h) did not affect renin activity [40]. The difference between in vivo and
in vitro studies indicates that the link between renin secretion and hypoxia may be indirect,
reflecting the demand for some kind of systemic signaling link. The sympathetic nervous
system may be one of the potential linking mechanisms. Renin secretion is the downstream
effector of the sympathetic nervous system, and afferent nerve signals are required during
the stimulation process. An in vitro culture of JG cells is a state of renal denervation, which
is not regulated by the sympathetic nervous system [44]. Circulating catecholamine may
be another potential medium related to hypoxia and renin secretion. Previous evidence
showed that circulating catecholamines such as noradrenaline and adrenalin are stimulated
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under some hypoxia conditions and catecholamine-induced receptor activation significantly
stimulates both renin secretion and gene expression. Local renal factors, such as the renal
baroreceptor mechanism or the macula densa mechanism, may be a step in the systemic
signaling link, but are not yet clearly understood [45–49].

Re-expression of renin under hypoxia: RPCs and their descendants are the center
of nephrogenesis. With kidney development, RPCs gradually disappear and most of
these RPCs differentiate into renal VSMCs, mesangial cells, interstitial pericytes, and renal
tubular cells. Such renin lineage cells in adults retain their ability to transdifferentiate
into the original state to re-express renin [50]. Renin lineage cells transformed into their
pre-differentiated state to re-express the renin gene is a process known as recruitment [51].

Figure 1. The expression of renin in kidneys under hypoxia. From the embryonic stage, renin
expression is located along vascular and around collecting ducts and proximal tubules. As the
kidneys develop, renin precursor cells gradually disappear and most of them differentiate into
intrinsic renal cells (like pericytes, mesangial cells, and smooth muscle cells). Renin-expressing
tubular cells in the embryonic stage also disappear in the adult period. After kidney development
is complete, only a small number of renin-expressing cells are maintained and are restricted to
the juxtaglomerular (JG) apparatus in adult mammals. The expression of renin increases under
hypoxia, which is observed in both JG cells and other intrinsic renal cells. The descendants of renin
precursor cells can transform into their pre-differentiated states to re-express the renin gene. Also,
renin-expressing tubular cells in the embryonic stage can re-express renin in response to hypoxia.

The recruitment process in renin lineage cells was found in anemic hypoxia. Miyauchi
et al. found that renin activity increases in an anemia model of ISAM mice. As expected,
the expression of renin 1 structural (Ren1) mRNA was consistently detected in JG cells in
both the ISAM mice and the control mice. But, the Ren1 expression in renal interstitial cells
could be detected in ISAM mice, but not in control mice. In situ hybridization analysis
found that interstitial cells with Ren1 positive were fibroblasts with the characteristic of
being positive pericyte markers [39]. It was preliminarily shown that renin-expressing
fibroblasts were transdifferentiated from recruitment pericytes. Unilateral ureteral obstruc-
tion (UUO) is a classic model of chronic obstructive kidney disease, with the characteristic
of tubulointerstitial fibrosis. Tubulointerstitial fibrosis affects oxygen diffusion and supply,
leading to tissue hypoxia [52]. The recruitment process was also found in the UUO model.
RenCreER (Ren1cCreERxRs-tdTomato) transgenic mice were applied to the fate map of
Ren1+ cells in the UUO model, in which Ren1+ progenitors were permanently labeled dur-
ing a period of tamoxifen induction. There was only a marginal increase in Ren1+ cells in
the JG areas. However, the number of Ren1+ cells in interstitial areas increased significantly
from day 7 after UUO. The labeled Ren1+ cells initially co-expressed the pericyte markers
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and appeared around peritubular capillaries. On day 14 post-UUO, the majority of labeled
cells were away from blood vessels and transdifferentiated into myofibroblasts. Ren1+ cells
around interstitial areas in a UUO model possibly participated in vessel remodeling in
the early period and ultimately underwent transitions into myofibroblast-like cells, which
might favor fibrosis rather than repair. Interestingly, the recruitment of Ren1+ cells in UUO
cannot retain renin protein, which was indicated by the fact that renin protein staining was
negative in interstitial areas [53]. Similarly, another study found that recruitment pericytes
in interstitial areas cannot store renin [54]. Renin storage is a crucial part of renin secretion.
Thus, it is currently recognized that recruitment cells can express the renin gene, but is
unknown whether the recruitment cells can lead to renin secretion. Future studies are
needed to give us the answer.

5. Potential Mechanisms Regulating Renin under Hypoxia

Here, we summarized the potential mechanisms for regulating renin expression or
secretion under hypoxia. Notch signaling and nitric oxide (NO) are potential up-regulation
mechanisms, while hypoxia-inducible factors (HIFs) and natriuretic peptides are efforts to
downregulate renin (Figure 2).

Figure 2. Possible mechanism regulating renin expression under hypoxia. Notch signaling is acti-
vated under hypoxia and then the Notch intracellular domain (NICD) translocates into nuclear and
binds with the co-effector recombination signal sequence binding protein J kappa (REBPJ) to form
the transcription complex. The transcription complex has a specific binding sequence and binds
with the promoter of the renin gene, which finally induces renin transcription. Nitric oxide (NO) is
essential to regulate renin secretion. Hypoxia can promote NO production by increasing nitric oxide
synthase (NOS), especially neuronal-type NOS (nNOS), transcription. Increased NO can stimulate
soluble guanylate cyclase (sGC) and increase cyclic guanosine monophosphate (cGMP). Then, cGMP-
mediated inhibition of phosphodiesterase (PDE) 3 prevents cAMP degradation and stimulates renin
secretion. The activation of hypoxia-inducible factor (HIF) signaling is a hypoxia protection mech-
anism. Under normoxic conditions, HIF-α subunits are hydroxylated by the prolyl 4-hydroxylase
domain (PHD) and then degraded by the von Hippel–Lindau tumor suppressor protein (VHL).
Under hypoxia, the hydroxylation of HIF-α byVHL is inhibited and HIF-α/HIF-β heterodimers bind
to the HIF-responsive element (HRE), thereby promoting the transcription of downstream genes. The
activation of HIF signaling in JG cells leads to a reprogramming of cells against hypoxia by increasing
erythropoietin (EPO) secretion and reducing renin secretion. Atrial natriuretic peptide (ANP) is
hypoxia-responsive and has an inhibitory role for renin secretion.its mechanism starts from binding
with the guanylyl cyclase (Gc) receptor, then stimulates the cGMP/PDE2 pathway, and subsequently
degrades the cyclic adenosine monophosphate (cAMP).
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Hypoxia-inducible factors (HIFs) regulating renin expression: HIFs are key tran-
scription factors in the response to hypoxia [55]. HIFs consist of one HIF-α subunit and
one HIF-β subunit. There are three isoforms of the HIF-α subunit (HIF-1α, HIF-2α, and
HIF-3α), among which HIF-1α and HIF-2α are critical in the response to hypoxia [56,57].
Under normoxic conditions, HIF-α subunits are hydroxylated by the prolyl 4-hydroxylase
domain (PHD) and then degraded by the von Hippel–Lindau tumor suppressor protein
(VHL) [58,59]. Under hypoxia, the hydroxylation of HIF-α is inhibited and HIF-α com-
bines with HIF-β to form HIF-α/HIF-β heterodimers. Subsequently, the HIF-α/HIF-β
heterodimers bind to the HIF-responsive element (HRE), thereby promoting the transcrip-
tion of downstream genes [60,61]. Recently, researchers found that HIF-α accumulation
under normoxia leads to a change in hormone expression in JG cells. The deletion of both
PHD2 and PHD3 upregulates HIF-α accumulation, which is accompanied by reduced renin
expression and promoted erythropoietin (EPO) expression in both JG cells and interstitial
cells [54]. Similarly, HIF overexpression induced by PHD inhibitors also increases EPO
levels in peripheral blood [62,63]. Furthermore, Kurt et al. developed a mouse model
involving the specific deletion of VHL in renin-expressing cells. The mouse model shows
downregulated renin activity in the baseline condition. Also, the mice-specific deletion of
VHL also has an attenuated expansion in renin-expressing cells, even under the stimulation
of the RAS (a low-salt diet combined with an ACE inhibitor). The deletion of VHL in
renin-expressing cells activates EPO expression [64].

The switch of hormone expression in JG cells under the HIF signaling activation is as-
sociated with changes in morphological and gene expression profiles. Electron microscopy
reveals that control JG cells have cuboid-like morphological features with an accumulation
of prominent electron-dense renin storage vesicles. However, JG cells with the specific
deletion of VHL have flat and elongated morphological features with no classical electron-
dense granules. Additionally, gene expression profiles show a loss of typical markers of
renin cells and an increase in fibroblast markers in pVHL-deficient JG cells [65,66]. Till now,
both pharmaceutical-treated mice and transgenic mice with HIF-α accumulation under
normoxia have shown increased expression of EPO and decreased expression of renin
under normoxia. Such changes in renin-expressing cells help alleviate hypoxia because
increased EPO expression may enhance oxygen delivery and decreased renin expression
can lead to vasorelaxation. This change is in accordance with the protective role of HIFs
in hypoxia.

Potential role of Notch signaling in renin expression: The Notch signaling pathway
is critical for normal cell proliferation and differentiation. It is composed of receptors,
ligands, and the final common effector. The binding of the Notch ligand to its cellular
receptor causes the latter to cleave and release the Notch intracellular domain (NICD),
which is subsequently translocated into the nucleus. In the nucleus, the NICD binds to the
transcription factor recombination signal sequence binding protein J kappa (RBPJ), and
then RBPJ as a transcription factor induces downstream gene transcription [67,68].

We supposed a potential link between Notch and renin expression under hypoxia
by reviewing previous studies. Firstly, the link between Notch signaling and hypoxia
has been reported. Notch signaling is activated under hypoxia, which is supported by
the increased expression of NICD and the downstream gene of Notch signaling under
hypoxia [69]. In addition, the promotion role of Notch signaling in renin expression
has also been reported. The deletion of RBPJ in renin lineage cells reveals a significant
decrease in the number of renin-positive cells [70]. Also, the expression of two crucial genes
that indicate the endocrine phenotype of JG cells, Ren1 and aldo-keto reductase family
1, and member B7 (Akr1b7), substantially diminishes after RBPJ deletion [71]. Further,
renin gene transcription can be promoted by Notch signaling. As revealed by chromatin
immunoprecipitation, the final common effector of Notch signaling RBPJ can bind with
the promoter of the renin gene [72]. Furthermore, the mutation of four core nucleotides at
the RBPJ binding site of the renin promoter is sufficient to suppress renin expression [71].
Through the above review, an indirect link between Notch signaling and renin expression
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under hypoxia has been revealed. We indicate that Notch signaling is activated under
hypoxia; then, NICD/RBPJ forms the transcription complex and binds with the promoter
of the renin gene, which finally induces renin transcription. Jagged1 is one of the five cell
surface ligands of the Notch signaling pathway. The classic Jagged1-Notch interaction
provokes a cascade of proteolytic cleavages, which transport the NICD into the nucleus [73].
However, the specifically conditional deletion of Jagged1 within renin-expressing cells
does not result in downregulated renin expression in JG cells [74]. This indicates that
renin transcription regulated by Notch signaling is not dependent on the ligand of Jagged1.
Which ligands participate in this process needs to be further studied.

The potential role of NO in promoting renin secretion: NO is a short-lived, endoge-
nously produced signaling molecule that plays multiple roles in mammalian physiology.
NO is formed from its precursor l-arginine by a family of nitric oxide synthase (NOS),
which has three identified isoforms: neuronal type NOS (nNOS), endothelial type NOS
(eNOS), and inducible type NOS (iNOS). Different isoforms are expressed depending on
the organs, tissues, and cells [75,76].

The role of NO in renin secretion under hypoxia is not clear, but a potential link
between NO and renin expression under hypoxia is revealed by reviewing previous studies.
In theory, NO can participate in both inhibitory and stimulatory pathways of renin secretion.
NO can stimulate soluble guanylate cyclase (sGC) and increase cyclic guanosine monophos-
phate (cGMP). Then, cGMP-mediated protein kinase (PKG II) and phosphodiesterase (PDE)
2 are involved in the inhibition of renin secretion, whereas the cGMP-mediated inhibition of
PDE3 prevents cyclic adenosine monophosphate (cAMP) degradation and stimulates renin
secretion. Thus, NO can have dual effects on renin release. The controversial regulation
ability of NO on renin secretion could be partly explained by different sources of NO.
Increased NO from eNOS activation is always accompanied by elevated renal perfusion
and shear stress, which is probably involved in the inhibition of renin release by the ac-
tivation of PKG II. Another source of NO for JG cells is nNOS, which isinvolved in the
activation of renin secretion by inhibiting PDE3 activity [77]. However, current research
data have established that the overall effect of NO on renin secretion is stimulatory [14]. The
increase in renin secretion observed in response to a low salt concentration was markedly
attenuated in the presence of the nonspecific NOS inhibitor (NG-nitro-l-arginine). Similar
results were obtained in vivo, where increased renin secretion in response to loop diuretics
was attenuated by concomitant NOS inhibition. The availability of NO is also required for
the recruitment of renin-expressing cells, in particular, for the recruitment of preglomerular
VSMCs [78]. The promotion of NO on renin may be related to the source of NO under
hypoxia. eNOS, nNOS, and eNOS all contribute to NO under hypoxia, but nNOS is the
main source of NO under hypoxia [79]. NO derived from nNOS can stimulate cGMP, which
further mediates the activation of renin secretion by inhibiting PDE3 activity [77].

Hydrogen sulfide (H2S) is an endogenously produced gas with known antioxidant and
neuroprotective properties. H2S has a complex interaction with NO, which can upregulate
eNOS expression, increase NO bioavailability by reducing oxidative stress, and enhance
downstream NO signaling by inhibiting PDE5A activity [80]. Like NO, enhanced H2S
production has been proposed as a universal response to hypoxic stress. The increase in
H2S has an inhibitory role in the pathological signaling of RAS. H2S has been reported
to downregulate cAMP by inhibiting adenylate cyclase activity, thereby regulating renin
release [81–83].

Natriuretic peptides: Natriuretic peptides are hormones secreted from the heart to
promote Na+ excretion in the kidneys. Currently, there are three known peptides in the
natriuretic peptides family: atrial natriuretic peptide (ANP), B-type natriuretic peptide
(BNP), and C-type natriuretic peptide (CNP) [84]. ANP is hypoxia-responsive and its
circulating levels are increased by decreased clearance due to downregulation of the
natriuretic peptide receptor-C in hypoxia [85]. The increased ANP has an inhibition role
for renin secretion in JG cells. The inhibition role of ANP on renin may be related to an
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increase in cGMP [86]. Further, it was shown that the inhibitory effects of ANP on renin are
mediated by the cGMP/PDE2 pathway, which promotes cAMP degradation [87].

6. Renin in Renal Local RASs under Hypoxia

In the classical definition, RAS is a peptidergic system with endocrine characteristics.
Current results have changed our view of RASs and introduced the concept of “local” or
“tissue” RASs. For inter-renal RASs, the observation of renin was reported in collecting
ducts, proximal tubules and the bowman capsule. The inter-renal RAS also has a complex
interaction with systemic RASs. Ang II produced in systemic RASs acts in a feed-forward
manner to stimulate local renin synthesis. Furthermore, some components of local RASs,
such as renin or angiotensinogen, may be taken up from the systemic RAS in circulation.
Such local RASs and their interaction with the systemic RAS make the story of RAS
complex [5].

Hypoxia occurs commonly in chronic kidney diseases because tubulointerstitial fibro-
sis impairs oxygen diffusion and supply [88]. The activation of the intrarenal RAS in the
CKD model has been evaluated by immunoreactivities for Ang II in the tubulointerstitial
area. The activation score of interstitial Ang II correlated with plasma creatinine concentra-
tion, glomerulosclerosis, fibrosis, and cell infiltration in interstitial inflammation [89]. UUO,
characterized by tubulointerstitial fibrosis, showed increases in renal renin content, ACE
activity, and Ang II concentration on the first day after surgery. Angiotensin II receptor
antagonists ameliorate renal tubulointerstitial fibrosis caused by UUO, which suggests a
pathogenic role of the intrarenal RAS in renal fibrosis [90,91]. NO also has a regulatory role
in the local RAS, but the regulation is complicated. Curnow’s team found that different lev-
els of NO bioavailability have different regulation roles in renin synthesis in the collecting
duct: low NO bioavailability enhances the synthesis and secretion of renin in collecting
duct; high level of NO promotes the accumulation of renin intracellularly, but does not
increase renin secretion in collecting duct [92].

7. Future Prospects

In recent years, our understanding of the physiological and pathological activity of
renin under hypoxia has gradually deepened. The results obtained from several related
studies have shed light on questions regarding the change in renin under hypoxia. Both
systemic and local renin show an increase in most hypoxia conditions. The increase in
renin expression under hypoxia comes from the activation of JG cells and the recruitment
of renin lineage cells. The possible regulation mechanisms of renin activity under hypoxia
include HIF signaling, Notch signaling, NO, and natriuretic peptides.

However, some questions remain unanswered. For example, renin expression, but
not renin secretion, was reported in recruitment cells. A recent study also found that
the re-expression of renin in recruitment cells cannot store renin. Thus, whether the re-
expression of renin in recruitment cells is accompanied by renin secretion is still unknown.
In addition, Notch signaling and NO-induced renin secretion under hypoxia are two
potential mechanisms that may explain the increased activity of renin under hypoxia. We
reviewed relevant articles and highlighted possible links, but no study directly confirms
the role of Notch signaling and NO in renin secretion under hypoxia. Another problem is
that evidence of decreased renin activity regulated by HIF signaling comes mainly from the
HIF overexpression model under normoxia but not hypoxia. The question of whether HIF
overexpression in normoxia can explain the change in renin activity in hypoxia remains
to be further verified. Prorenin was previously considered to be the inactive precursor
of renin, but recent findings show that prorenin has a more complex regulation on RAS
via prorenin receptors. Related research about prorenin under hypoxia is still rare and
studies in this field should be carried out in the future. This review focused on the change
in kidney renin but did not cover the downstream of renin, like aldosterone or Ang-(1–7),
because the downstream signaling of renin is complicated. For one thing, RAS is not
limited to the classical axis. For another, the classical downstream aldosterone also has
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a renin-independent activation pathway. Current studies cannot tell us the full map of
RAS under hypoxia. Thus, we expect future studies to provide us with the answers to
these questions.
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Abstract: Nitric oxide (NO), a signaling molecule, regulates multiple biological functions, including
a variety of physiological and pathological processes. In this regard, NO participates in cutaneous
inflammations, modulation of mitochondrial functions, vascular diseases, COVID-19, neurologic
diseases, and obesity. It also mediates changes in the skeletal muscle function. Chronic granuloma-
tous disease (CGD) is a primary immunodeficiency disorder characterized by the malfunction of
phagocytes caused by mutations in some of the genes encoding subunits of the superoxide-generating
phagocyte NADPH (NOX). The literature consulted shows that there is a relationship between the
production of NO and the NADPH oxidase system, which regulates the persistence of NO in the
medium. Nevertheless, the underlying mechanisms of the effects of NO on CGD remain unknown. In
this paper, we briefly review the regulatory role of NO in CGD and its potential underlying mechanisms.

Keywords: nitric oxide; disease; chronic granulomatous disease

1. Introduction

Nitric oxide (NO) is an endogenous gaseous signaling molecule produced by Nitric
Oxide Synthase (NOS) through the oxidation of L-arginine [1], which is highly active and
mediates many physiological processes. Due to its chemical characteristic, NO diffuses
freely across cell membranes, interacts with intracellular targets to activate signal transduc-
tion pathways, and plays different roles in biological systems [2], including vasodilation
and signal transmission in neurons [3]. NO can also activate cellular and humoral immunity
and has antibacterial properties. Additionally, it activates the proliferation of keratinocytes,
the antioxidant system, and the proliferation and synthetic activity of fibroblasts [3].

Three isozymes of nitric oxide synthase (NOS) have been widely studied: endothelial
nitric oxide synthase (eNOS), neuronal nitric oxide synthase (nNOS), and inducible nitric
oxide synthase (iNOS) [4]. eNOS is mostly found in endothelial cells and is in charge
of keeping the tone of the blood vessels. Numerous cell types, including neurons, heart
muscle, and endothelial cells, contain its three primary isoforms. iNOS is typically located
in macrophages [5] and can produce toxic amounts of NO, representing an important
component in the antimicrobial, antiparasitic, and antineoplasic activity of these cells [4].

NO is a promiscuous signaling molecule with active participation in health and disease.
In this regard, its critical role in the modulation of inflammatory circuits in cutaneous

tissue [6], the regulation of mitochondrial O2 consumption [7], the mediation of vascular
relaxation through the second messenger cyclic guanosine monophosphate [1], and the
adjustment of skeletal muscle contractile function have been demonstrated [8]. During
SARS-CoV-2 infection, NO has played a protective role through four mechanisms: reg-
ulating blood flow, initiating anti-inflammatory responses, promoting anti-coagulation
effects, and exerting antiviral properties [9]. Further, iNOS-derived NO can induce insulin
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resistance and glucose intolerance [10]. It is a well-known neuromodulator agent that
participates in fear-like behavior [2], major depression pathogenesis [11], and memory
consolidation processes exerting a context-dependent dual role [12,13]. On the other hand,
NO is generated by almost all myocardial cell types and controls cardiac function through
both vascular-dependent and -independent mechanisms [14]. It has been seen that the
amount of NO in coronary heart disease is decreased [15] and that this could be due to
a lower bioavailability of L-arginine [16]. In fact, there are therapies that restore optimal
levels of NO to prevent heart failure [17].

Chronic granulomatous disease (CGD) is a hereditary illness in which phagocytic
leukocytes fail to produce reactive oxygen species (ROS), such as superoxide anion (O2

−)
and antimicrobial oxidants. Catalase positive bacteria cause recurring infections in CGD
patients [18]. It has been suggested that the CGD and NO are linked. In this regard, Tsuji
et al. (2012) showed that polymorphonuclear neutrophils (PMNs) from CGD patients
increase nitric oxide after phagocytes stimulation [18]. In this review, we focus on the
current evidence that shows the intervention of NO in the physiopathology of CGD.

2. Chronic Granulomatous Disease (CGD) and NADPH Oxidase (NOX)

Chronic granulomatous disease is a primary immunodeficiency (PID) which affects 1
in 120,000–250,000 live births [19]. Patients with CGD present recurrent clinical manifes-
tations [20] (Table 1). CGD is characterized by a defect in the bactericidal and fungicidal
activity of phagocytes due to mutations in the enzyme complex nicotinamide adenine
dinucleotide phosphate (NADPH) oxidase (NOX). This is an oxidase machinery that takes
electrons from NADPH in the cytoplasm, generated by the hexose monophosphates hunt,
and transfers them onto oxygen in the vacuole to produce O2

− [21] (Figure 1). The catalytic
component of the phagocyte NADPH oxidase has six human homologs: NOX1, NOX3,
NOX4, NOX5, DUOX1, and DUOX2. The homologs are collectively referred to as the
NOX family of NADPH oxidases, together with the NOX2/gp91phox component found in
the phagocyte NADPH oxidase assembly. NOX is a multidomain complex that requires
different protein combinations for assembly in order to function [22].

Table 1. Clinical manifestations of CGD.

Cutaneous
Manifestations

Gastrointestinal
Manifestations

Autoimmune
Manifestations

Infections
Ophthalmic

Manifestations

Photosensitive malar rash
Discoid lupus
erythematosus

Recurrent aphthous
Seborrheic dermatitis

Infections
Abscesses

recurring on skin

Colitis/Diarrhea
Inflammatory bowel disease

Stomatitis
Autoimmune

hepatitis
Granulomatous

enteritis
Recurrent liver

infections
Liver abscess

Lupus,
Lupus-like
síndrome
Arthritis

Oral ulcers
Raynaud’s

phenomenon
IgA nephropathy

Staphylococcus
aureus

Aspergillus
fumigatus,
Nocardia

Burkholderia
cepacia
Serratia

marcescens

Chorioretinitis
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Figure 1. The NADPH oxidase (NOX) activation complex in the cytoplasmic membrane of a phago-
cyte is depicted in a schematic form. (A) The oxidase complex is inactive in the absence of stimuli,
with gp91phox and p22phox attached to cell membranes and p67phox, p47phox, and p40phox in the
cytosol. (B) The cytosolic p47phox subunit is phosphorylated in response to inflammatory stimuli,
which activates NADPH oxidase and causes the assembly of all cytosolic components (p67phox,
p40phox) to p22phox/gp91phox. Rac is also bound in conjunction with this. The active enzymatic
complex moves electrons from the cytosol to phagosome lumen, where oxygen (O2) is changed into
superoxide anion and then hydrogen peroxide (H2O2).

3. Innate Immunity

The immune system has been traditionally classified into two categories: the adaptive
immune system and the innate immune system [23]. Innate immunity consists of a series of
physical, chemical, and anatomical barriers [24] that act as the first line of defense against all
types of infectious agents, including extra [25] and intracellular [26] bacteria, viruses [27],
fungi [28], protozoa [29], and helminths [30].

While adaptive immunity consists of two basic cell types, B lymphocytes and T
lymphocytes, innate immunity has a more diverse cellular composition. In this regard, the
innate immune system presents both hematopoietic and non-hematopoietic cells within
the tissue barriers [31,32]. Innate hematopoietic cells are becoming important in health and
disease [33]. There are several studies on innate immune cells of the myeloid lineage, being
the most representative cells the neutrophils, eosinophils, basophils, mast, monocytes,
macrophages, and dendritic cells [34].

The cellular components of innate immunity have a series of extra and intracellular
molecules that allow an initial recognition of the pathogen [35]. In addition, they have a
series of microstatic and microbicidal effector mechanisms to contain the infection dur-
ing the first hours and days, thus triggering specific immune responses [33]. Therefore,
innate immunity presents a series of humoral and cellular effector mechanisms. Humoral
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mechanisms include activation of the complement, coagulation cascade, lactoferrin secre-
tion, and defensins [36]. Regarding cell-based effector mechanisms, phagocytosis together
with cell-mediated cytotoxicity are predominant. Phagocytes are cells capable of perform
phagocytosis, which sense a series of events triggered by the presence of molecular pat-
terns associated with pathogens and/or molecular patterns associated with damage. The
sequence of events includes migration, adhesion, diapedesis, and phagocytosis [36]. It is
now acknowledged that phagocytosis is a cellular process that is not only involved in the
immune response against pathogens but also in the preservation of homeostasis since it
participates in the clearance of cell debris [37]. It is a highly regulated process favored by
ligand-receptor recognition processes with subsequent engulfment of particles within the
so-called phagosome [38]. The phagosome undergoes a series of maturation processes and
drastic biochemical changes known as respiratory burst.

It is now recognized that innate immunity is not only a mere effector of adaptive
immunity but also contributes to the optimization and course of the immune response by
providing the appropriate cytokine microenvironment for the differentiation of T lympho-
cytes into a specific phenotype [39]. Cytokine networks established by innate immunity play
a central role in the pathogenesis of various diseases with immunopathological bases [40].
The effectors and regulatory functions of innate immunity in immunodeficiency have also
been studied. The condition known as CGD serves as a typical example (Primary Immun-
odeficiency) [41] which presents susceptibility to recurrent infections and the development
of autoimmunity [42].

4. Immunomodulatory Properties of NO

NO has a variety of functions in immunity, including its role as immunoregulator,
apoptosis modulator, and as toxic agent against infectious organisms. [43]. In this context,
iNOS is the most relevant source of immunomodulatory NO, and its expression is upregu-
lated through multiple proinflammatory signals [44,45] via NF-kB as a master inflammation
regulator [46,47]. Despite their minor role, eNOS and nNOS may be important sources
of NO at inflammation sites [48], and their expression is mediated by Ca2+ in response to
multiple ligands [49].

Today, the microbicidal capacity of NO is well known [50,51] and many pathogens
have developed immune response evasion mechanisms based on the inhibition of NO gen-
eration [52]. Thus, therapies based on NO-releasing agents are currently being developed
to treat aggressive infections in humans [53].

In addition to its classic cytotoxic effects, NO plays a crucial role in the immune re-
sponse regulation, establishing a link between innate immunity and adaptive immunity [54].
Experiments using iNOS-deficient mice showed that NO regulates adaptive immunity by
restricting T cell proliferation, attenuating IFN-γ production, and differentiation to a Th1
phenotype [55], thus postulating NO as a self-regulation mediator [56]. Furthermore, NO
is a potent immunoregulator in other T cell lineages, such as Th17 cells [57] and CD8(+) T
cells [58]. Recently, the ability of NO to shape innate immune cell metabolic programs has
been documented [59,60].

5. Relationship between NO and NADPH Oxidase

Both NOS and ROS species, generated by the concerted action of iNOS and NADPH
oxidase, are known to play complementary roles in disease, such as progression of tumor
growth [61,62], maintenance of intestinal bacterial homeostasis [63], microglial toxicity [64],
or control of infections by opportunistic pathogens [65]. Furthermore, it has been shown
that not only NO acts as a signaling molecule but that ROS- derived from NADPH oxidase-
also has a regulatory function with associated signaling pathways [66,67]. It has been
suggested that NADPH oxidase presents a higher hierarchy in the signaling of inflammatory
circuits and that it controls the production of NO by modulating the expression of iNOS [67–70].
However, it has also been reported that iNOS activity is capable of regulating the function
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of the NADPH oxidase complex [71,72]. It seems that both enzymes influence each other,
becoming more relevant depending on the context.

Given the demonstrated protective and regulatory role of NADPH oxidase [73–75],
it is expected that patients with CGD present a complex series of immunopathological
mechanisms besides immune deficiency. Patients with CGD showed an imbalance in their
redox state with an increase in antioxidant activity, depletion of antioxidant metabolite
levels, and higher lipoperoxidation scores together with a higher proportion of protein and
nucleic acid oxidation products [76].

It has been largely reported that CGD patients can produce NO, so the activity of NOS
isoforms is not completely dependent on the presence and activity of NADPH oxidase [77].
Thus, it has been shown that the NADPH oxidase system regulates the persistence of
NO in the medium upon consumption, being the main enzymatic complex of phagocytes
capable of regulating NO levels [78]. These findings suggest that CGD patients could
present higher basal levels of NO or at least present problems in the regulation of its activity.
Consistent with this, a spontaneous increase in NO production has been reported in in vitro
cell models of CGD patients used as a negative control [79].

6. Impact of NO in the Pathophysiology of CGD

6.1. Susceptibility to Bacterial and Fungal Infections

CGD manifests with recurrent bacterial and fungal infections that can appear from
infancy to adulthood. Males have been reported to be the most affected. The typical
organs suffering from infections are the lungs, lymph nodes, skin, bones, and liver. In
countries where the bacillus Calmette–Guerin (BCG) vaccine is routinely applied, the
initial manifestation of CGD may be local or regional becegeitis [20]. Patients with CGD
present a greater susceptibility to pyogenic and granulomatous infections, with a myriad of
pathogens as possible causal agents [80]. In addition, the greater susceptibility to infections
can not only be explained by the deficiency in the formation of ROS but particularly the
neutrophils of patients with CGD present defects in the generation of NETs [21].

6.2. Granuloma Formation

CGD is a disease with the frequent formation of microscopic structures called gran-
ulomas. They are characterized by a predominance of macrophages transformed into
epithelioid cells. Immune granulomas occur as a consequence of the development of an
adaptive immune response, in which cellular immunity participates with the activation
of TCD4+ Th1 lymphocytes (delayed hypersensitivity or type IV), which is induced in
response to the presence of life-threatening intracellular pathogens [81]. Previous studies
have found that granulomas derived from glycoantigens (e.g., Staphylococcus aureus capsule
antigens) present in murine models of CGD are generated in a NO-dependent manner
from dendritic cells. Interestingly, mice with CGD respond excessively to the presence of
glycoantigens, generating granulomas via activation and proliferation of CD4+ T lympho-
cytes. This is because the overactivity of NO in dendritic cells facilitates the processing of
glycoantigens by inducing deamination-depolymerization processes and their subsequent
presentation under an MHC-II context (HLA-DM) [82]. On the other hand, it has been
determined that dendritic cells from CGD patients fail to alkalinize their phagosomes
and present problems in the cross-presentation of antigens due to excessive protein degra-
dation [83]. Treatment of murine CGD models with 1400W, an iNOS inhibitor, not only
attenuates NO production but also reduces the size and number of glycoantigen-induced
granulomas in such models [82].

6.3. Chronic Inflammation

Several studies using three different murine models of CGD have elucidated that NOX-
2 deficient mononuclear phagocytes are responsible for the hyperinflammation present in
the disease. In addition, IL-1β has been shown to be the main pro-inflammatory cytokine
released by these cells, and thus IL-1β antagonists could be used as anti-inflammatories
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in CGD patients [84]. The presence of high levels of IL-1β in patients with CGD implies
the existence of factors that trigger the formation of the inflammasome required for the
maturation and secretion of numerous proinflammatory cytokines, including IL-1β. ROS
generation during the respiratory burst is one of the conventional signals required for
inflammasome assembly, such as the NALP-3-like inflammasome. However, patients and
murine models deficient in NADPH oxidase show activation of caspase-1 and secretion
of IL-1β against inflammatory stimuli, indicating that a functional phagocyte oxidase is
not essential in the inflammatory response of monocytes derived from CGD patients [85].
This implies that there could be other species generated during the respiratory burst that
compensate or replace ROS in the assembly of the inflammasome. However, NO does not
seem to be it, since previous studies have shown its inhibitory nature on the formation
and function of the NALP-3 type inflammasome [86]. It is known that the activation of
the autophagosomal pathway limits the activity of the inflammasome by ubiquitination
and subsequent degradation [87]. Failure of the autophagy pathway to stop inflammasome
activity has been suggested to be an essential component of diseases with chronic inflam-
mation [88]. CGD is a disease with a significant prevalence of chronic inflammation with
aberrant activity of the inflammasome and, paradoxically, with unbalanced NO production.
As part of its numerous regulatory functions, NO can inhibit autophagosome formation
and activity [89]. In this regard, the inhibitory effect of autophagy mediated by NO could
predominate over its inhibitory effect on inflammasome activity, resulting in the generation
of IL-1β, but studies are required.

6.4. Neurological Symptoms

Although neurological symptoms are not very frequent in CGD patients [90], neuro-
logical lesions such as demyelinating lesions, infiltrations of pigmented macrophages [91],
vasculitis, hemorrhages, and infarcts in different neuronal structures [92] have been re-
ported. Although it is recognized that inhibition of NADPH oxidase activity is involved
in neuroprotective effects [72], it has also been acknowledged that it has a physiological
role as a source of neuronal superoxide anion in response to the activation of the NMDA
receptor (NMDAR), a glutamate receptor involved in processes of synaptic plasticity, learn-
ing, developmental plasticity, and neuronal death [93]. In a retrospective study of 26 CGD
patients, 23% were found to have an IQ of 70 or less, indicating cognitive deficits [94].
In line with this, it has been shown that a NADPH oxidase deficiency is related to mild
impairments in hippocampus-dependent memory, spatial memory deficit, and impaired
context-dependent fear memory in murine CGD models [95].

It is well known that the activation of NMDARs induces the production of NO in
the brain [96]. Thus, NO acts as a mediator of glutamate activator of the NMDARs in
several nervous circuits, regulating processes such as hearing [97] and angiogenesis [98].
Interestingly, an absence of NADPH oxidase expression in different nerve centers as well as
different degrees of impaired cognitive performance has been observed in nNOS-deficient
mice [99], showing a relationship between both enzymes in cognitive processes. As has
been proved, NO presents a well-established role as a vital mediator in the consolidation
of memory and learning [100]. However, it has been reported that the inhibition of NO
production has protective effects against memory and learning loss in specific pathological
processes [13,101]. Even so, the benefits of the inhibition of NO production in memory
processes and synaptic plasticity are due to the specific labeling of microglial or astrocyticic
NOS [102]. Instead, the documented benefits of NO in cognition, learning, memory, and
neurodevelopment appear to be mediated by neuronal nNOS in response to glutamate in
long-term potentiation processes [103]. In addition, the correlation between nNOS activity
and NMDAR activation is maintained in pathological processes such as Calcium-mediated
excitotoxicity [72,104]. In the same process, it has been observed that NADPH oxidase
inhibition prevents neuronal death and attenuates excitotoxic effects, suggesting a synergy
in the activity of nNOS and NADPH oxidase [105,106]. However, more studies are required
to explore the hierarchical relationship between both enzymes on the signaling pathways
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derived from the activation of NMDARs and its consequence in the synaptic plasticity of
CGD patients.

6.5. Mechanisms of Hypersensitivity in Respiratory and Gastrointestinal Symptoms

Together with the susceptibility to the formation of granulomas present in CGD pa-
tients, through type IV hypersensitivity mechanisms, other clinical outcomes have been
reported in these patients as a consequence of abnormalities in their immune system func-
tions. A relationship has been found between hypersensitivity pneumonitis (HP) as an
initial manifestation of CGD, especially in children [107–109]. The classification of HP
as an interstitial lung disease describes it as an intricate immunological response of the
lung parenchyma to repeated inhalation of a sensitized allergen. HP causes a combination
of type-III and type-IV hypersensitivity reactions in the lung parenchyma. After initial
sensitization, the offending antigen or chemical first induces a type III (immune complex-
mediated) hypersensitive reaction. As long as the antigen is present, the reaction becomes
a delayed (type IV) hypersensitivity reaction [110]. Interestingly, Shirai et al. (2010) de-
scribed a 57-year-old male patient with HP, who presented alveolar NO concentration
increased [111]. In addition, excessive NO production by alveolar macrophages plays
a predominant role in lung damage due to oxidative stress in this disease [112]. Simi-
larly, iNOS-derived NO plays an active role in the inflammatory processes of Crohn’s
disease [113] and inflammatory bowel disease [114] both clinical presentations found in
CGD [115,116].

6.6. Autoimmune Diseases

It is known that immunodeficiencies are related to autoimmune diseases in situations
where deregulated immune responses against certain pathogens [117] occur. It has been
reported that both autoimmune diseases and complications derived from an intense in-
flammatory state are more frequent in patients with CGD than in the rest of the population.
In this regard, some findings suggest that the NADPH oxidase enzyme could be playing
a critical role in the regulation of the adaptive immune response [117,118]. Thus, autoim-
mune diseases associated with CGD include discoid lupus, systemic lupus erythematosus,
rheumatoid arthritis, idiopathic thrombocytopenic purpura [117], dermatomyositis, sacroili-
itis, and autoimmune hepatitis [119], and the relationship between ROS and regulatory T
responses is well known. Likewise, there is evidence suggesting a link between the ROS
production and the induction of regulatory T (Treg) cells [120]. In this regard, Kraaij et al.
(2010) showed that Treg cells can be induced by macrophages through a ROS-dependent
mechanism [121]. Considering that Treg cells play a crucial role in the regulation of autoim-
mune responses [122] and that deficiency in ROS production is the hallmark of CGD, it is
suggested that autoimmune diseases linked to CGD could be related, at least in part, to
a decreased regulatory immune response associated with Treg cells. On the other hand,
it is known that for the induction of Treg cells, interaction with an Antigen Presenting
Cell (APC) is required [122]. Therefore, an impaired response of APC (macrophages and
DCs) could be involved not only in the abnormal development of regulatory responses
but also in the hyperinflammation state observed in both, CGD patients and animal mod-
els. However, the mechanisms by which the absence of ROS induces this failure in APC
functions are still unclear. Additionally, results highlight the important role DCs play in
inducing the CGD hyperinflammatory state, which could contribute to the development of
autoimmunity. In this regard, Defert et al. (2012) demonstrated in CGD animal models that
NOX2-deficient mice respond to intradermal injection with β-glucans showing high levels
of proinflammatory cytokines (TNFα, IL-6, and IL1β) in the skin lesions. These cytokines
were mainly secreted by macrophages and DCs [84]. It is known that DCs are critical
actors in immune response, both, regulating the delicate balance between inflammation
and tolerance and acting as linkers between innate and adaptive immunity [123–125]. Thus,
there is a particular subset of NO and TNFα producing DCs (CD11b+ CD11cint-TIP DCs)
which are derived from Ly6CHi monocytes and migrate to inflamed tissues [126,127]. On
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the other hand, Si et al. (2016) showed that DCs-derived NO controls the balance between
the differentiation of effectors DCs and regulatory DCs. Thus, these authors reported that
mice deficient in the NO-producing enzyme (iNOS) have an increased number of effectors
DCs (IL-12, TNFα, and IL-6 producing), but a normal number of regulatory DCs (IL-10
producing) [123]. Therefore, NO would be acting as an inhibitor agent in the differentiation
of effectors DCs. In this regard, the suppressive activity on NFκB pathways and inflam-
masome activation demonstrated that this molecule may contribute, at least in part, to the
observed effects on DC differentiation [123]. These results demonstrate that DCs through
NO plays a central role in the regulation of the immune response and in the avoidance of
hyperinflammation states observed in CGD.

It is known that when apoptotic neutrophils cannot be phagocytosed by macrophages
in an infectious focus, they can suffer necrosis and release their content into the environment,
causing more inflammation and favoring autoimmunity [128]. Macrophages can recognize
apoptotic neutrophils through the lipid phosphatidylserine (PS) and regulate the immune
response by secreting TGFβ to control inflammation. There is evidence suggesting that
ROS can induce apoptosis in neutrophils [129] and that both patients and mice with CGD
have decreased/delayed exposure to PS. Therefore, it is hypothesized that the failed intake
of apoptotic bodies present in granulomas could contribute to immunization with self-
antigens and the development of autoimmunity [128,129].

Cahact et al. (2018) showed that both patients and mice with CGD present an alteration
in the proportion of IgG isotypes, which was associated with an increased production of
IFNγ and interpreted as a possible cause of the higher IgG2c production observed in B
cells [130]. On the other hand, there are results showing that the defect in the NADPH
oxidase enzyme could alter the repertoire of peptides presented by the MHCII molecule in
B cells. These findings suggest that NADPH oxidase plays a critical role in the development
of autoimmunity in CGD patients [117]. Therefore, the increased cytokines by DC and the
participation of B cells could be the master key in the integration between increased T cell
activation, antibody production, and development of autoimmunity related to CGD.

7. Therapeutic Considerations

Identification of the pathogenic variant(s) in one of the six genes that encode or permit
assembly of the phagocyte NADPH oxidase subunits establishes the diagnosis of CGD.
Pathogenic variants in CYBA, CYBC1, NCF1, NCF2, and NCF4 cause autosomal recessive
CGD; pathogenic variants in CYBB cause X-linked CGD [131]. The phenotypic diagnosis of
CGD is made by using the 1,2,3-dihydrorhodamine (DHR) test which evaluates the func-
tionality of neutrophils by flow cytometry. The optimal therapeutic management of CGD
is based on the antimicrobial prophylaxis, aggressive treatment of infectious and inflam-
matory complications, and in some cases, stem hematopoietic cell transplant [20] (Table 2).
Currently, combination strategies that typically involve prophylactic antibacterial agents,
antifungal agents, and immunomodulation via interferon-gamma (IFN-γ) are used [132]. In
this regard, IFN-γ mediated therapy has been proposed to offer prophylactic benefits [133]
promoting NO production. This, in turn may prevent bacterial-induced inflammation by
depleting inflammasome activity [134]. Although there are discrepancies about whether
or not IFN-γ therapy increases serum NO levels in CGD patients [77], many authors have
found that prolonged IFN-γ treatment enhances the generation of NO through the activity
of TNF-α [135]. It has been proposed that the increase in NO generation during the phago-
cytosis process generated by treatment with IFN-γ or Trimetropin-Sulfomethoxazole (used
to treat bacterial infections) collaborates to achieve a more efficient respiratory burst [79,135]
highlighting the aspect of NO as a molecular aggressor [136]. This role of NO is of particular
importance in the immune response against Mycobacterium tuberculosis [137], one of the
most frequent infectious agents in CGD patients [138]. In addition, IFN-γ treatment has
been shown to enhance clearance of apoptotic bodies through a NO-dependent process in a
CGD model of murine macrophages [128]. However, IFN-γ therapy has certain side effects
such as fever, fatigue, myalgia, rash, erythema, and pain. The cost-benefit balance for the
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therapeutic use of IFN-γ is favorable, especially for patients with the X-linked variant and
with a history of invasive aspergillosis. Despite the benefits, IFN-γ drug therapy does not
prevent granuloma formation and does not appear to improve symptoms of chronic inflam-
mation [139]. On the other hand, working with cells from CGD patients and murine models,
it has been shown that the blockade of the IL-1β receptor restores autophagy and inhibits
the activity of the inflammasome, generating beneficial effects such as the attenuation of
inflammation, resistance to invasive aspergillosis, and improvement of symptoms typical
of colitis [140]. Treatment with Anakinra, an IL-1β antagonist, showed pharmacological
efficacy in the treatment of colitis in CGD patients. Rapamycin, an mTOR inhibitor and
autophagy restorer, is capable of reducing the release of pro-inflammatory cytokines. Thus,
it has been suggested that combination therapy with Anakinra and Rapamycin can be used
to treat the inflammatory complications present in CGD patients [139].

Table 2. Clinical management of CGD.

Manifestations Treatment
Prevention of Primary

Manifestations
Cure Pregnancy Management

New azole drugs for fungal infections.
Long courses of antibacterials.

Abscesses may require percutaneous
drainage or excisional surgery.

Combination of antimicrobials and
corticosteroids for

inflammatory response

Antibacterials and
antifungals combined

with
immunomodulatory

therapy (IFN- ).

Allogeneic
hematopoietic stem
cell transplantation

(HSCT)

Trimethoprim, a folic acid
antagonist, is discontinued

during pregnancy.
Sulfamethoxazole is typically

administered.
Data regarding the

teratogenicity of itraconazole
are limited.

8. Conclusions

Nitric oxide (NO) is a widespread gaseous mediator that acts through the activation
of soluble guanylate cyclase or by inducing nitrosylation on different protein targets. Three
isoforms of Nitric Oxide Synthase are the source of this signaling molecule, which acts
as a neuromodulator, immunomodulatory, and regulator of cardiovascular tone in health
and disease. In an immune context, NO originated by iNOS together with ROS generated
by NADPH oxidase act as molecular aggressors. iNOS and NADPH oxidase have certain
similarities. They are part of the effector mechanisms of phagocytes and both derived
species have regulatory properties that shape the immune response with the transcription
factor NF-kB. Different studies have evaluated whether the NO or the ROS of NADPH
oxidase have a predominant role over the action of the other; however, to date, the results
are inconclusive. Even though the expression of one of the enzymes is not dependent on
the presence of the other, they are subjected to mutual influence. In this regard, in Chronic
Granulomatous Disease (deficient NADPH oxidase), there is an unbalanced production of
NO in response to inducing stimuli, such as IFN-γ. There are few but convincing works
that demonstrate the participation of NO in the pathogenesis of CGD. Thus, the production
of NO in phagocytes compensates for the ROS deficit in CGD patients treated with IFN-
γ, increasing the quality of their respiratory burst and even improving other aspects of
phagocytic function such as the clearance of apoptotic bodies. On the other hand, NO
plays a pathological role in mediating the generation of granulomas in the presence of
ubiquitous microbial components of a polysaccharide nature, one of the hallmark signs
of CGD. In this regard, these patients present a series of less recognized features such as
chronic inflammation, mucosal hypersensitivity reactions, autoimmune manifestations,
and neurological symptoms. Given the pleiotropic effects of NO and its multiple functions,
together with the critical regulatory functions of NADPH oxidase, it is likely that an
unbalanced activity between both enzymes and their products plays a predominant role in
the pathophysiology of these less conventional symptoms. Finally, it is known that one of
the main pharmacological effects of IFN-γ is the increase in NO production, which acts as
an executing arm of IFN-γ, mediating its beneficial and adverse effects in CGD patients.
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Thus, though the IFN-γ-induced NO production does not improve the number and size of
granulomas, it seems that it promotes their formation. All in all, this review has addressed
the pathophysiological aspects of NO and signaling ROS in CGD and highlighted the
importance of a comprehensive knowledge of these mediators for the development of more
rational therapies and the improvement of those already available.
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Abstract: The generation of nitric oxide (NO) in the skin plays a critical role in wound healing and
the response to several stimuli, such as UV exposure, heat, infection, and inflammation. Furthermore,
in the human body, NO is involved in vascular homeostasis and the regulation of blood pressure.
Physiologically, a family of enzymes termed nitric oxide synthases (NOS) generates NO. In addition,
there are many methods of non-enzymatic/NOS-independent NO generation, e.g., the reduction of
NO derivates (NODs) such as nitrite, nitrate, and nitrosylated proteins under certain conditions. The
skin is the largest and heaviest human organ and contains a comparatively high concentration of these
NODs; therefore, it represents a promising target for many therapeutic strategies for NO-dependent
pathological conditions. In this review, we give an overview of how the cutaneous NOD stores can
be targeted and modulated, leading to a further accumulation of NO-related compounds and/or the
local and systemic release of bioactive NO, and eventually, NO-related physiological effects with a
potential therapeutical use for diseases such as hypertension, disturbed microcirculation, impaired
wound healing, and skin infections.

Keywords: UVA; nitrite; cold atmospheric plasma; nitric oxide donor; skin; wound healing;
microcirculation

1. Nitric Oxide

Chemically, nitric oxide (NO) is an inorganic gas and can be dissolved in water
up to concentrations of 2 mM [1]. In organisms, NO formation is catalyzed by the NO
synthases (NOS), which synthesize NO directly from NADPH and L-arginine [2,3]. NO is
a biological signal and effector molecule and has a large number of physiological as well as
pathophysiological functions in an organism, which depend on concentration, the release
profile, and the biological environment, among other things. As the smallest bioactive
molecule produced by mammalian cells with lipophilic properties, NO is highly diffusible
and can easily cross tissues and cell membranes [1,4].

NO controls pivotal physiological functions such as neurotransmission and vascular
tone by activation of the soluble guanylyl cyclase [5,6], known to be the primary physiologi-
cal effector for NO, and also by modulating gene transcription and mRNA translation [7,8].

2. Enzymatic Nitric Oxide Generation by Nitric Oxide Synthases

No only has a half-life of five seconds, which is why it has to be constantly regenerated.
In humans, three isoforms of NO synthase, which are encoded by different genes, are known.
These include the two constitutively expressed NOS isoenzymes, which are referred to
as nNOS and eNOS, because of their initial discovery in neuronal cells and endothelial
cells [9]. However, the expressions of the nNOS and the eNOS are not limited to the two cell
types. The eNOS is expressed in many other cell types such as fibroblasts, osteoblasts, or
hepatocytes, and the expression of the nNOS is not limited to neurons and is also expressed

Biomedicines 2022, 10, 2124. https://doi.org/10.3390/biomedicines10092124 https://www.mdpi.com/journal/biomedicines



Biomedicines 2022, 10, 2124

in skin keratinocytes, among other cells. It is characteristic of the constitutively expressed
NO synthases that after agonist activation, in a pulsatile manner, generate small amounts
of NO in the pM–nM range over a relatively short period of time [2,9]. For example,
the NO generated by eNOS in the endothelial cell lining, the inside of vessels, indirectly
causes relaxation of smooth vascular muscle by increasing intracellular cyclic guanosine
monophosphate (cGMP) levels, leading to vasodilation and, thus, a reduction in cardiac
afterload and blood pressure. This reaction helped to understand how a whole group of
drugs worked, including amyl nitrite, nitroprusside, and nitroglycerin: these drugs lead to
a direct or indirect release of NO in the body [10–13].

The NO detected in the brain is predominantly the product of the nNOS in neurons.
There it takes over the function of a neurotransmitter, whereby it also increases the synthesis
of cGMP, among other things. It is also assumed that NO, due to its rapid diffusion, can
modulate relatively large areas of the CNS [6,13].

The third NOS is an inducible isoform, the iNOS. After activation by pro-inflammatory
mediators (cytokines) and/or bacterial components such as lipopolysaccharides (LPS),
iNOS expression is induced, leading to a longer-lasting production of NO in comparatively
high physiological concentrations in the μM range [13,14]. For example, the NO generated
in high amounts by the iNOS in macrophages or the microglial cells after corresponding
activation have fewer signal transductive effects and serve to protect the organism against
bacteria, viruses, and helminths due to the radical and toxic character of NO. However,
an excessive and, above all, insufficiently regulated high production rate of NO by iNOS
can also have side effects such as tissue damage and, for example, profound vasodilatation
leading to a dangerous drop in blood pressure, which is observed in the vasculature during
septic shock [15,16].

While the role of eNOS- or nNOS-generated NO in human health as a physiological
signaling and effector molecule in lower concentrations is not in doubt, many researchers
assume that NO at an elevated concentration must have a predominantly negative to
pathogenic effect.

In this context, NO-related diseases can be differentiated by either a lack or excess
of NO. For example, NO in the brain regulates many physiological processes that can
have an effect on cognitive function and behavior. Moreover, NO promotes angiogenesis
and controls brain blood flow, and maintains cell immunity and the survival of neurons.
However, an overproduction may result in neurodegeneration [17]. In addition, it was
suggested that NO generation may be a major inherited factor of insulin sensitivity and
that a diet-induced oxidative scavenging of NO is the first hit toward insulin resistance [18].
In the vasculature, NO from eNOS and nNOS that is also present around arterioles controls
the vascular tone and blood flow. Moreover, a steady NO production is essential for
leukocyte adhesion and platelet aggregation. Aberrations in vascular NO production
can result in endothelial dysfunction, which is associated with several cardiovascular
disorders, such as hypertension and angiogenesis-associated disorders (for review see [19]).
Here, higher levels of NO generated by iNOS induced by chronic or acute inflammatory
processes promote atherosclerosis directly or by the generation of NO metabolites such as
peroxynitrite [20].

Thus, improving or protecting constitutive nitric oxide production in the vasculature
may avoid the development of vascular diseases, whereas the inhibition of excessive NO
by iNOS could also represent a therapeutic target [21].

3. Nitric Oxide and Skin

In the skin, too, NO-related diseases are caused by either a lack or excess of NO. In
low concentrations, NO is a signaling molecule with regulatory and homeostatic functions,
such as melanogenesis, vasodilation, and protection against environmental challenges [22].
The eNOS activity of endothelial cells in the skin vessels generates small pulses of NO,
resulting in a basal level of vascular smooth muscle relaxation [23]. Thus, the inhibition of
eNOS impairs local skin circulation, demonstrating the involvement of NO in maintaining
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resting cutaneous blood flow [24]. A local NO deficiency in skin contributes to vasospasms,
which take part in the vasoconstrictive processes of Raynaud’s disease [23].

NO can control pathogen growth in skin infections caused by epidermotropic viruses
and many different species of bacteria, protozoa, helminths, and fungi that are often
susceptible to NO. For example, NO at high concentrations produced by macrophages
via iNOS is able to eliminate intracellular pathogens such as the Leishmania species and
Mycobacterium leprae. It was presumed that this type of NO-induced antimicrobial efficacy
would be restricted to macrophages. However, it has become obvious that many cell types,
in tissues with immunological barrier functions in particular, use the iNOS-derived NO for
defense, contributing to innate immunity [25–27].

The dark side of a high-output NO generation by iNOS may be seen in the pathogenesis
of immune-mediated inflammatory skin diseases such as cutaneous lupus erythematosus,
psoriasis, and possibly allergic skin lesions [28–30].

NO is a key molecule in dermal wound healing and tissue regeneration and here, too,
the NO concentration can determine its function [31]. In primary cell cultures of human
keratinocytes, low NO concentrations increased cell proliferation, whereas differentiation
was blocked. Using higher NO concentrations, keratinocyte proliferation was inhibited
and keratinocyte differentiation was induced. Analogous experiments with human dermal
fibroblasts showed a decrease in proliferation correlated with increasing NO concentra-
tions [32]. Independently of any MMP and TIMP action, NO exerts direct regulating
properties on collagen metabolism [33,34]; thus, the inhibition of enzymatic NO synthesis
causes a significant decrease in collagen synthesis and a delayed wound contraction in
rats. In contrast, in vivo transfection of healthy rats with iNOS-cDNA resulted in enhanced
collagen accumulation in cutaneous wounds due to increased NO generation [35].

4. Nitric Oxide and Nitric Oxide Derivates

Nitric oxide, as a free radical, reacts or binds with a wide range of biomolecules in
humans such as proteins at heme, sulfhydryl sites, and cysteine residues, thereby regulating
crucial cell functions. Many different bioactive NO-related compounds are generated in
the process, such as S-nitrosylated proteins (RSNO), N-nitrosamine, and metal nitrosyls
(RNNO), whereas the sum of RSNOs and RNNOs is called RNXOs. A major part of NO is
known to be oxidized to nitrite (NO2

−) and nitrate (NO3
−) [36].

The biological catalysts of NO oxidation in an organism are not fully elucidated. Oxy-
hemoglobin and oxymyoglobin as catalysts are restricted to muscle tissues and blood lumen.
Intracellularly, possible catalysts are heme-containing peroxidases (e.g., myeloperoxidase,
eosinophil peroxidase, lactoperoxidase), which exert intrinsic NO oxidase activity resulting
in the formation of nitrite but not nitrate [37,38]. Such NO oxidation activities are suggested
to serve as a catalytic sink for NO in areas of inflammatory processes [37].

The reaction products of NO—(nitrite, nitrate, and RXNO) we call nitric oxide derivates
(NODs), but they have many other names, for example NO-related species, NO metabolites,
NO-related compounds, or NO derivatives, dependent on the authors. Some of these
NODs, in particular nitrite and RSNO, are known to exert NO bioactivity under certain
conditions, for example hypoxia, acidosis, or UVA exposure, and contribute to the global
NO bioavailability [39,40].

Nitrite has been used for millennia to preserve meat (for review, see [41]). Here, the
reduction of nitrite to NO, possibly via S-nitrosothiol formation [42], forms iron-nitrosyl,
which gives cured meat a distinctive red color and protection against oxidation and bacterial
contamination (for review, see [43]).

Thus, nitrite in the body either stems from NO synthases using L-arginine as a sub-
strate, from dietary intake, or from reduction of dietary nitrate by commensal bacteria.
The main sources of nitrate and nitrite in our diet are green vegetables, such as lettuce
and spinach, and root vegetables, water, and cured meat. In the USA and many European
countries, the estimated dietary intake range of nitrate is from 31 to 185 mg/day and of
nitrite from 0.7 to 8.7 mg/day [44]. It is known that in vivo nitrite and secondary amines
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can react to produce carcinogenic nitrosamines. Therefore, stringent regulations were
enforced to lower nitrate as well as nitrite concentrations in food and water. However,
urinary excretion in human volunteers is about 1 mmol nitrate per day when nitrate intake
is strictly excluded, and, therefore, in the same range of urinary nitrate levels provided by
food [45]. Thus, it is assumed that the amount of nitrate synthesized by NO synthases is
comparable to the amount of nitrate ingested with diet (for review, see [46]). The impact of
dietary nitrite/nitrate intake on human health is a matter of scientific controversy. On the
one hand, inorganic nitrates and nitrites are frequently used to avoid bacterial growth in
processed meats, the high consumption of which is linked with a greater risk of cancer of
the upper gastrointestinal tract [47]. On the other hand, reviews do not show an association
between dietary nitrate consumption and cancer risk [48,49]. The predictions that dietary
intake of nitrate and/or nitrite may increase the risk of gastric cancer, extrapolated from
animal studies, have not been substantiated epidemiologically [44,50]. On the contrary,
several studies have observed the beneficial effects of dietary nitrate supplementation on,
for example, blood pressure and endothelial function, demonstrating that NO homeostasis
can be restored by nitrite and/or nitrate independent from enzymatic NO sources and may
represent a further system for endogenous NO production [51–53].

However, it is known that nitrite is capable of causing severe methemoglobinemia
with a high mortality following the intake of sodium nitrite, which is often misused for self-
poisoning [54]. However, nitrite, when administered in a clinical setting for specific diseases,
reveals health benefits because most of the published reports identify NO production as
the mechanism of action for nitrite applications [52].

The beneficial effects of a higher dietary nitrate intake seem to be related to an increase
in NO generation, via the reduction to nitrite by oral commensal bacteria and then nitrite
further reduction to NO [55,56]. In this nitrate–nitrite–NO pathway, nitrate is absorbed
from the stomach and proximal small intestine into the blood stream, whereas a part of
it is actively absorbed by the salivary glands resulting in a nitrate accumulation in the
saliva. After excretion, the nitrate in salvia is rapidly reduced to nitrite by commensal
oral facultative anaerobic bacteria located in the mouth (sublingual), swallowed, and then
absorbed in the gut. Here, it enters the systemic circulation or is partly reduced further to
NO under the acidic conditions in the stomach, from where it, in turn, enters the circulation,
where it is oxidized to nitrite and nitrate [55,57]. As an overall effect, a higher nitrate
consumption increases the general levels of available nitrite/NO in blood, body fluids,
and in tissues [58]. Vegetarians are at reduced risk of developing hypertension and other
cardiovascular diseases. Therefore, it can be speculated that the high nitrate/nitrite content
of many consumed vegetables may possibly contribute to these beneficial cardioprotective
effects [41,59], in addition to the often-cited antioxidant effects of vegetables.

There are many pathways in the body involving hemoglobin, myoglobin, xanthine
oxidoreductase, or the further reduction of nitrite to bioactive NO, which is particularly
enhanced during acidosis and hypoxia. Therefore, it is thought that these mechanisms
represent a back-up system to ensure NO generation when oxygen-dependent NOS are
compromised [51,55].

In the next sections, we present the NOD stores in the human body and introduce the
non-enzymatic pathways, which generate NO from nitrite, affecting skin physiology in
particular and many secondary systemic parameters.

5. NOD Content of Tissues and Skin

As products of enzymatic NO synthesis, nitrite and nitrate are widely distributed
in the human body. However, their distribution varies, so that their concentrations in
different body fluids can differ significantly [60]. In body fluids such as urine and saliva,
nitrate concentrations are found in up to triple-digit micromolar concentrations, whereas
in blood plasma, gastric juice, or milk only single- to double-digit micromolar nitrate
concentrations are found. Nitrite levels in the human body are generally lower than nitrate
levels. Without a bacterial urinary tract infection, no nitrite is found in the urine under
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physiological conditions, while concentrations of up to 200 μM and higher are observed
in the saliva. The concentrations in blood plasma and milk are also very low and often
below the detection limit. In the stomach, the nitrite concentrations in the gastric juice can
be very variable and can be significantly increased in people with gastric diseases, with up
to 200 μM present [61]. Weller et al. were also able to detect relevant amounts of nitrate
and nitrite in human sweat [62]. Since it is easier to take body fluids and measure them
quickly, there are fewer studies that have examined the concentrations of nitrite and nitrate
in different tissues. A study of Nyakayiru et al. showed that, in humans, the content of
skeletal muscle nitrate is clearly higher than in blood plasma. However, in this study, the
nitrite concentration in skeletal muscle remained below the detection limit [63].

In human skin homogenizates (epidermis + dermis) we showed that the concentration
of nitrate was around 6-fold, of nitrite 25-fold, and of RSNO/RNNO up to 40-fold higher
than in blood plasma [64]. These results are consistent with another study by Mowbray et al.
using another experimental set-up. Interestingly, they found that most of the nitrate and
nitrite is found in the epidermis and cornea, and only a small portion of it in the underlying
dermis [65]. In addition, they further described a strong inter-individual variation in
the concentration of NO-related products in the blood plasma, saliva, sweat, superficial
vascular dermis, and epidermis. They also demonstrated that the concentration of NODs
found in the blood plasma strongly correlated with the NOD concentration in the superficial
dermis or sweat. It was suggested that the majority of nitrite found in tissues may have
originated from exogenous dietary intake of nitrite and nitrate instead of from endogenous
sources, which may cause great inter-individual variation in tissue nitrite levels, depending
on individual nitrate and nitrite intake [41]. In contrast, nitrite blood plasma concentrations
are more stable, suggesting the existence of regulatory mechanisms in the blood [66].

In conclusion, normal human skin of healthy volunteers can contain NODs such as
nitrite and RSNO in many-fold higher concentrations than in blood plasma. Why and how
NODs accumulate in the skin although there is fast renal elimination is a matter of much
speculation. There are studies that provide direct evidence that the existing dermal NODs
are jointly responsible for NOS-independent NO generation and can thus exert local and
systemic NO-specific effects, which we introduce in the following sections.

6. NO Generation by Decomposition of Dermal Nitric Oxide Derivates

6.1. Acid-Induced Nitrite Decomposition of Nitrite in Sweat

There are many possible ways to generate NO in skin and on the skin surface besides
the NOS-dependent NO synthesis. Analogously oral bacteria and also the skin commensal
bacteria can synthesize the nitrate reductase enzyme, which reduces nitrate of sweat to
nitrite. Owing to the acidic nature of sweat, nitrite is reduced further to NO, which in
turn can evaporate in ambient air and also easily cross the epidermal barrier, thus entering
the skin tissue and reaching skin cells, and also possibly the superficial blood vessels and
the blood circulation [62]. In addition, it was postulated that ammonia-oxidizing bacteria
may contribute to superficial dermal nitrite concentration via oxidation of ammonia to
nitrite [67]. In previous studies, we found that NO generation by acidification of low
concentrations of nitrite (10 μM) depends on the pH value and can be enhanced in the
presence of antioxidants such as vitamin C (see Equations (1)–(4))

NO2
− + H+ � HNO2 (1)

2 HNO2 � N2O3 + H2O (2)

N2O3 � NO + NO2
• (3)

HNO2 + Asc → 2 NO + DHAsc + 2 H2O (4)

This enhancement is more pronounced under lower pH values (pH 2–4), whereas
under normal skin pH values the presence of vitamin C does not play a big role. However,
the antioxidant-assisted NO generation can be boosted manifold by copper ions at the pH
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value of 5.5 and under normoxia conditions [68]. Technically, when using higher nitrite con-
centrations, the underlying mechanism of antioxidant/copper-assisted NO generation at
normal skin pH values can be used as an NO donor system with therapeutic potential, e.g.,
for increasing dermal microcirculation in critically perfused flaps in plastic surgery [69,70].

There are reports confirming the presence of relevant amounts of water-soluble vita-
mins, e.g., vitamin C in sweat [71]. Interestingly, these concentrations are in the same range
as found in blood plasma [72]. In addition, copper can be found in sweat and, although
there was no correlation between serum copper and sweat copper, there were hints that a
high dietary intake of copper resulted in larger excreted amounts of copper in sweat [73].

In conclusion, besides nitrate/nitrite concentration of sweat, bacterial nitrate reductase
activity, and the sweat pH value, it is very probable that further individual factors (such as
the presence of copper ions and antioxidants) have a strong impact on acid-induced nitrite
decomposition in sweat and consequent NO generation, making in vivo investigations
more difficult.

6.2. UV-Induced Photolysis of NOD Stores in Skin

As early as 1961 the term photorelaxation was introduced by Nobel Prize winner
R.F. Furchgott to describe the relaxation of rings of rabbit aorta under light (<450 nm)
and UV radiation [74], potentiated in the presence of nitrite [75]. Nitrite can undergo
photodecomposition induced by UVA irradiation, resulting eventually in the generation of
bioactive NO [76]. Therefore, it is obvious that dermal nitrite can be targeted by UVA, as
demonstrated by a study by Paunel et al. Here, UVA exposure of skin specimens causes an
enzyme-independent high-output NO generation above the skin surface and within the
skin, which not only correlates with the nitrite and RSNO concentrations in the skin but
also with concentrations of free and protein-bound thiols, which may serve as antioxidants.
Further experiments show that the UVA/nitrite-induced biological effects on keratinocyte
differentiation and proliferation could be enhanced in the presence of antioxidants such
as vitamin C and glutathione (GSH) [64]. In additional studies, we found that the NO
formation from UVA-induced decomposition could be enhanced manifold by antioxidants
such as Trolox (water-soluble vitamin E derivate), GSH, and vitamin C [77].

In healthy volunteers, an increase in RXNO and nitrite concentration in the blood
plasma could be observed at an interval of 15 to 45 min after a whole-body UVA irradiation,
indicating a possible UVA-induced mobilization of nitrite-derived NO from skin tissue
into the blood plasma [78]. These effects were accompanied by and correlated with a
significant drop in systemic blood pressure, raising the question whether UVA could be
good for the heart [79,80]. These results were supported by Mowbray et al., showing in
healthy volunteers, via microdialysis, a likewise increase in NO-related products by UVA
irradiation [65]. In addition, a study by Liu et al. using confocal fluorescence microscopy
and an NO imaging probe on human skin samples revealed that UVA-induced NO release
occurs in a dose-dependent manner, with the majority of the light-sensitive NO pool in
the upper epidermis, independent of NOS activity. In addition, here, UVA lowered blood
pressure independent of NOS [81].

It can be assumed that UVA also has an effect on photolabile NODs such as nitrite and
other RXNO in sweat, which in turn is produced more under warm and sunny conditions.
Our in vitro experiments (data not published, see Supplementary Materials) show that
buffers (pH 5.5) containing low concentrations of nitrite release NO upon UVA exposure.
As shown in Figure 1B,C, this NO release can be boosted by the addition of an antioxidant,
e.g., vitamin C. We observed in vivo that under UVA exposure, the increase in NO evapo-
ration from human skin increased manifold. However, the addition of topical vitamin C
could only slightly enhance the NO amount, indicating that the process of UVA-induced
decomposition on the skin surface and upper skin layers was already using naturally occur-
ring antioxidants (sweat) in sufficient concentrations (see Figure 1D,E). However, washing
of the skin prior to UVA exposure halved the NO yield. In a parallel study, using the same
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experimental set-up, we showed that heat generation was not primarily responsible for the
increase in skin NO release, but the used wavelengths for irradiation (Section 6.3) [82].

Figure 1. UVA can induce nitric oxide release by photodecomposition of nitrite. (A) Experimental
set-up to measure nitric oxide (NO) emanation from human skin. (B) NO release from an UVA-
irradiated (70 mW/cm2) reaction chamber with saline buffer (PBS; pH 7.4; 20 mL) containing nitrite
(10 μM) and (C) in addition sodium ascorbate (1 mM). There was not any significant release of
NO without nitrite (not shown). (D) Representative registration of NO release from skin of one
volunteer after 180 s UVA exposure (18 mW/cm2) using the experimental set-up pictured in (A).
Mean values ± SD of integrated NO peaks (n = 4) are shown in (E); * p < 0.05 as compared to the
controls and # p < 0.05 as compared to respective values obtained from unwashed arms.

Investigating the NO release action spectrum in human skin, Pelegrino et al. observed
that NO can be generated by UVA and also UVB irradiation, which both could trigger the
dermal NOD store, mainly composed of nitrite, nitrate, and RSNOs [83].

It is possible that NO released by photolabile NOD, in particular nitrite, may serve
as a protection against UV challenge. In human skin cells, even supra-physiological high
concentrations of NO protected cells from oxidative stress and UVA-induced apoptosis.
However, in other cell systems, the number of apoptotic events, even at physiological con-
centrations of NO, increased [84]. Nevertheless, skin fibroblasts depleted from intracellular
nitrite showed a higher UVA susceptibility and died at lower doses than control fibroblasts
or fibroblast cultures supplemented with physiological nitrite concentrations found in the
skin [85].

Thus, it seems that skin-derived nitrite and other NODs may play an important role
in human skin physiology, as it is postulated for NO itself. However, further experiments
showed that nitrite at higher supra-physiological concentrations enhanced UVA-induced
cell deaths in skin fibroblasts, probably due to the generation of toxic NO2 radicals produced
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simultaneously by UVA-induced nitrite decomposition [86]. Here, the addition of the
antioxidant ascorbate could reverse the UVA/nitrite-induced toxic effects, whereas GSH
and Trolox enhanced them. Although NO formation via photodecomposition of nitrite may
serve as an effective antioxidant and protector in skin, the simultaneous generation of toxic
side products may have adverse and harmful effects.

Thus, besides the nitrite concentration, here the individual antioxidative capacity of a
cell type and the microenvironment during UVA exposure are also crucial for the outcome
and should be considered when dealing with UV/A-induced skin effects such as sunburn,
erythema, and premature skin ageing.

In conclusion, analogous to acid-induced nitrite decomposition, the UV-induced
photolysis of NODs depends on the wavelength, irradiance, and dose; individual factors
such as nitrate/nitrite/antioxidant concentrations and pH of the skin, skin surface, and
sweat; as well as skin hygiene, skin type, and others. In addition, possible interactions with
light/radiation of other wavelengths (visible light/IR) should not be forgotten, as they are
part of the natural sunlight and can have a direct impact on NO release and NOD stores
(see the following section).

6.3. VIS/IR-Induced Photolysis of NOD Stores in Skin

Apart from UVA radiation, we demonstrated that blue light at shorter wavelengths
is also able to mobilize NO from photolabile NODs in the skin. We found a significant
increase in the intradermal levels of free NO caused by blue light irradiation in human
skin specimens. Furthermore, blue light induced an emanation of NO from the skin area in
healthy volunteers, whereas other wavelengths in the green, red, and infrared spectrum
did not have significant effects [82].

In a randomized crossover study conducted by Stern et al., 14 healthy male volunteers
were irradiated by monochromatic blue using a full-body blue light device, and the cir-
culating nitric oxide species (nitrite/RXNO) in blood plasma were measured. The results
showed that 30 min after the end of irradiation, the levels of nitric oxide species increased
in circulation. In particular, the levels of RXNOs were significantly elevated by 30–50% [87].

There are reports that IR and red light may have an impact on NO stores in the skin
or NO release, possibly via photolysis [88]. However, further investigation showed that
enzymatic pathways were dominant in the induction of NO release found in ex vivo human
skin homogenates [89]. In experiments using human keratinocytes, an increase in NOS-
dependent NO production was observed after infrared low-level laser stimulation [90].
Since the observed increase in NO production was very quick, the authors postulated that
the existing NOS activity may be enhanced instead of a de novo NOS protein synthesis,
indicating that IR may stabilize NOS, cofactors, and enhance substrate binding ability,
possibly by heating.

7. Modulation of Dermal NOD Content and Possible Effects

7.1. NO Donors

Since NO is important for wound healing and shows antibacterial efficacy in many
studies, different types of NO donors such as RSNOs (S-nitrosocysteine, S-nitrosoalbumin
S-nitrosoglutathione), N-diazeniumdiolates (NONOates), metal nitrosyls, and others were
used [91,92]. There are many reports that state exogenous NO donors represent a promising
method to promote wound healing by enhancing cell proliferation, collagen deposition,
and angiogenic activities improving granulation tissue formation [93].

Acidified nitrite creams were also used, as NO donor systems showed good therapeutic
effects on wound healing in mice. However, the outcome was better when cream was
applied in the first 4 days after wounding [94]. In a prospective study (8 patients, 15 infected
wounds), the possibility of MRSA eradication was also demonstrated (9 of 15 wounds)
using the same cream formula [95].

A possible clinical application of NO donors is to improve dermal microcirculation
and tissue perfusion, which are often pathologic in patients with hypertension, obesity, and

107



Biomedicines 2022, 10, 2124

diabetes mellitus, but also often critical after skin flap surgery [96,97]. Many studies have
proven the effectiveness of NO donors to improve flap survival in experimental models [98].
In humans, we showed that topically applied NO (acidified nitrite/ascorbate) significantly
increased vasodilatation and blood flow. These beneficial effects were also observed in a
patient with a critically perfuse flap preventing further surgery [70].

Nevertheless, in spite of these beneficial results of using NO donors, they are not very
common in clinical practice. In cells, NO can cause cell death, induce DNA damage, and
disturb mitochondrial functions. High concentrations of NO are toxic, as seen in inflam-
matory responses where a high-level activity of iNOS results in high NO concentration
associated with the destruction of cells and tissues [99–101].

Therefore, one major problem involves the therapeutic windows and possible adverse
side effects, as reported in some studies [102,103]. Here, a repeated topical application of
acidified nitrite exerted pro-inflammatory effects in the skin, and a dose-related increase
in itching, pain, and edema were observed in patients with anogenital warts. A study
by Mowbray et al. suggested that the observed potent inflammation by acidified nitrite
produced by a combination of nitrite and ascorbic acid was secondary to the release of addi-
tional mediators (e.g., ascorbyl radicals), whereas using a chemically inert pure NO donor
(NO zeolite) providing the same NO release exerted only minimal inflammation [104].

Nonetheless, we demonstrated in vitro using an acidified nitrite/ascorbate/copper
system and gas permeable cell culture well bottoms that the NO release profile was crucial
for the outcome. Here, directly after mixing and application of liniments, the obtained initial
high peaks of NO amounts in the first 200 s correlated better to cell toxicity than the total
amount of applied NO in 600 s [69]. Evaluating potential damage effects on human skin in
further studies (see Supplementary Materials), we observed an increase in apoptotic events
in epidermis and dermis in freshly donated human skin after topical application of slightly
acidified nitrite/ascorbate liniments with different nitrite concentrations (see Figure 2).
Here, higher nitrite concentrations led to higher NO penetration through the epidermis
(Figure 2B). We observed that the rate of apoptosis in the epidermis correlated with the
generated NO amount in the liniment (see Figure 2C,E). Furthermore, within the dermis,
the number of apoptotic events was seen to generally increase for all tested NO-releasing
liniments, but neither showed a good correlation to NO doses nor to the penetrated NO
amounts (see Figure 2C,D,F). These results indicate that different cell populations and
possible fibroblast subpopulation in the dermis may show different NO sensitivity, which
could be interesting for therapeutic approaches to hyperproliferative fibrotic conditions,
for example, excessive scaring after burns.

Most studies relating to the use of NO donors for skin pathologies only investigated the
direct NO effects on bacteria, dermal microcirculation, and skin cells. However, less studied
is the fate of topically applied NO. Apart from the direct local effects, the application of
any NO donor should increase the amount of more stable NODs in the treated area via NO
reduction and other chemical reactions, e.g., S-nitrosylation. These NODs may accumulate
locally and remain in the treated tissue and/or may be distributed systemically. By using
15N-labeleld nitrite we observed that topical application of NO (acidified nitrite/ascorbate)
on skin samples and the skin of healthy volunteers led to a transepidermal translocation
of NO into the underlying tissue, resulting in a significant increase in nitrite and RSNO
in the skin and blood [70]. Depending on the size of the treated skin area (torso), a
significant systemic increase in the NOD (nitrite and RXNO) was also found in blood
plasma, accompanied by an increased systemic vasodilatation and blood flow as well as a
reduced blood pressure [105].

In summary, apart from direct effects on wound healing, bacterial contamination,
microcirculation, blood pressure, and others, the topical application of NO donors represent
an approach to directly increase circulatory NO bioavailability, and also indirectly by
increasing the local and systemic NOD stores, which in turn may have longer lasting effects
on, for example, skin physiology/bacterial colonization and circulation parameters.
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Figure 2. Nitric oxide–releasing solutions can induce apoptosis in human skin. (A) Experimental
set-up to measure nitric oxide (NO) penetration through human split skin. (B) Exemplary registration
of measured NO below skin with sodium ascorbate (ASC; 100 mM)-containing acetate buffer (pH 5.5)
and nitrite in concentration as indicated. (C) Shows the amount of generated NO from 1 mL of
the nitrite solution (described in (B) in 600 s). (D) By integration the amounts of penetrated NO
were calculated. Shown are the mean values ± SD of 3 independent experiments using different
skin specimens. (E) Different nitrite/ascorbate buffers were applied on vital human skin samples
and apoptosis was detected 24 h later by TUNEL assay. Shown are the mean values ± SD (n = 3)
of relative apoptosis, the counted number of TUNEL-positive cells in relation to the total number
(DAPI-stained) of cells found in the epidermis or (F) dermis. (G) Exemplary fluorescence microscope
images obtained from skin samples treated as indicated (white bar = 100 μm).
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7.2. Cold Atmospheric Plasma

Physical plasma is referred to as the fourth state of matter alongside solid, liquid, and
gas and has become increasingly interesting in medical research in recent years. Plasma can
be generated at room temperature under normal atmosphere (cold atmospheric plasma;
CAP); thus, it can also be applied to sensitive surfaces such as human skin and tissue.
By supplying energy, for example, by applying a strong electric field, ions, atoms, and
especially electrons of a gas are set in motion. Through impact ionization, electrons
are accelerated and catapulted out of their orbits and react with other molecules/atoms
generating, among other things, radical nitrogen and oxygen species. Within CAP, other
components such as UV rays (UVA, UVB, UVC), ions, neutral atoms, and heat are generated,
determining the effects of the CAP [106]. There are many types of CAP sources using
different approaches to CAP generation. Direct CAP sources use the surface to be treated
as a counter electrode, and the active particles are generated directly on this surface. The
energy-generating first electrode is covered with ceramic, so that an attenuated discharge
occurs, which discharges homogeneously in the form of many small lightning strikes on an
uneven surface. It is important that the distance electrode/surface is uniform and not more
than 1–2 mm. A device using this kind of CAP generation is called a “dielectric barrier
discharge” or DBD for short, and the ambient air is used as the gas to be ionized.

Indirect plasmas are generated at two identically constructed electrodes and then
transported with a carrier gas (e.g., helium or argon) to the surface to be treated [107]. The
plasma becomes visible as a narrow gas jet. The treated surface is not in an electric field,
which means that mainly uncharged particles are transported [108].

CAP becomes complex through the various factors that influence its composition and,
thus, its effects on cells and tissues/body fluids. Among other things, it is characterized by
its particle composition, temperature, type of generation, spatial distribution, and strength
of the electric field. These factors can be individually designed and, thus, optimized to suit
the field of application.

CAP has been thought to be used for disinfection and sterilization of surfaces, such
as infected wounds, and may have potential besides its antibacterial efficacy to promote
wound healing [109–111]. However, we found that CAP treatment using a commercially
available and clinically approved plasmajet obtained good results on dry surfaces but did
not lead to the desired significant reduction in the bacterial burden in a wet wound milieu
or in biofilms [112].

Investigating a direct CAP source/DBD (see Supplementary Materials), we found
that topical CAP treatment induces NOD accumulation in the treated skin area, as shown
in Figure 3A–C, accompanied by an acidification of the skin surface (down to pH 2) and
NO-like effects, such as increasing dermal microcirculation without significant toxic effects
to skin or skin cells (Figure 3D) [113].

Similar results were obtained using a commercially available and clinically approved
PlasmaDerm device based on DBD, showing increased cutaneous capillary blood flow at
the radial forearm of healthy volunteers after CAP treatment [114].

In summary, apart from the supposed antibacterial and wound healing effects, the
topical application of CAP and the use of direct CAP sources, in particular, may represent
an alternative approach to increasing dermal and perhaps systemic NOD stores and NO
bioavailability (for overview see Figure 4).
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Figure 3. Topical application of cold atmospheric plasma (CAP) increases dermal microcircula-

tion and the amount of nitric oxide derivates (NODs) in skin. Using a dielectric barrier device as
CAP source, topical CAP treatment of human skin samples led to an increase in (A) nitrate, (B) nitrite,
and (C) nitrosylated compounds (RXNOs) found in the respective skin homogenizates. Shown are
the mean values ± SD of 6 independent experiments (treated skin surface 0.64 cm2). (D) Hairless
areas of forearm were treated with CAP (90 s) and blood flow was measured in different skin depths
as indicated by a microlight guide spectrophotometer (O2C) device. Given are blood flow mean
values ± SD of volunteers (n = 4) showing a CAP-induced increase in dermal blood flow in the
treated area.

Showing similar effects as acidified nitrite/NO donors, CAP may also exert benefi-
cial and detrimental effects, depending on the treatment regimen and dose. Although
there are many reports of CAP/DBD-induced cell death, we found in our experiments
that CAP/DBD did not induce apoptosis in human donor skin but sometimes a slight
inflammatory response [113].

7.3. Nitrate-Rich Diet

Assuming that permanently higher NOD blood plasma levels are also reflected in
higher NOD concentrations in tissues, oral intake of NOD such as nitrate and nitrite should
not only increase plasma levels but also replenish dermal NOD stores.

Since Mowbray et al. demonstrated that NOD concentration in blood plasma is
correlated with NOD concentration in superficial dermis or sweat [65], it is probable that
this assumption is right and that the dermal NOD stores can be filled by a regular nitrate-
rich diet, preferably with high contents of vitamins and antioxidants by eating vegetables,
such as spinach and red beetroot. Moreover, because certain bacteria are essential for the
enterosalivary nitrate–nitrite–nitric oxide pathway, disturbing the oral bacterial fauna by,
for example, antiseptic mouthwash, may have strong negative impact on NO bioavailability
and NOD levels mediated by oral nitrate uptake [115].
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Figure 4. The use of cold atmospheric plasma (CAP) to enrich skin with nitric oxide derivates

(NOD). Shown is a simplified assumption of possible reactions of CAP during treatment of skin. A
dielectric barrier discharge (DBD) device as CAP source operated under ambient air generates, i.e.,
water-soluble nitrogen dioxide (NO2•), which in turn hydrolyzes to nitric acid (HNO3) and nitrous
acid (HNO2) on skin leading to an acidification of the skin surface. Thus, the skin surface, sweat,
and the upper skin layers can be loaded with the anions nitrate (NO3) and nitrite (NO2), which may
partially decompose under the induced acidic conditions and UV irradiation generated in CAP to
nitric oxide (NO) that can penetrate deeper through the epidermal barrier and/or leading to the
formation of S-nitrosylated proteins (RSNO), both capable of increasing local dermal microcirculation.

To what extent the dermal NOD content can be influenced by nutrition and the possible
physiological consequences this may have has not yet been sufficiently investigated and
needs further research. However, increasing dermal NOD stores via nutrition and support
of the oral bacteria seem feasible and delicious approaches.

7.4. UV/VIS Modulation of Dermal NOD

UV radiation and visible light—blue light in particular—are able to target photolabile
NOD in the skin, resulting in NO release. This kind of NO mobilization also leads to
possibly long-lasting changes in the dermal NOD stores. Paunel et al. described how UVA
irradiation of skin induced an increase in the dermal RSNO content, which can be enhanced
by incubation with nitrite [64]. On the other hand, a depletion of photolabile NOD can be
expected by UV/VIS, which can be an interesting pathway in photo-induced premature
skin ageing. To our knowledge, no study has been conducted in this direction yet. However,
in a combination, for example, with a topical neutral nitrite application, UV/VIS may be
used to mobilize NO from more superficial NODs (nitrite) into deeper skin layers, where
it is possible to be stored as bioactive RSNOs and nitrite, increasing the level of NOD
stores in skin. On the other hand, NO donors (acidified nitrite/ascorbate) increased the
NOD levels in skin, which in turn may result in a higher NO release upon UVA or VIS.
Personal observations indicate that the increased NOD levels in the skin induced by NO
donors can remain for days, as was found out by chance when we investigated the skin NO
release upon UV irradiation. Here, the irradiation of one forearm of a volunteer, which was
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in contact with an acidified nitrite/ascorbate cream three days before, led to a manifold
stronger (~10×) NO release than the other (uncreamed) arm.

Thus, elevated dermal NOD levels obtained also, for example, by a nitrite/nitrate-
rich diet or inflammation, should be affected by UV/VIS, possibly leading to more der-
mal/circulatory RSNO/RXNO concentrations with consequent NO-induced effects on
blood pressure and microcirculation [87].

In order to avoid any misunderstandings, of course, it is appropriate at this point
to point out the potential dangers of UV exposure. UV radiation can be a harmful and
carcinogenic environmental medium, and frequent UV exposure with higher radiation
doses that can lead to erythema or even sunburn should be avoided at all costs [116].

However, it is also undisputed that sunlight, as the most important physical environ-
mental factor in human evolution, has a positive influence on many human physiological
processes and that insufficient sun exposure has become a real public health problem [117].
The positive aspects of moderate UVR exposure on numerous areas of human physiology
relate not only to the UV-mediated synthesis of the vitamin D required throughout the
organism, but also, as has recently been recognized, to the release of NO by photode-
composition of cutaneous NO precursors, such as the photolabile NO derivatives nitrite
and RSNO [79,118,119]. In the current literature, a positive effect is attributed to both
UVR-dependent factors on a wide variety of physiological processes, with the positive
effect on the cardiovascular system being particularly emphasized [118]. Against this
background, it makes perfect sense to point out that a system of increased cutaneous NOD
concentration, either through food or exogenous application, as well as moderate UVR
exposure, represents a cardiovascular supportive measure [120].

Furthermore, although epidemiological, mechanistic, and study data provide solid
evidence that sunlight is a risk factor for skin cancer, the prevalence of cardiovascular and
cerebrovascular death is about 100 times higher than that of skin cancer. Interventions
that result in small changes in the incidence of cardiovascular disease therefore have even
greater public health benefits than large changes in skin cancer. Epidemiological and
mechanistic data now suggest that sunlight has cardiovascular benefits. A priority of pho-
tobiology research should now be the development of advice that balances the established
carcinogenic effects of ultraviolet radiation with the possible or probable benefits of the
same UV radiation on cardiovascular health and all-cause mortality [118,121].

8. Summary and Conclusions

There is a strong line of evidence to show that an increase in NO bioavailability
has beneficial effects on health. In this context, bioactive NODs such as nitrite and S-
nitrosylated proteins are jointly responsible for NOS-independent NO generation and
may act as an NO store or back-up system when oxygen-dependent NO synthesis is
compromised. Human skin can store and contain comparatively high concentrations of
these NODs. The modulation of these stores, as shown in Figure 5 (e.g., by nitrate-rich
diet, NO donor, CAP), and/or the induction of dermal NO release by NOD decomposition
(e.g., by UVA/blue light) may represent promising therapeutic strategies against local
pathological conditions such as disturbed microcirculation, skin infections, and impaired
wound healing, and also against systemic conditions such as hypertension, arteriosclerosis,
and diabetes.

However, it seems that many other factors, in particular the levels of antioxidants,
have a strong impact on NO release. Moreover, further studies are necessary concerning
NOD stores and possible premature skin ageing and/or skin cancerogenesis.
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Figure 5. Possible ways to modulate the nitric oxide derivates (NODs) in the human skin. Target-
ing the skin there are many ways to affect the amounts and composition of NODs in skin tissues.
Topical application of nitric oxide (NO) donors and nitrate (NO3), nitrite (NO2) +/− acidification can
increase the NOD concentrations in skin layers and eventually in underlying tissues and circulation.
Irradiation with UV/UVA, or blue light (BL)-photolabile NODs found in skin, in particular nitrite,
generates NO, which in turn penetrates deeper in the skin and may directly enter the circulatory
system and/or react to bioactive NODs, exerting vasodilatory effects and lowering the blood pres-
sure. By tissue damage, infection, and inflammation, the inducible NO synthase (iNOS) is activated,
producing high amounts of NO via reduction of L-arginine. The generated NO reacts in the skin with
biomolecules (e.g., proteins) or is oxidized to nitrite/nitrate, leading to an increase in NOD content in
the skin. It seems possible to enhance the activity of iNOS and also the constitutively expressed eNOS
and/or nNOS via higher temperature/infrared radiation (IR). By oral intake of nitrate/nitrite it is
possible to increase, with help of the enterosalivary circle (ESC), the general amount of NODs in the
human body and theoretically also the NODs in the skin. A major part of nitrate is excreted via the
urine, which opens up further possibilities for influencing blood and therefore tissue concentrations
of nitrate and perhaps further NODs.
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Abstract: Perivascular adipose tissue (PVAT) is a special type of ectopic fat depot that adheres to most
vasculatures. PVAT has been shown to exert anticontractile effects on the blood vessels and confers
protective effects against metabolic and cardiovascular diseases. PVAT plays a critical role in vascular
homeostasis via secreting adipokine, hormones, and growth factors. Endothelial nitric oxide synthase
(eNOS; also known as NOS3 or NOSIII) is well-known for its role in the generation of vasoprotective
nitric oxide (NO). eNOS is primarily expressed, but not exclusively, in endothelial cells, while recent
studies have identified its expression in both adipocytes and endothelial cells of PVAT. PVAT eNOS is
an important player in the protective role of PVAT. Different studies have demonstrated that, under
obesity-linked metabolic diseases, PVAT eNOS may be even more important than endothelium eNOS
in obesity-induced vascular dysfunction, which may be attributed to certain PVAT eNOS-specific
functions. In this review, we summarized the current understanding of eNOS expression in PVAT, its
function under both physiological and pathological conditions and listed out a few pharmacological
interventions of interest that target eNOS in PVAT.

Keywords: vascular function; obesity; nitric oxide; adiponectin; SIRT1

1. Introduction

Perivascular adipose tissue (PVAT) is a special type of ectopic fat depot that adheres
to most large arteries and veins, small and resistance vessels, and microvessels of the
musculoskeletal system [1]. The beneficial role of PVAT was first observed by Soltis and
Cassis in the aorta of a Sprague–Dawley rat where that PVAT diminished agonists-induced
vasocontraction in vitro [2]. Till now, PVAT has been shown to exert anticontractile effects
in the blood vessels in both rodents and humans [3,4]. Similar to other adipose tissues,
PVAT is an important endocrine tissue that secretes adipokines, hormones, growth factors,
chemokine, reactive oxygen species (ROS), nitric oxide (NO), and hydrogen sulfide (H2S) [1].
As PVAT has a very close proximity to the vasculature, PVAT has been recognized as an
active player in vascular physiology and pathology, and studies of PVAT in maintaining
vascular homeostasis have been focused on in recent decades. Endothelial nitric oxide
synthase (eNOS; also known as NOS3 or NOSIII) is an enzyme named after the cell type
(endothelial cell) in which it was first identified. eNOS is well-known for its role in the
generation of vasoprotective NO. To date, numerous studies using global eNOS-deficient
mice have demonstrated the antihypertensive, antithrombotic, and anti-atherosclerotic
effects of eNOS, which were mainly attributed to NO derived from the endothelium.
Indeed, eNOS expression has been identified in both endothelial cells and adipocytes
in PVAT and both contribute to the production of vascular NO and modulate vascular
pathophysiology [5,6]. Although there are reviews discussing several aspects of PVAT, the
functions of eNOS in PVAT have not been fully described. This review will address the
current understanding of PVAT eNOS and propose possible roles of eNOS in PVAT for
future directions.
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2. What Is Special about PVAT?

There are three layers in the vascular wall of blood vessels, namely tunica intima,
tunica media, and tunica adventitia. The inner layer, tunica intima, consists of a single
layer of flattened, polygonal endothelial cells supported by a basal lamina of connective
tissues. Tunica media is the middle layer that mainly consists of vascular smooth muscle
cells (VSMCs), especially in arteries. Tunica adventitia is the strongest layer that contains
connective tissues and elastic fibers [7]. Different from other adipose tissues, PVAT can be
found outside the adventitia of the systemic blood vessels, including arteries and veins,
small and resistance vessels, and microvessels in skeletal muscles. PVAT is absent in
microvasculature and the cerebral vasculature [8,9]. There are no laminar structures or
barriers between PVAT and the adventitia layer of blood vessels.

PVAT is a highly heterogenous tissue. In addition to stem cells, immune cells, and
nerves, both white and brown adipocytes can be found in PVAT. White adipocytes mainly
act as energy storage in the form of triglyceride [10], while brown adipocytes are more
metabolically active and associated with thermogenesis [11]. There are regional phenotypic
and functional differences among the PVAT in different locations of the vascular system [8,9].
Depending on its location on the vascular bed, PVAT can be white adipose tissue (WAT)-like
(such as mesenteric PVAT), brown adipose tissue (BAT)-like (such as thoracic aortic PVAT)
or mixed (such as abdominal aortic PVAT). Vascularization and innervation of these PVATs,
as well as their adipokine profiles also highly vary [8,9,12–14], which could explain the
local functional differences of PVATs. However, the morphology of PVAT in other species
are currently less characterized than that in murine models.

Studies have shown evidence that as an anatomically separated adipose tissue, adipocytes
from different PVATs may arise from unique progenitor cells, giving rise to its distinctive
morphological and functional characteristics compared to other adipose tissues [15–17].
Nevertheless, the origins of adipocytes in the PVAT and the precise process of PVAT devel-
opment are barely known. A recent study suggested that adipocytes in periaortic PVAT may
partly originate from progenitors expressing smooth muscle protein 22-alpha (SM22α) [18].
Thoracic periaortic PVAT may present both SM22α+ and myogenic factor 5 (Myf5+) ori-
gins [19], whereas these progenitor cells are able to differentiate into uncoupling protein-1
(UCP-1) positive adipocytes in vitro [20]. A recent study has also shown that fibroblastic
progenitor cells, but not VSMCs, are responsible for the adipogenesis of thoracic PVAT [21].
The origins of adipocytes in abdominal periaortic PVAT are less known. They may share, at
least, similar developmental origins with SM22α+ and peroxisome proliferator-activated
receptor gamma (PPARγ+) VSMCs, as the absence of PPARγ in the VSMCs resulted in a
complete lack of abdominal periaortic PVAT development [22]. In the same study, Chang
et al. also suggested that mesenteric PVAT may share a similar developmental origin with
VSMCs, since the absence of PPARγ in VSMCs also resulted in a dramatic loss of mesen-
teric PVAT, while other adipose tissues were not affected [22]. Indeed, studies have also
suggested that the developmental origins of mesenteric PVAT may be similar to the visceral
adipose tissues [23,24]. Taken together, the lack of the discovery of unique cell markers
makes the generation of PVAT-specific gene modified mouse models and the mechanistical
study of PVAT function a challenging task.

3. What Is the Function of PVAT?

Since the first attention to the paracrine effects of PVAT on blood vessels [2], growing
studies, from experimental animal models to clinical samples, have indicated that the cross-talk
between PVAT and its connecting vessel plays a critical role in the physiological homeostasis
and pathological changes of the cardiovascular system. The paracrine crosstalk between PVAT
and its connecting vessel can actively regulate vascular inflammation and remodeling [23],
while PVAT can also act as an endocrine organ to modulate multiple biological processes
by releasing adipokines [25]. In 2002, using the physiological buffer in which PVAT from a
healthy rat was incubated, Lohn et al. observed a direct relaxation in precontracted, isolated,
PVAT-removed rat thoracic aorta [26]. They concluded the presence of transferable soluble
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substances from the PVAT that were released to the buffer and caused relaxation. It is currently
known that PVAT is capable to synthesize and secrete substances via endocrine and paracrine
mechanisms, including adipokines, growth factors, ROS, NO, and H2S [1]. The previous
literature already explored the function of PVAT in detail [1,25,27–30]. Here, we briefly
summarized the area of PVAT-derived adipokine production and vascular function regulation,
and some novel findings of exosomes/extracellular vesicles (Figure 1).

Figure 1. The crosstalk between PVAT and the vessel wall modulates vascular functions. PVAT
releases vasoactive molecules, hormones, adipokines, and microvesicles. PVAT-derived relaxing
factors (PVRFs) include leptin and adiponectin, hydrogen sulphide (H2S), hydrogen peroxide (H2O2),
prostaglandins, NO, and angiotensin (Ang) 1–7. PVAT-derived contracting factors (PVCFs) include
chemerin, calpastatin, 5-hydroxytryptamine (5-HT), norepinephrine (NE), AngII, and ROS. These
factors from PVAT may reach the endothelial layer of blood vessels by either direct diffusion or via
vasa vasorum or small media conduit networks connecting the medial layer with the underlying
adventitia and modulate vasodilation and vasocontraction. PVAT plays a critical role in vascular
homeostasis via secreting adipokine, hormones, and growth factors to modulate the proliferation
of VSMCs. Adipocytes from PVAT also secrete different types of extracellular vesicles, including
exosomes and microvesicles, which have also been shown to trigger early vascular remodeling
in vascular inflammation. Under pathological conditions, PVAT becomes dysfunctional, and the
secretion of the PVAT-derived factor becomes imbalanced which could exert detrimental effects on
vascular homeostasis and lead to vascular remodeling and arterial stiffening.

Similar to any other adipose tissues, PVAT plays a critical role in vascular homeostasis
via secreting adipokine, hormones, and growth factors [31]. These PVAT-derived factors
include both pro-inflammatory and anti-inflammatory vasoactive molecules that modulate
vascular inflammation and oxidative stress, vascular tone, and VSMCs proliferation and
migration [9,32]. In various models of metabolic and cardiovascular diseases, including
obesity, hypertension, and diabetes, the loss of anticontractile function of PVAT was ob-
served [33–35]. PVAT becomes dysfunctional and the secretion of the PVAT-derived factors
becomes imbalanced which could exert detrimental effects on vascular homeostasis and
lead to vascular remodeling and arterial stiffening [28,36–38].

It is currently known that PVAT exerts anticontractile function on the adherent blood
vessel through secretion of various PVAT-derived relaxing factors (PVRFs), previously
known as the adventitia-derived relaxing factors (ADRFs) [39]. Potential PVRFs include lep-
tin and adiponectin [40], H2S [41], hydrogen peroxide (H2O2) [42], prostaglandins [43,44],
NO [45], and angiotensin (Ang) 1–7 [46]. In addition to PVRFs, recent studies have revealed
that PVAT can secrete contracting factors (PVCFs) that modulate vasoconstriction [47–49].
Potential PVCFs include chemerin [50], calpastatin [51], 5-hydroxytryptamine (5-HT) [49],
norepinephrine (NE) [52], AngII, and ROS [53]. Although the detailed mechanisms of
how PVRFs and PVCFs exert their effects on the blood vessel remain unclear, it is hy-
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pothesized that PVAT modulates vascular functions through two distinct mechanisms:
endothelium-dependent and endothelium-independent pathways [29,45]. These factors
from PVAT may reach the endothelial layer of blood vessels by either direct diffusion or
via vasa vasorum or small media conduit networks connecting the medial layer with the
underlying adventitia [8,54,55] (Table 1). In addition, the same factors from PVAT can act
as either PVRFs or PVCFs. For example, H2S and prostanoids in PVAT have anticontractile
effects under normal conditions, while they can induce contractile responses under disease
conditions [56].

Table 1. List of focused PVAT-derived factors.

PVAT-Derived Factors Effects References

Adiponectin Relaxation [40]
Angiotensin (Ang) 1–7 Relaxation [46]
Angiotensin II (Ang II) Contraction [14,56,57]
Calpastatin Contraction [51]
Chemerin Contraction [50,54]
Hydrogen peroxide (H2O2) Relaxation [42,55]
Hydrogen sulphide (H2S) Contraction [41]

Relaxation [56,58]
Leptin Relaxation [57,59]

Contraction [51,60]
Nitric oxide (NO) Relaxation [45]
Norepinephrine (NE) Contraction [52]
Prostanoids
-Prostaglandins Contraction [44,61]
-Prostacyclin Relaxation [22]
-Thromboxane Contraction [61]
Superoxide Contraction [53]
5-hydroxytryptamine (5-HT) Contraction [49]

A recent study has also shown that the anticontractile effects of PVAT can be attributed
to its ability to uptake and metabolize vasoactive amines such as dopamine, NE, and
5-HT [62]. Monoamine oxidase A/B (MAO-A/B) catalyzes the oxidative deamination
of vasoactive amines, while semicarbazide-sensitive amine oxidase (SSAO) catalyzes the
generation of ammonia and H2O2. These two enzymes are present in PVAT, and the
inhibition of these enzymes increased the NE-induced vasocontraction on vessel rings with
PVAT [62]. PVAT can also prevent NE-induced vasocontraction, by taking up NE and
preventing it from reaching the vessel wall [63].

In small arterioles, stepwise increase in blood pressure can induce vasoconstriction due
to smooth muscle myogenic response, while this physiological function is absent in large
arteries [64]. Until now, most of the in vitro pressure myograph studies about myogenic
responses were performed in PVAT-denuded vessels. Therefore, there is an underlying
question of whether PVAT may be involved in the regulation of myogenic responses. In
resistance arteries with myogenic response, endothelial-derived hyperpolarization plays
a more prominent role than NO in vasodilation [65]. Thus far, there has been no direct
evidence on whether PVAT plays a role in myogenic response in vivo. Nevertheless, recent
studies have shown the new function for PVAT in assisting stress-induced relaxation [66]
and the presence of stretch sensitive, nonselective cation channel Piezo1 in PVAT [67].
These shed light on the possible function of PVAT in modulating myogenic responses.

Dysfunction of PVAT has also been linked to the development of atherosclerosis.
Adipocytes and macrophages in PVAT can secrete various pro-inflammatory cytokines and
adipokines including monocyte chemoattractant protein-1 (MCP-1), tumor necrosis factor
alpha (TNF-α), leptin, adiponectin, omentin, etc. [68]. In obesity, inflammation in PVAT
causes the phenotypic switch from anti-inflammatory to pro-inflammatory [69]. A recent
study has also revealed that macrophage polarization in the PVAT is critically associated
with coronary atherosclerosis [70]. M1 macrophages in the PVAT are positively correlated
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with a higher risk of coronary thrombosis and are correlated with plaque progression and
destabilization. M2 macrophages in the PVAT are negatively correlated with increased arte-
rial obstruction, calcification, necrosis, and decrease of the number of vasa vasorum in the
adventitia layer [70]. Transplantation of PVAT from high-cholesterol diet-fed apolipopro-
tein E (ApoE) knockout mice to normal chow-fed ApoE-knockout mice resulted in a striking
increase in atherosclerosis development [71]. These suggest that the inflammatory status of
the PVAT is related to the progression of atherosclerosis.

Apart from the above secretory factors, adipocytes from PVAT also secrete different
types of extracellular vesicles, including exosomes and microvesicles [72,73]. Exosomes are
formed within the endosomal network and exocytosed by fusion with the plasma mem-
brane, while microvesicles are directly formed from the plasma membrane. Extracellular
vesicles are crucial regulators of vascular functions by transferring the enclosed biological
messengers, including lipids, proteins, noncoding RNAs, and microRNAs (miRNAs) for
intercellular communications [74]. Adipose tissues have been shown to produce circulating
exosomal miRNAs, as a form of adipokine, to regulate gene expressions locally or dis-
tantly [75]. These miRNA-containing extracellular vesicles act as the agent for the crosstalk
between adipose tissues and neighboring tissues, including endothelial cells, VSMCs, and
macrophages [76–78]. In addition, the crosstalk between endothelial cells and adipocytes is
modulated, at least partly, by the extracellular vesicles-mediated reciprocal trafficking of
caveolin-1 (Cav-1) [79]. A recent study demonstrated that PVAT secretes encapsulated mi-
croRNAs, such as miR-221-3p, which can be taken up in neighboring VSMCs, and triggers
an early vascular remodeling in vascular inflammation [72]. In another recent study, PVAT-
derived exosomes were demonstrated to reduce macrophage foam cell formation through
miR-382-5p- and bone morphogenetic protein 4 (BMP4)-PPARγ-mediated upregulation of
cholesterol efflux transporters [76]. However, it is still unclear which cell types in PVAT
generate these extracellular vesicles.

4. Current Proves of eNOS in PVAT

There are currently three isoforms of NO synthase (NOS), which is named by the cell
types where they are first identified: neuronal NOS (nNOS or NOS1), inducible NOS (iNOS
or NOS2), and eNOS (or NOS3) [77]. Vascular nNOS is expressed in perivascular nerve
fibers and in the vascular wall, while the expression of iNOS is induced under conditions
of inflammation and sepsis [77]. eNOS is primarily expressed, but not exclusively, in
endothelial cells. All three isoforms of NO synthase catalyze the production of NO from
L-arginine [80]. Under physiological conditions, eNOS is the main vascular source of NO,
modulates vascular functions and confers protection against cardiovascular diseases.

In recent years, eNOS expression in other cell types has been demonstrated in vitro
and in vivo. Indeed, eNOS expression has been found in dendrite cells [78], red blood
cells [81], hepatocytes [80], as well as in adipocytes [6]. While the expression of iNOS in
PVAT is only induced in pathological conditions [82], and the expression of nNOS in PVAT
is controversial [83], the expression of eNOS in thoracic aortic PVAT has recently been
demonstrated by various groups. Gene and protein expressions of eNOS in PVAT have
been detected [6,84]. Using immunohistochemistry, eNOS can be stained in both adipocytes
and endothelial cells of the capillaries and vasa vasorum in aortic PVAT [6,85]. Of the
three isoforms of NOS, immunostaining of eNOS is the most abundant in PVAT of the
saphenous vein, and eNOS activity is comparable in PVAT and the adherent vein [85]. In
addition, in situ NO production in PVAT adipocytes can be directly detected by fluorescence
imaging [13,86]. There is a high histological discrepancy of eNOS expression among the
anatomical localizations of PVAT. Abdominal PVAT has been shown to have a lower eNOS
expression compared with thoracic PVAT, while the eNOS expression remains the same
along the vessel walls [13]. Indeed, unpublished data from our laboratory suggests a similar
eNOS expression level of mesenteric PVAT and thoracic PVAT. Nevertheless, due to the
highly heterogenous origins and compositions of different PVATs, detailed investigations
of specific cell types that express eNOS in different PVATs is crucial.
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5. What Are the Functions of eNOS in PVAT?

Unfortunately, due to the lack of PVAT-specific eNOS knockout animal models, the
exact functions of eNOS in PVAT is relatively unclear. Most of the current knowledge
about PVAT eNOS is based on evidence from studies using global eNOS knockout mice or
mice with pathological conditions that leads to downregulation of PVAT eNOS. Here, we
summarize current understanding of potential eNOS functions in PVAT under both basal
and pathological conditions.

The first and most important function of eNOS in PVAT is, of course, to generate
vasoactive NO. Previous studies with animal models have demonstrated that PVAT plays
a crucial role in vascular NO production [1,6,29]. PVAT-derived NO can diffuse into the
adjacent VSMC, stimulating soluble guanylate cyclase (sGC) and increasing the cyclic
guanosine monophosphate (cGMP) level, which leads to the phosphorylation of large-
conductance calcium-activated potassium channels in VSMC via protein kinase G, resulting
in hyperpolarization and vascular relaxation [87,88]. In small arteries isolated from visceral
fat of healthy individuals, basal vascular NO production is reduced after PVAT removal,
which leads to an attenuated contractile response to L-NAME [89]. In PVAT-adhered,
endothelium-denuded rat mesenteric arteries, inhibition of eNOS significantly enhances
NE-induced contraction, indicating that eNOS in PVAT contributes to the vascular NO
production, while the anticontractile effect of PVAT is, at least partly, independent of the
endothelium [33,90]. In low-density lipoprotein receptor (Ldlr) knockout mice, the thoracic
aortic PVAT shows significant upregulation of eNOS expression and NO production,
which protects against impaired vasorelaxation to acetylcholine and insulin [84]. In a
very recent clinical study, the authors demonstrated PVAT as a predominant source of
NO in human vasculature in a no-touch saphenous vein grafts (NT-SVGs) coronary artery
bypass model [91]. The study showed that PVAT, via NO production from eNOS, can
induce vasorelaxation even in endothelium-denuded SVG. The above evidence suggests the
protective role of PVAT eNOS in improving endothelial functions. Nevertheless, currently,
there is a lack of detailed studies that are designed to compare the NO production and
eNOS function among vascular components, such as the endothelium and PVAT.

In addition to direct modulation of vasodilation, PVAT-derived NO released toward
the vascular lumen is a potent inhibitor of platelet aggregation and leukocyte adhesion [92].
PVAT has been shown to play a role in the inhibition of DNA synthesis, mitogenesis,
and proliferation of VSMCs [93]. The inhibition of platelet aggregation and adhesion
also protects VSMCs from exposure to platelet-derived growth factors. These confer the
ability of PVAT to protect against the onset of atherogenesis and vascular remodeling in
the adherent vessels. However, there is a lack of direct evidence of how PVAT eNOS and
PVAT-derived NO act on atherogenesis and vascular remodeling.

Another important function of PVAT eNOS is to stimulate the expression of adiponectin,
which is an important adipokine that contributes to vasodilation regulation, anti-inflammation,
and inhibition of VSMCs proliferation and migration [36,94]. eNOS has been shown
to regulate adiponectin synthesis in adipocytes by increasing mitochondrial biogenesis
and enhancing mitochondrial function [95]. PVAT-derived adiponectin may regulate
endothelial functions, partly by enhancing eNOS phosphorylation in the endothelium [96].
Indeed, the function of PVAT is determined by the browning and inflammation status.
Mitochondrial biogenesis is involved in the browning of adipocytes [97]. Fitzgibbons
et al. proposed that promoting the browning of PVAT might confer a protective effect
to attenuate the development of vascular diseases [11]. PVAT eNOS may have a vital
role in the mitochondrial biogenesis and browning of PVAT [98]. However, the detailed
mechanisms underlying browning or thermogenesis of PVAT are barely known.

Apart from the functions of PVAT eNOS and NO mentioned above, NO is also known
as an endogenously produced signaling molecule that regulates gene expression and cell
phenotypes [99]. Currently, NO is known to regulate gene expression either by direct
interaction with transcription factors or by post-translational modification of proteins. NO
may mediate the transcriptional regulation of histone-modifying enzymes and modulate
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the activities and cellular localizations of transcription factors through the formation of
S-nitrosothiols or iron nitrosyl complexes [100]. Additionally, NO may alter the cellular
methylation, acetylation, phosphorylation, ubiquitylation, or sumoylation profiles of pro-
teins and histones by modifying these enzymes [101]. Recent evidence has revealed the
presence of S-nitrosylated (SNO) proteins in abdominal aortic PVAT [102]. For example,
a reduced NO level results in the activation and cellular release of tissue transglutami-
nase (TG2), which is involved in vascular fibrosis and remodeling [103,104]. Normally,
TG2 can be S-nitrosylated by NO, and is retained within the cytosolic compartment. Re-
duced bioavailability of NO leads to reduction of TG2 S-nitrosylation, which facilities its
translocation to the extracellular compartment where it can induce crosslinking of extracel-
lular matrix proteins and promote fibrosis [105]. Nevertheles, the complete nitrosylation
profile of PVAT and vascular wall remains unclear. Identification of these SNO proteins
could greatly enhance our understanding of the detailed function of PVAT eNOS and its
derived NO.

A recent study has revealed the reciprocal regulation of eNOS and β-catenin [106].
eNOS and β-catenin are interactive partners. β-catenin is a membrane protein known
to bind with eNOS to promote eNOS phosphorylation and activation, while this inter-
action facilitates the translocation of β-catenin to the nucleus and activates downstream
gene transcription [106]. This suggests a potential role of eNOS as a ‘carrier’ protein to
facilitate gene expression independent of NO production. In addition, another cobinding
protein and negative regulator of eNOS, Cav-1, is expressed in both endothelial cells and
adipocytes [107]. Cav-1 can regulate eNOS functions in PVAT [108], whereas eNOS-derived
NO has been shown to promote caveolae trafficking [109]. These suggest that protein–
protein interaction of eNOS may play a critical role in PVAT functions, such as the secretion
of miRNA-encapsulated microvesicles.

6. PVAT eNOS under Pathological Conditions

Multiple studies with high-fat diet (HFD) and/or genetic manipulation models have
reported the pathophysiological significance of PVAT eNOS in mediating vascular func-
tions, inflammation, and other metabolic processes [6,29,110]. PVAT eNOS plays a crucial
role in obesity-induced vascular dysfunction [1,28]. Indeed, endothelium-dependent,
NO-mediated acetylcholine-induced vasodilation response has no significant changes in
PVAT-removed aortas from HFD-fed mice compared with control mice, while vascular
dysfunction of the thoracic aorta is only evident when PVAT is adhered [6,111]. Our group
has also found evidence of PVAT eNOS dysfunction and eNOS uncoupling in HFD-induced
obese mice [6]. Although an adaptive overproduction of NO from mesenteric PVAT was
observed at the early phase of HFD-induced obesity in C57BL/6J mice [86], reduced eNOS
expression was observed after long-time HFD feeding in the mesenteric PVAT of obese
rats [33] and thoracic aortic PVAT of mice [112]. Either improving L-arginine availability [6]
or restoring eNOS phosphorylation and acetylation [111] can ameliorate obese-linked vas-
cular dysfunction. These suggest that obese-induced eNOS dysfunction in the PVAT can
sigificantly reduce the vascular functions in the adherent vessels. In addition, basal NO
production is reduced in small arteries from obese patients compared with nonobese con-
trols, while this reduction in basal NO production is only evident in PVAT-adhered, but not
in PVAT-removed arteries [89]. However, in HFD-fed ApoE knockout rat models of early
atherosclerosis, Nakladel et al. demostrated an upregulation of eNOS in the inflammatory
thoracic PVAT, which compensates severe endothelial dysfunction by contributing to NO
production upon cholinergic stimulation [82]. Nevertheless, these results indicate that,
under obesity-related metabolic diseases, PVAT eNOS may be even more important than
endothelium eNOS in obesity-induced vascular dysfunction, which may be attributed to
certain PVAT eNOS-specific functions [1,28,113].

The reduction of eNOS activity and PVAT function can be caused by the reduced
L-arginine bioavailability and changes in post-translational modifications of eNOS in obese
PVAT [28]. Deficiency in L-arginine is attributable to an upregulation of arginase in the
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PVAT of obese mice [6]. The upregulation of arginase reduces L-arginine bioavailability
for NO production and leads to eNOS uncoupling in PVAT [114], while uncoupled eNOS
produces superoxide and increases oxidative stress in PVAT [6]. Indeed, acylation, acetyla-
tion, S-nitrosylation, glycosylation, glutathionylation, and phosphorylation of eNOS have
been reported and involved in the dynamic control of its activity in response to differrent
physiologic and pathophysiologic cues [115]. Reduction in eNOS phosphorylation at serine
1177 residue and inhibition of Akt, an upstream kinase of eNOS, were observed in the
thoracic aortic PVAT of obese mice [6]. Another important post-translational modification
of PVAT eNOS involved in obesity-induced vascular dysfunction is acetylation [35,115].
eNOS has been reported to be constitutively acetylated at Lys 497 and Lys 507 [115], which
inhibits the activity of eNOS. Deacetylation of eNOS by SIRT1 increases the enzymatic
activity of the eNOS [116]. In our previous study, we observed an upregulation of eNOS
acetylation in the thoracic aortic PVAT of obese mice [111]. O-GlcNAcylation is another
post-translational modification of eNOS that influences its stability, activity and subcellular
localization [115]. O-GlcNAcylation of eNOS in PVAT is increased in high sugar diet-fed
rats as well as in hyperglycemic human patients, suggesting that O-GlcNAcylation of
eNOS may be involved in high sugar diet-induced oxidative stress in PVAT [117]. Other
modifications of eNOS and the resulting changes in eNOS functions have not been reported
or investigated in PVAT in pathological models.

One of the mechanisms leading to eNOS dysfunction in PVAT is the dysregulation
of leptin, adiponectin, and chemerin. HFD-induced obesity enhances the leptin level
in PVAT which leads to the reduction of eNOS activity and NO production [86]. The
reduction in PVAT eNOS activity and NO production in obesity can be partially attributed
to the reduced expression of adiponectin in PVAT [88]. Adiponectin and eNOS have a
bidirectional regulation. The decreased adiponectin from PVAT may also reduce endothelial
eNOS activity in obesity [110,113,118]. In obesity, chemerin from PVAT contributes to the
positive amplification of sympathetic nerve stimulation and thereby increases vascular
tone [119], while chemerin in the vessel wall decreases the expression of the rate-limiting
enzyme for tetrahydrobiopterin (BH4) biosynthesis, GTP cyclohydrolase I (GTPCH1),
decreases eNOS activation and NO production, and promotes ROS generation [120,121].
Nevertheless, the regulation of PVAT eNOS by chemerin has not been investigated.

On the other hand, both aging and obesity might affect PVAT in a comparable man-
ner [10]. Aging has been shown to attenuate the anticontractile effect of aortic PVAT and
reduce the browning phenotype of PVAT in rats [122]. Aging can also promote obesity-
induced oxidative stress and inflammation in PVAT, which in turn exacerbates the secretion
of inflammatory factors from PVAT, and affects vascular remodeling in obese mice [123]. In
addition, ROS production in PVAT is progressively increased during aging, which subse-
quently contributes to aging-related vascular injuries [122,124]. eNOS uncoupling has been
demonstrated in aged vessels [125]; however, the changes in expression and uncoupling
of eNOS in aged PVAT is totally unknown. Future studies are needed to examine eNOS
expression and function during aging in related to aging-induced vascular complications.

7. Pharmacological Targeting of PVAT eNOS

As mentioned above, under obesity-related metabolic diseases, PVAT eNOS may be
even more important than endothelium eNOS in obesity-induced vascular dysfunction.
Therefore, restoring the function of eNOS in obese PVAT may effectively improve and
normalize vascular functions. As many studies have focused on the pharmacological
interventions targeting PVAT eNOS in obesity, different targets that regulate eNOS in PVAT
have been detailled [28,126,127]. Here, we briefly summarize a few of interest.

SIRT1 is known as a class III histone deacetylase which also deacetylates nonhis-
tone proteins and cytosolic molecules such as eNOS. SIRT1 deacetylates eNOS at lysine
494 and 504 in the calmodulin-binding domain of eNOS, resulting in the activation of
eNOS [116]. Adipose tissue-specific-SIRT1 knockout mice have increased obesity-induced
brown-to-white transition in PVAT in vivo, leading to impaired vascular reactivity [128].
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The deficiency of PVAT SIRT1 may reduce PVAT browning by promoting local superoxide
production and reducing adipokines production [128], which could be attributed to the
inactivation of eNOS due to the constitutive acetylation of eNOS. In a very recent study, we
demonstrated that the PVAT SIRT1 activity is reduced in obese mice despite an enhanced
SIRT1 expression [35]. This resulted from the downregulation of NAD+-producing enzyme
NAMPT, which leads to a reduced level of NAD+ and NAD+/NADH ratio in PVAT. The
reduced SIRT1 activity is associated with an enhanced acetylation of eNOS in the PVAT [35].
In addition, activation of SIRT1 promotes mitochondrial biogenesis via the peroxisome
proliferator-activated receptor-gamma and coactivator 1 alpha (PGC-1α) mitochondrial
pathway in adipose tissues [129]. Moreover, SIRT1 is reported to regulate adiponectin
secretion in adipocytes [130]. Resveratrol, a SIRT1 activitor, has been shown to improve
PVAT functions [131,132], but the change in PVAT eNOS activity has not been studied. Nev-
ertheless, these suggest a tight interplay between PVAT SIRT1 and eNOS in controlling the
browning and inflammation status of PVAT, which mediates vascular functions (Figure 2).

The serine/threonine protein kinase Akt mediates the activation of eNOS, leading to
increased NO production. Inhibition of Akt or mutation of the Akt binding site on eNOS at
serine 1177 attenuates the phosphorylation of eNOS and prevents eNOS activation [133].
The standardized Crataegus extract WS® 1442, with antioxidative properties, is known
to enhance eNOS phosphorylation at the serine 1177 residue by stimulating Akt activity.
Treatment with WS® 1442 can restore the vascular functions in the PVAT-adhered aorta of
obese mice without any effect on body weight or fat mass [27].

AMP-activated protein kinase (AMPK) is an important regulator of energy metabolism
homeostasis and can activate eNOS via phosphorylation [134,135]. The activation of the
AMPK/eNOS pathway in PVAT is responsible for its anticontractile function. Treating
PVAT with various AMPK activators 5-Aminoimidazole-4-carboxamide ribonucleotide
(AICAR), salicylate, metformin, methotrexate, resveratrol, or diosgenin was reported
to increase phosphorylation of PVAT eNOS and improve PVAT functions in different
studies [131,132].

Exercise training was shown to increase eNOS expression and eNOS phosphorylation
in both vascular wall and PVAT, which is associated with increased adiponectin expression
in PVAT [136]. Aerobic exercise training has been shown to promote the anticontractile
activities of PVAT by upregulating the expression of antioxidant enzymes and decreasing
oxidative stress in PVAT [126]. Aerobic exercise training also stimulates angiogenesis, which
improves blood flow and reduces hypoxia and macrophage infiltration in PVAT [127]. In
addition, exercise training induces browning and thermogenic response in rat PVAT, which
is associated with increased eNOS expression and reduced oxidative stress [137]. Sustained
weight loss also increases eNOS expression and improves NO production in PVAT from
rats [33]. In rats fed with a high-fat/high-sucrose diet, exercise significantly increases
adiponectin levels compared with nonexercised controls, which is associated with increased
eNOS phosphorylation in PVAT [136]. Increased GTP cyclohydrolase 1 expression, which
is involved in the production of BH4, an essential cofactor for NO generation from eNOS,
was reported after exercise training in obese rat thoracic PVAT [138]. Moreover, bariatric
surgery improved NO bioavailability in PVAT of small subcutaneous arteries from severely
obese individuals [139]. These beneficial effects of exercise training and weight loss may be
attributed to the restoration of eNOS activity (Figure 2).
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Figure 2. PVAT eNOS is an important modulator of vascular functions. Under HFD-induced obesity,
the activity and expression of PVAT eNOS is significantly downregulated. PVAT eNOS may be even
more important than endothelium eNOS in obesity-induced vascular dysfunction. Under normal
condition, PVAT eNOS has multiple roles in regulating PVAT and vascular functions. PVAT eNOS can
generate NO and regulate vasodilation via endothelium-dependent and endothelium-independent
mechanisms. NO generated from PVAT eNOS can diffuse to the endothelium and activate EC, or
directly activate sGC in the VSMC to evoke vasodilation. NO generated from PVAT eNOS can prevent
vascular remodeling and stiffening via inhibiting VSMC proliferation and differentiation. PVAT eNOS
is also responsible for modulating mitochondria biogenesis and browning of adipocytes in PVAT.
In addition, NO generated from PVAT eNOS may regulate protein activities via SNO modification.
Moreover, eNOS may, via protein–protein interactions and NO production, modulate miRNA-
encapsulated microvesicles trafficking across PVAT. PVAT eNOS have a bidirectional regulation
with adiponectin. Adiponectin is an important adipokine that modulates vascular functions via
activating eNOS in both PVAT and EC. Current therapeutical strategies targeting PVAT eNOS include
enhancing eNOS activity by phosphorylation, promoting deacetylation of eNOS via activation of
SIRT1, activation of upstream kinase of eNOS (Akt, AMPK), and exercise training. AMPK, AMP-
activated protein kinase; eNOS, endothelial nitric oxide synthase; EC, endothelial cell; HFD, high
fat diet; NO, nitric oxide; PVAT, perivascular adipose tissue; sGC, soluble guanylyl cyclase; SNO,
S-nitrosylation; VSMC, vascular smooth muscle cell.

8. Conclusions and Future Directions

PVAT has a unique role in the modulation of vascular functions due to its very close
proximity to the vasculature. Important to note is also the significance of PVAT in mod-
ulating cardiovascular complications. In metabolic and cardiovascular diseases, adipose
tissue dysfunction has a notable contribution to the associated vascular dysfunction. Recent
evidence from different studies suggests that eNOS in PVAT, rather than eNOS in the
vascular wall, plays a critical role in protection against obesity-induced vascular dysfunc-
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tion (Figure 2). Conventional in vitro vascular experiments are mainly performed with
PVAT-denuded vessels, which does not reflect the vascular function of in vivo conditions.
In this regard, the study of PVAT functions and the unique role of eNOS in PVAT becomes
extremely important for the investigation of metabolic and cardiovascular diseases and
the research for pharmacological interventions. In order to have a better understanding
of the unique role of eNOS in PVAT, there is an urgent need for a suitable animal model,
i.e., a PVAT-specific eNOS knockout or overexpression mouse model. Nevertheless, due to
the highly heterogenous origin and histological and functional variations among PVAT in
different regions of the vascular bed, designing an ideal model for studying the specific
functions of eNOS PVAT is a challenge. On the other hand, current understanding of
eNOS functions in PVAT is based on the understanding of eNOS from endothelial cells,
global knockout, or disease models. PVAT-specific gene knockout or overexpression animal
models may help to answer the following questions:

o What is the exact of role of PVAT eNOS in PVAT functions?
o What are the exact expression levels of eNOS in different regions of PVAT and/or in

different cells in PVAT?
o What is the relative contribution of endothelial eNOS and PVAT eNOS to vascular

function under physiological and pathological conditions?
o Are there any specific functions of eNOS in PVAT but not in endothelial cells?
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31. Stanek, A.; Brożyna-Tkaczyk, K.; Myśliński, W. The Role of Obesity-Induced Perivascular Adipose Tissue (PVAT) Dysfunction in
Vascular Homeostasis. Nutrients 2021, 13, 3843. [CrossRef]

32. Omar, A.; Chatterjee, T.K.; Tang, Y.; Hui, D.Y.; Weintraub, N.L. Proinflammatory Phenotype of Perivascular Adipocytes. Arter.
Thromb. Vasc. Biol. 2014, 34, 1631–1636. [CrossRef]

33. Bussey, C.E.; Withers, S.B.; Aldous, R.G.; Edwards, G.; Heagerty, A.M. Obesity-Related Perivascular Adipose Tissue Damage Is
Reversed by Sustained Weight Loss in the Rat. Arter. Thromb. Vasc. Biol. 2016, 36, 1377–1385. [CrossRef]

34. Ketonen, J.; Shi, J.; Martonen, E.; Mervaala, E. Periadventitial Adipose Tissue Promotes Endothelial Dysfunction via Oxidative
Stress in Diet-Induced Obese C57Bl/6 Mice. Circ. J. 2010, 74, 1479–1487. [CrossRef]

131



Biomedicines 2022, 10, 1754

35. Xia, N.; Reifenberg, G.; Schirra, C.; Li, H. The Involvement of Sirtuin 1 Dysfunction in High-Fat Diet-Induced Vascular Dysfunction
in Mice. Antioxidants 2022, 11, 541. [CrossRef]

36. Sowka, A.; Dobrzyn, P. Role of Perivascular Adipose Tissue-Derived Adiponectin in Vascular Homeostasis. Cells 2021, 10, 1485.
[CrossRef]

37. Takaoka, M.; Nagata, D.; Kihara, S.; Shimomura, I.; Kimura, Y.; Tabata, Y.; Saito, Y.; Nagai, R.; Sata, M. Periadventitial Adipose
Tissue Plays a Critical Role in Vascular Remodeling. Circ. Res. 2009, 105, 906–911. [CrossRef]

38. Chang, L.; Zhao, X.; Garcia-Barrio, M.; Zhang, J.; Chen, Y.E. MitoNEET in Perivascular Adipose Tissue Prevents Arterial Stiffness
in Aging Mice. Cardiovasc. Drugs Ther. 2018, 32, 531–539. [CrossRef]

39. Chang, L.; Milton, H.; Eitzman, D.T.; Chen, Y.E. Paradoxical Roles of Perivascular Adipose Tissue in Atherosclerosis and
Hypertension. Circ. J. 2013, 77, 11–18. [CrossRef]

40. Fésüs, G.; Dubrovska, G.; Gorzelniak, K.; Kluge, R.; Huang, Y.; Luft, F.C.; Gollasch, M. Adiponectin is a novel humoral vasodilator.
Cardiovasc. Res. 2007, 75, 719–727. [CrossRef]
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Abstract: The global COVID-19 pandemic has become the largest public health challenge of recent
years. The incidence of COVID-19-related acute hypoxemic respiratory failure (AHRF) occurs in
up to 15% of hospitalized patients. Antiviral drugs currently available to clinicians have little to no
effect on mortality, length of in-hospital stay, the need for mechanical ventilation, or long-term effects.
Inhaled nitric oxide (iNO) administration is a promising new non-standard approach to directly treat
viral burden while enhancing oxygenation. Along with its putative antiviral affect in COVID-19
patients, iNO can reduce inflammatory cell-mediated lung injury by inhibiting neutrophil activation,
lowering pulmonary vascular resistance and decreasing edema in the alveolar spaces, collectively
enhancing ventilation/perfusion matching. This narrative review article presents recent literature
on the iNO therapy use for COVID-19 patients. The authors suggest that early administration of
the iNO therapy may be a safe and promising approach for the treatment of COVID-19 patients.
The authors also discuss unconventional approaches to treatment, continuous versus intermittent
high-dose iNO therapy, timing of initiation of therapy (early versus late), and novel delivery systems.
Future laboratory and clinical research is required to define the role of iNO as an adjunct therapy
against bacterial, viral, and fungal infections.

Keywords: nitric oxide; COVID-19; acute respiratory syndrome coronavirus 2; inhaled nitric oxide
therapy; endothelium

1. Introduction

The global Coronavirus Disease 2019 (COVID-19) pandemic has become the deadliest
respiratory infection since the Spanish Flu in 1918–1920. COVID-19 is a respiratory infection
that spans from mild involvement of the upper respiratory tract to severe pneumonia
leading to respiratory failure, shock, and death [1].

COVID-19-associated complications are multifactorial and involve endothelial cell dys-
function, local hyperinflammation, intravascular coagulation, and microthrombosis [2–4].
This constellation of systemic and organ endotheliopathy has been proposed to explain phe-
notypic variants associated with COVID-19 [5–9]. A decrease in the angiotensin-converting
enzyme 2 (ACE2) activity, caused by its interaction with the SARS-CoV-2 virus and endo-
cytosis of the viral complex and downregulation, leads to an increase in vasoconstriction,
pro-coagulation, pro-inflammation, and pro-oxidant angiotensin II effects. These effects, in
turn, potentiate inflammation, trigger the release of injury-associated molecules, and cause
viral damage to the lung. Specific viral and cytokine storm-induced endothelial damage is
called SARS-CoV-2-associated endotheliitis, reflecting COVID-19 microangiopathy in the
lungs, and other organs, coupled with the development of thrombosis due to vasculitis.
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A respiratory treatment that halts the progression of disease could substantially im-
prove both saved lives and spared hospital resources. At this time, treatment with dexam-
ethasone (a systemic steroid) has been shown to reduce the 28-day mortality in patients
requiring mechanical ventilation or oxygen but has no effect on the early progression of the
disease [10]. Thus far, no inhaled treatment has been shown to be beneficial to both respira-
tory and systemic pathophysiology, the endothelium, and viral load, with the potential to
halt progression of disease [11].

Antiviral drugs, such as molnupiravir and remdesivir, demonstrated an improvement
on mortality, length of in-hospital stay, and the need for mechanical ventilation in specific
subpopulations of hospitalized patients only [12]. Despite these advancements in ther-
apeutics, an intervention that readily combines the improvement of clinical symptoms,
including hypoxia, and the reduction of endothelial dysfunction is still lacking. High-dose
inhaled nitric oxide (iNO) holds promise as an intervention that fulfills these goals.

We present here a review of published studies and ongoing trials on the therapeutic
effects of iNO for COVID-19.

2. Historical Benefits of NO: iNO as Selective Pulmonary Vasodilator Improving
Ventilation/Perfusion Matching

iNO gas is a therapy currently approved for the treatment of pulmonary hypertension
in newborns and is also used as a rescue therapy in patients with ARDS [13,14]. Type 3
pulmonary hypertension (due to pulmonary pathology and/or hypoxia) occurs in 40–75%
of patients admitted to the ICU with pneumonia, and up to 50% of patients with ARDS [15].
In 21% of ARDS cases, patients develop acute RV failure and acute pulmonary heart disease,
associated with an increase in pulmonary vascular resistance [16,17]. During the current
COVID-19 pandemic, elevated pulmonary artery systolic pressure has been identified as
a hemodynamic parameter associated with a fatal outcome [18]. These data support the
use of preventive interventions for RV failure as therapeutic targets and a reframing of
therapy for ARDS, adding ‘RV protective’ strategies to the well-established ‘lung protective’
ventilation strategy [17,19].

An ideal medication that optimizes hemodynamics and pulmonary gas exchange
should result in improved hypoxemia while positively affecting the underlying pathophys-
iological mechanisms, thereby preventing fatal complications (reduction of pulmonary
hypertension and right ventricular dysfunction). In such a case, targeted antiviral therapy
could be coupled with adjuvant pathogenetic therapy directed against the mechanisms that
directly lead to mortality. iNO holds promise as an all-encompassing therapy for COVID-19
patients. It is a selective pulmonary vasodilator with known beneficial physiological effects
for use in patients with ARDS, potentially reducing the acute RV failure associated with
high mortality due to COVID-19 pneumonia, influences the mechanisms that enhance V/Q
matching and reduce shunt alteration, and has direct anti-viral effects based on in vitro
evidence [20]. The available data on the effect of iNO as a possible adjuvant agent for
respiratory treatment in patients with COVID-19 are inconclusive. However, high-quality
evidence from past pandemics suggests that iNO use in ARDS, due to SARS-CoV, results
in improved arterial oxygenation, decreased pulmonary hypertension, and reduced spread
and density of lung infiltrates [21]. However, iNO use has failed to reduce mechanical
ventilation days and overall mortality in ARDS patients [21–24]. Considering the phe-
notype of intrapulmonary vascular architecture abnormalities found in COVID-19, there
is a deep adaptive pathophysiological rationale for the favorable iNO-mediated changes
in pulmonary hemodynamics. In COVID-19, an increase in the V/Q ratio is observed in
well-aerated, intact sections due to angiotensin II-mediated vasoconstriction, endothelial
dysfunction, vasculitis, and thrombosis [25]. Therefore, lung lesions in COVID-19 are not
homogenous and occur due to the alternation of the alveolar shunt and alveolar dead space
compartments [26,27]. The SARS-CoV-2 virus uses the angiotensin-converting enzyme 2
(ACE2) receptor to enter the cell, which leads to a decrease in its activity, through a negative
feedback mechanism, while the levels of plasma angiotensin II increase and angiotensin
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(1–7) decrease [28]. In this case, a specific pulmonary vasoconstrictor, pro-inflammatory,
procoagulant phenotype is formed, mediated by angiotensin II [29,30]. This was confirmed
by Santamarina MG et al., who showed that the pathophysiology of moderate to severe
respiratory failure in COVID-19 is based on a severe ventilation/perfusion (V/Q) mis-
match [8,9]. The authors demonstrated a decrease in the V/Q ratio in areas of the lung
parenchyma with ground-glass nodules or consolidation due to an increase in perfusion in
poorly ventilated areas. These areas are the morphological basis of the alveolar shunt in
conditions of secondary loss of compensatory hypoxic pulmonary vasoconstriction [31].

At the same time, an increase in the V/Q ratio is observed in well-aerated intact sec-
tions due to angiotensin II-mediated vasoconstriction, endothelial dysfunction, vasculitis,
and thrombosis [25]. Therefore, lung lesions in COVID-19 are inhomogeneous and occur
due to the alternation of the alveolar shunt and alveolar dead space compartments [27]. Me-
chanical ventilation and other respiratory support strategies (non-invasive ventilation and
high-flow oxygen therapy) do not affect the V/Q ratio in intact ventilation and perfusion
pathology, while the positive effects of prone position on oxygenation can be explained
by the gravitational redistribution of blood flow to intact areas with high V/Q ratio and a
cumulative V/Q optimization in general. At the same time the increase in alveolar dead
space is independently associated with mortality in ARDS [32]. This pathophysiological
theory supports the early use of pulmonary vasodilators, such as iNO (Figure 1) [8,9]. To
this end, there is evidence that iNO may be the most effective in patients with COVID-19
respiratory failure and concomitant pulmonary hypertension [33,34].

 
Figure 1. Illustrates the continuum of intrapulmonary pathophysiology at the early stages of COVID-19
pneumonia, highlighting the putative beneficial effects of NO. Part I. The effects of iNO are etiopathogenetic.
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iNO may reduce viral load while halting the intrapulmonary cascade of inflammation, decreasing
alveolar dead space, and thus optimizing ventilation-perfusion. In addition, a decrease in respiratory
rate, improvement of gas exchange, and enhanced respiratory comfort may prevent the development
of self-induced lung injury (SILI). iNO may also prevent co- and superinfection (CSI), including those
involving hospital antibiotic-resistant flora. To this end, it is important to consider administering
iNO therapy at the early stage of disease, before the development of irreversible changes in the
lungs. Part II. Persistent SILI and CSI contribute to transition of disease into a self-maintaining and
self-sustained process. The continuum of intrapulmonary pathophysiology is mediated by local
and systemic hyper-inflammatory reactions, even after virus elimination. There is an increase in
elastance and a decrease in aerated lung, an increase in intra-alveolar exudation, a transition to low
compliance phenotype, mirroring the known pathogenesis ARDS. The NO-mediated impact at this
stage is aimed at optimizing V/Q matching. Considering the transition of functional changes in
the lungs to morphological changes, therapeutic effects of iNO would be quite limited, represent
last-resort treatment, and do not consistently result in improved outcomes. Part III. iNO-mediated
cardio-respiratory interactions to reduce the risk of right ventricular failure. Prevention of acute cor
pulmonale development by reducing right ventricular afterload. Prevention of group 3 pulmonary
hypertension due to prolonged antifibrotic effects of iNO in the lungs.

3. Burgeoning Antimicrobial Effects of iNO-Therapy: Viral, Bacterial, Fungal

The clinical role of NO in COVID-19 patients may be relevant due to in-vitro evidence
of NO antiviral activity, specifically against the SARS coronavirus [35,36]. Preclinical
and clinical evidence suggests that iNO has a viricidal effect, including the family of
Coronaviridae. Moreover, in vitro studies demonstrate that the use of NO-donor compound
S-nitroso-N-acetylpenicillamine leads to an increased survival rate of in vitro mammalian
cells infected with SARS-CoV. SARS-CoV and SARS-CoV-2 share the same subgenus within
the family Coronaviridae. Recent studies have confirmed that NO can inhibit SARS-
CoV-2 replication, and the main viral protease for targeted NO therapy has also been
identified [37].

Similar therapeutic effects of NO can be expected in patients with COVID-19 due to the
genetic similarities between the two viruses. The literature seems to point towards nonspe-
cific rather than pathogen-specific antimicrobial effects of NO. Thus, the role of exogenous
iNO as an antiviral agent during a COVID-19 infection could be hypothesized [38].

NO-dependent virus elimination is most likely mediated by inhibiting viral replication
with genetic modification [39–53]. Antiviral defense mechanisms involve the deactivation
of viral proteins essential for viral replication: viral proteases, reverse transcriptases, tran-
scription factors, etc. mediated by S-nitrosylation of essential thiol groups [54]. Dinitrosyl
iron complexes with thiol ligands in lung and airway tissues, created by high-dose iNO
therapy due to the prolonged release of nitrosonium cation (NO+) donors can suppress
various metabolic processes utilized by a coronavirus that are responsible for penetration
into cells as well as replication [55,56]. A. F. Vanin et al., using an experimental model and
healthy volunteers, demonstrated that the inhalation of high-dose NO could be followed by
the absorption of a large portion of the agent in the lung and respiratory tissues as dinitrosyl
iron complexes with thiol ligands [57]. Systemic side effects did not occur. The authors
concluded that a high concentration of NO donors are the main sites that host coronavirus
in the human body as a result of the contact with a high-concentration of iNO and, therefore,
could be of great use during eradication of a coronavirus [57]. High-concentrations of NO
have been found to be microbicidal but still safe in spontaneously breathing subjects in a
phase I trial [58]. However, the optimal therapeutic regimens and the efficacy of NO gas in
reducing viral load while improving oxygenation in hypoxemic COVID-19 patients have
not yet been tested. A pilot study showed that low-dose iNO (max 30 ppm) could shorten
the time of ventilatory support for patients infected with SARS-CoV [21].

The antimicrobial and antifungal effects of iNO, convincingly shown in a number
of studies, can improve the clinical course of COVID-19 in conditions of co- and su-
perinfection [59,60]. The detection rate of atypical respiratory pathogens and viral co-
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infections in the general population of hospitalized patients with COVID-19 has reached
15.6–20.7% [61,62]. Despite the low incidence of bacterial co-infection upon admission
to the hospital, 14–100% of patients admitted to ICUs demonstrate a co-infection, includ-
ing bacterial co- and superinfection [63,64], while the frequency of ventilator-associated
pneumonia (VAP) in a SARS-CoV-2 infection has been reported to be 50.5% [65]. VAP
is associated with an increased 28-day mortality rate and longer duration of mechanical
ventilation and ICU length of stay in SARS-CoV-2 patients [66]. Fungal invasion is also a
major problem in the management of COVID-19 patients, which, together with bacterial in-
fections, can significantly increase therapy costs and possibly worsen outcomes [67]. Thus,
the incidence of secondary infections in patients hospitalized with COVID-19, especially in
the ICU, may not be as low as that in early reports, and the iNO therapy may be able to
improve outcomes by expanding the anti-infective spectrum of therapy regardless of the
etiologic agent.

The type of escalation therapy, aimed at a wide range of pathogens, is especially
promising in conditions of scarcity of resources for accurate verification of an infectious
agent and determination of its possible resistance to therapy, including antibiotic resistance.
In addition, the current principles of therapy for a complicated disease course of a SARS-
CoV-2 infection prescribe immunosuppressive drugs as therapy for the “cytokine storm”,
which can lead not only to secondary infections, but also contribute to the long-term
persistence of the virus in the body, and increase the frequency of its mutations and the
likelihood of emerging new strains. In this regard, the early use of iNO as a universal
direct-acting antiviral agent also seems reasonable. It could reduce viral load and attenuate
the direct damaging effect of the virus on the lungs. The adjuvant antibacterial and
antifungal effects of iNO could prevent the development of secondary infections of the
respiratory tract, which is especially important in conditions of the multidrug-resistant
bacteria commonly found in the ICU.

At the time being, iNO adjuvant therapy is recommended by a number of researchers
as an effective strategy for the treatment of COVID-19 [68–70].

4. Other Benefits of iNO-Therapy: Endothelial Stability, Improving Inflammation,
Biofilm Dispersion

Systemic and organ endotheliopathy in COVID-19 is likely multifactorial and involves
direct viral invasion, endothelial cell dysfunction, local hyperinflammation, intravascular
coagulation, and microthrombosis [2–4]. iNO therapy may reduce endothelial pulmonary
syndrome with microvascular thrombosis. Possible favorable systemic actions of iNO treat-
ment include antiplatelet, leukocyte antiadhesive, and anti-inflammatory effects, which can
potentially prevent a cytokine storm and reduce the risk of extrapulmonary organ compli-
cations [71]. Moreover, the presence of a reserve pool of NO in extrapulmonary tissues due
to the S-nitrosylation mechanism leads to a decrease in vascular tone and reduces the risk
of thrombosis and leukocyte adhesion to the systemic vascular endothelium [72]. Severe
forms of COVID-19 are associated with exaggerated and persistent injury to the endothe-
lium of pulmonary microvasculature [73], endothelial apoptotic bodies were also observed
during an autopsy in other organs [74]. In addition to bronchial epithelial cells and pul-
monary type II cells, the SARS-CoV-2 virus has a tropism for endothelial cells leading to
cell apoptosis and a decrease of endothelial NO production [75]. A significant decrease
in endothelium-dependent synthesis has been demonstrated in patients with COVID-19,
especially in complicated cases [76], which led to the hypothesis that NO imbalance is
associated with lung damage [77]. Researchers put forth more pathways for the formation
of NO deficiency in an infection caused by SARS-CoV-2: NO imbalance, reactive oxygen
species associated with dysregulation of angiotensin II-angiotensin (1–7) [78], systemic
inflammation, tissue inflammation, mitochondrial dysfunction, and changes to vascular
tones by increasing intracellular calcium concentration and reducing the bioavailability
of NO [79]. Hypertension, diabetes, and cardiovascular diseases significantly aggravate
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the course of COVID-19 and are associated with endothelial dysfunction and decreased
endothelial NO production and bioavailability [80].

The mechanism for increasing the bioavailability of NO upon its exogenous adminis-
tration is protein S-nitrosylation and an increase in the concentration of serum NO-NOx
metabolites (nitrates, nitrites, S-nitrosothiol, N-nitrosamine, etc.), which serve as reserve
NO donors in the body [81,82]. Extrapulmonary accumulation of these metabolites in target
organs can realize the distant organ protective effects of exogenous NO [83]. Exposure
and stabilization of endothelium function with iNO therapy can reduce COVID-associated
distant complications such as AKI [84,85].

In addition, NO has a whole range of important pathogenetic effects: NO can reduce
inflammatory cell-mediated lung injury by inhibiting neutrophil activation and local pro-
inflammatory cytokine release, leading to a decrease edema in the alveolar spaces [71].
iNO is considered a pharmacological tool for monitoring the excessive inflammatory re-
sponse of the host organism and overcoming the “cytokine storm” associated with viral
diseases [86]. Progressive immunothrombosis in COVID-19 is associated with NO de-
ficiency [87]. Endogenous NO, produced in the paranasal sinuses, and exogenous iNO
have bronchodilatory effects and activate mucociliary clearance [88–92]. The enterosalivary
nitrate–nitrite–NO pathway, as a storage pool plays an essential role in the prevention of is-
chaemic cardiovascular and septic events, and deficiency of a synthase-dependent pathway
generating NO may be associated with sepsis, organ failure, and an increased mortality
rate [92]. Thus, a number of researchers suggest that iNO is essential for sanogenesis of the
respiratory tract in various pathological processes, including infections [93–95].

Increased salivary and serum NO levels are associated with survival in ARDS caused
by the H1N1 virus [96]. There is an alternative point of view suggesting that the NO
signaling pathway does not only fail to improve the outcomes of viral infections but can
also be an independent damaging factor and/or a marker of the severity of lung damage in
some cases [97–100].

At present, most data highlighting the antimicrobial efficacy of iNO were obtained on
the culture of planktonic free forms of bacteria associated with the dispersed phase of the life
cycle, which is necessary for the expansive colonization of new habitats. However, in nature,
most bacteria live mainly in the heterogeneous multicellular communities of biofilms. The
biofilm matrix reduces the degree of penetration of antibiotics, accumulating factors of
specific and nonspecific resistance to cells of the immune system and biocides [101–103].
In biofilms, there is a modification of the native genetic material and post-transcriptional
changes in the phenotype caused by the commensal community [104]. This gives bacterial
colonies significant resistance to external factors, forms antibiotic resistance, and allows the
avoidance of immune surveillance [105]. Moreover, some antibiotics can cause increased
biofilm formation [106].

The proportion of infections associated with biofilm formation in clinical practice
reaches 80% [107]. This is associated with resistance and chronicity of pathological process,
an increase in morbidity and mortality [108]. Currently, iNO is being viewed as a novel
therapeutic strategy for controlling and overcoming biofilm resistance [105]. The use of low
doses of NO stimulates the transition to the dispersion phase of the cycle, which leads to
the restoration of the sensitivity of biofilms and free bacteria to the action of antimicrobial
drugs and increases the efficacy of antibiotic therapy [109], and an increase in exposure
time inhibits biofilm formation [110–112]. At the same time, the intermittent effect of high
concentrations of NO has a direct destructive effect on biofilms of gram-negative and
gram-positive bacteria, including nosocomial pathogens [113–115]. Clinical studies of iNO
use in biofilm-related infections have demonstrated significant reductions in the number
of bacterial biofilm aggregates and improvement in lung function, suggesting that the
use of iNO as adjunctive therapy may be very beneficial [116]. Widespread adoption of
iNO therapy could provide unprecedented control and treatment of biofilms in the current
pandemic, improve short-term outcomes for COVID-19 patients, and reduce the probability
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of “chronic critical illness” and post COVID-19 long-term antibiotic resistance substrate
formation [117].

5. iNO and COVID-19 Specific Data

An effective etiological treatment for COVID-19 has not yet been developed. The
large mortality rates in COVID-19 patients requiring mechanical ventilation are prompting
clinicians and scientists to seek new technologies and pharmacological interventions that
can improve outcomes. Researchers and clinicians consider iNO therapy promising for
patients with COVID-19 and respiratory failure [38,71], supported by in vitro research from
Akaberi et al. [37]. In 2003, during the SARS epidemic in China, a small observational study
of patients with SARS pneumonia receiving non-invasive support, biphasic positive airway
pressure (BiPAP), were treated with NO gas which improved oxygenation, accelerated the
resolution of chest X-ray infiltrates, reduced the need for intubation, and led to a more
rapid and sustained ARDS resolution and improved overall clinical outcomes [21]. In the
current global pandemic, iNO therapy is accepted by the societies of critical care medicine
as a temporary measure to maintain or improve oxygenation in mechanically ventilated
patients [118,119]. In healthcare practice, about 30% of patients with severe C-ARDS
have received iNO as a life-saving therapy [120,121]. However, the results of published
randomized trials and clinical observations are highly controversial. Small cohort studies
have not demonstrated a significant improvement in oxygenation and clinical outcomes
with iNO therapy [122]. On the other hand, the frequency of responders ranges from 25%
to 40% with a tendency of a more pronounced effect on gas exchange in patients with right
ventricular dysfunction. The percentage of iNO responders is much lower than in patients
with non-C-ARDS [123,124].

Several trials tested the efficacy of iNO therapy aimed at improving the outcomes
in COVID-19 patients. A retrospective observational study showed that NO gas is use-
ful in improving the oxygenation in spontaneously breathing patients with COVID-19
pneumonia [125]. High-dose nitric oxide (160 ppm) was safely administered to pregnant
females with severe COVID-19 pneumonia [126] and as a rescue therapy to spontaneously
breathing patients with COVID-19 and hypoxemic respiratory failure [127]. A recent
trial non-invasively treating patients with moderate COVID-19 hypoxia demonstrated
that iNO-therapy produced an acute improvement of systemic oxygenation in hypoxemic
patients and reduced the respiratory rate [128]. Furthermore, data demonstrate that the
administration of iNO improves functional status in ambulatory patients [33,34].

Preliminary data support the iNO-mediated improvement of oxygenation in me-
chanically ventilated patients and spontaneously breathing patients with COVID-19 [129].
However, the optimal therapeutic regimen of iNO administration in spontaneously breath-
ing hypoxemic patients has not been identified.

Another strategy for iNO administration in COVID-19 involves the potential for
selective pulmonary vasodilation to optimize ventilation/perfusion matching by reducing
pulmonary vascular resistance and decreasing alveolar dead space. The drug intervention
scheme herein assumes administration of a long-term, constant NO insufflation at low
doses, in contrast to the pulse therapy, aimed directly at the elimination of the viral
agent from the respiratory tract. Prolonged iNO therapy can also have an independent
moderate antiviral effect, and, due to prolonged exposure, it can reduce inflammatory cell-
mediated lung injury by inhibiting neutrophil activation and subsequent pro-inflammatory
cytokine release. The study of iNO treatment in spontaneously breathing COVID-19
patients demonstrates not only an increase in oxygenation in all non-intubated patients,
but also provides evidence that iNO therapy may have a role in preventing progression of
hypoxemic respiratory failure [125].

6. Modality of iNO Therapy: Timing of iNO Administration

Hypoxemia in the early stages of COVID-19 is caused by a dysregulated pulmonary
perfusion [130,131]. Changes in pulmonary biomechanics demonstrate that at an early, well-
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defined stage of COVID-19 disease (between the admission to the high-dependency unit to
the time of healing or admission to the ICU), the lung weight in C-ARDS was approximately
half of what has been described in a typical ARDS. The C-ARDS gas-volume was two times
greater than what has been consistently described in the typical ARDS [132]. Thus, in the
early stages, C-ARDS is fundamentally atypical, as the severity of hypoxemia is unrelated
to the severity of the anatomical lung pathology. Moreover, the authors do not exclude that
other viral pneumonias present similar characteristics [132]. In all of the studies that did
not show improvement in oxygenation and/or clinical outcomes, attention was drawn to a
significant time delay from patient intubation to initiation of iNO therapy, which is largely
due to the behavioral despair paradigm of utilizing selective pulmonary vasodilators in
severe hypoxemic respiratory failure. The median time from intubation to initiation of iNO,
reported by different clinics, ranged from 3.6 days to 6.5 days in studies where iNO was
used as a second-line pulmonary vasodilator [122,133]. It is noteworthy that in these cases,
the frequency of response to iNO was 64%. Data from other authors indicate a response
to iNO therapy in more than 65% of patients with C-ARDS, manifested in a significant
increase in the PaO2/FiO2 ratio reduction in the oxygenation index and a reduction in
the dead space fraction, associated with higher baseline BNP and troponin values. The
authors put forward a hypothesis about a specific pulmonary vascular phenotype in iNO
responders and a special role of pulmonary vascular function in COVID-19 pathophysi-
ology [134,135]. A potential cause of the mentioned dissonance in the obtained data can
be the severity and irreversibility of morphological changes both in the lung parenchyma
and in the capillary bed of the pulmonary microcirculation at the late stages of the disease:
pulmonary oedema and pulmonary consolidation prevent from alveolar supply with iNO;
intravascular coagulation and organized thrombosis do not allow the effects of iNO in
ventilated alveoli to reduce dead space in severe C-ARDS [25]. Thus, considering the patho-
genesis of lung capillary injury and extrapulmonary complications in COVID-19, the use of
iNO can be promising at the early stages of the disease when the disorders are potentially
reversible or “functional” in nature [136]. De Grado et al. [133] observed a trend towards
higher tidal volume and compliance in individuals who responded to inhaled vasodilators
therapy, which led the authors to suggest that inhaled vasodilators therapy would be more
effective in patients with a sufficient volume of functioning alveoli, possibly at the early
stages of the disease before the evolution to late stage ARDS with low-compliance [27],
while other authors suggest concentrating on the “vasocentric” nature of this disease [137].
We support the idea of tailoring the initiation of iNO therapy, which must be correlated
with the stages of the progression of the disease-related intrapulmonary aberrations. Early
initiation of iNO therapy may alter the dramatic development of COVID-19 pneumonia
pathophysiology.

Figure 1 illustrates the evolution of COVID-19 from early to late stages and demon-
strates the points of application of iNO (Part I: early stage; Part II: late stage; Part III:
interaction in the lung-heart system).

The use of iNO in the early stages of the disease has pluripotent effects and can help
eliminate the pathogen, stabilize and reduce pulmonary stress associated with changes
in transpulmonary pressure in dyspnea, improve gas exchange, and prevent a secondary
infection. Ultimately, this may prevent disease progression, and iNO should be considered
as an intervention with self-healing potential. The use of iNO in the late stages of COVID-19
at severe extensive morphological changes in the lung parenchyma (usually consolidation)
is an exclusively temporary measure to maintain gas exchange before escalation therapy
(for example, transition to ECMO). In terms of cardio-respiratory interactions, the use of
iNO may reflect the new concept of ‘RV protective’ strategies for respiratory therapy in the
short and long term (prevention of acute cor pulmonale and chronic group 3 pulmonary
hypertension).
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7. Modality of iNO Therapy: Dosage Mode (Continuous versus Intermittent
iNO Administration)

The idea of intermittent dosing of high-dose iNO to combat a SARS-CoV-2 infection
appeared after analyzing data on COVID-19 cases among smokers in different countries:
the incidence of COVID-19 patients among smokers was lower than in the general pop-
ulation [138–140]. While the toxic effects of smoking are devastating, it is worthy to note
here for the purpose of this review that NO ranges in each puff from 250–1350 ppm, which
is much higher than the medical use of iNO, generally no more than 80 ppm [141,142],
suggesting that iNO dosed in short bursts and at high concentrations may protect against
COVID-19 [143].

High doses of NO have been shown to be safe and well tolerated (160 ppm for 30 min,
5 times a day for 5 days) in healthy volunteers [58]. The original system for the high-dose
iNO delivery for hospitalized patients was developed by Gianni S et al. [144]. It was easy to
use and safe in clinical practice. A small group of pregnant patients (n = 6) with severe and
critical COVID-19 received NO inhalation by mask twice a day at a high dose (160–200 ppm)
for 30 min [126]. The authors explain the reasoning for this compassionate-use intermittent
therapy, including its potential antiviral, anti-inflammatory, and mild bronchodilatory
effects, in addition to selective pulmonary vasodilation, which may improve maternal
and fetal oxygenation. Furthermore, iNO therapy was shown to be well-tolerated and
associated with improved oxygenation, respiratory rate, cardiopulmonary system function
in this population [126]. Moreover, in some patients, there was an association between
intermittent high-dose iNO therapy and a decrease in markers of systemic inflamma-
tion [126]. Early adoption of this system contributes to a decrease in the respiratory rate,
enhances patient respiratory comfort, and reduces the work of breathing. It might also
prevent transpulmonary pressure variations and the progression of self-induced lung injury.
iNO-mediated bronchodilation and the improvement of bronchial patency also prevent
atelectasis formation, minimizing a decrease in lung compliance and progression to lung
fibrosis. This hypothesis is supported by the encouraging results of clinical observations
and studies carried out in spontaneously breathing patients with COVID-19-associated
hypoxemic respiratory failure. Fakhr B.S. et al. demonstrated that the administration
of iNO at 160 ppm for 30 min twice daily promptly improved the respiratory rate of
tachypneic patients and systemic oxygenation of hypoxemic patients. No adverse events
were observed [128]. None of the subjects were readmitted or had long-term COVID-19
sequelae [128]. Similar results were obtained in a group of COVID-19 patients at high risk
for acute hypoxemic respiratory failure with worsening symptoms, despite the use of sup-
plemental oxygen and/or awake proning, who were treated with high-dose iNO [127]. NO
pulse therapy has been stated to be well-tolerated and used as an effective adjuvant rescue
therapy for patients with COVID-19 [127]. Moreover, the authors suggest its effectiveness
as an alternative to available antiviral drugs in cases when they may be contraindicated
(pregnancy, drug intolerance, etc.).

Parikh et al. used the strategy for continuous iNO therapy in spontaneously breathing
patients with COVID-19; at the same time, 54% did not require invasive mechanical ven-
tilation after treatment with iNO [125]. If these findings are confirmed in larger studies,
treatment with iNO, along with high-flow oxygen therapy and non-invasive ventilation
may become the first respiratory treatment for this large cohort of patients.

A clinical trial titled “Nitric oxide therapy for COVID-19 patients with oxygen require-
ment (NICOR)” was registered with ClinicalTrials.gov (#NCT04476992). The trial aims to
study the safety of intermittent versus continuous iNO in spontaneously breathing COVID-
19 patients. Authors hypothesize that high-dose iNO with an adjunct of continuous low
dose administration between the high-dose treatments can be safely administered in hypox-
emic COVID-19 patients compared to the high dose treatment alone. The potential benefits
of the prolonged administration may reduce the severity of disease and time to recovery
in COVID-19 patients. Together, with a prolonged clinical effect on ventilation-perfusion
matching, a prolonged regimen might increase antiviral activity (dose and time-dependent).
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In this trial, the iNO spike therapy aims at suppressing replication and eliminating the
virus. The constant iNO delivery aims to reduce pulmonary vasoconstriction and optimize
V/Q matching. There is an observation that the mass of well-aerated lung tissue decreases
over time, which makes it impossible to deliver iNO to the alveoli and thus underscores
the importance of early therapy. Lung inhomogeneity manifests in mosaicism of areas of
hyperperfusion, hypoperfusion, and consolidation, as a morphological substrate for a com-
bination of continuous and intermittent iNO therapy. At the same time, it is necessary to
emphasize the critical importance of early initiation of therapy during potentially reversible
phases of lung injury, ideally before the consolidation occurs, which radically changes the
current paradigm of the iNO application. Though essential, the study #NCT04476992 has
some limitations as it is a single-center study on a limited population of patients of the
same ethnicity. Patients enrolled in the study needed oxygen therapy but were without
severe gas exchange abnormalities as they were treated in the hospital general medicine
ward, and the proportion of older adults, comorbidity and frailty in the study were low.
Patients with severe C-ARDS might have a different respiratory pattern and physiological
response to iNO treatments. Nevertheless, this study has been the largest randomized
analysis of different iNO treatment options in spontaneously breathing COVID-19 patients;
it has now been completed and its results have been prepared for publication, but larger
scale studies are required.

8. Special Consideration of Safety iNO in COVID-19

There are a number of areas of potential concern with iNO therapy, especially with
high-dose regimens: (1) direct toxicity; (2) toxicity associated with the oxidative product;
NO2; (3) the formation of high concentrations of methemoglobin; (4) the possibility of
rebound pulmonary hypertension; (5) systemic hemodynamic disorders; (6) decreased
platelet activation and subsequent aggregation; and (7) increased risk of acute kidney
injury [145].

Direct iNO toxicity may, in fact, contribute to bacterial death when high-dose iNO
is used as an antimicrobial. Traditionally, the concern for direct iNO toxicity stems from
high doses inhaled by the smoker population. As researchers investigate the benefits of
high-dose iNO, one of the first steps will be to determine the least toxic, effective dose.
Intertwined with determining the safety of high-dose iNO, there is a known potential of
inhaling the byproduct of the interaction of NO with oxygen: nitrogen dioxide, NO2. NO
is highly reactogenic; in the presence of oxygen (O2), it undergoes a chemical reaction with
the formation of NO2: 2NO + O2 = 2NO2. NO2 combines with water to become nitric
acid, which can be caustic to tissues. NO2 itself is a highly non-toxic gas with a maximum
permissible level of 5 ppm as a short-term exposure and 3 ppm in an 8-h time-weighted
average, and more conservative recommendations regulate a short-term exposure limit
of 1 ppm [146]. The level of NO2 in the gas mixture delivered to the patient must be
monitored continuously throughout the entire period of NO therapy. The rate of NO2
formation depends on the concentration of NO and O2, the time during which the two
gases come in contact, pressure, and temperature. This fact has important implications
for NO delivery: sources with high concentrations of NO should be avoided, and NO and
inspiratory O2 should be used in minimal, clinically acceptable doses. Monitoring NO2
during iNO therapy is absolutely essential, and the addition of “scrubbers” to the ventilator
circuit can be used to absorb NO2, including charcoal and lime soda [142,144]. Air, or N2,
may be used as a diluent and is required when high levels of NO are administered [147].
Available in stock iNO delivery systems are equipped with alarms when the level of NO2
has reached upper limits.

NO oxidizes hemoglobin from the ferrous (Fe2+) to the ferric (Fe3+) form, rendering
the hemoglobin incapable of attaching and delivering oxygen. Therefore, when delivering
high-dose iNO, the level of methemoglobin (MetHb) in blood/plasma, invasively or non-
invasively, should be monitored. The level of MetHb present during inhaled NO therapy
depends on the amount of MetHb formed from oxidation and the amount eliminated by
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reduction within erythrocytes by the methemoglobin reductase enzyme. In most clinical
situations, MetHb levels remain low during the NO therapy. The maximum level in clinical
practice should be kept to less than 5% of the total hemoglobin concentration, while it can
be monitored both discretely with blood sampling and/or continuously and non-invasively
using pulse co-oximetry technology. MetHb monitoring is especially important in patients
with hypoxemia and/or a suspected methemoglobin reductase enzyme defect. Prior studies
using intermittent high-dose iNO have demonstrated safe metHb levels [126–128,148].

Abrupt discontinuation of iNO may be accompanied by rebound pulmonary hyper-
tension, characterized by worsening oxygenation and hypoxemia, systemic hypotension,
bradycardia, and acute right ventricular failure [149]. However, these phenomena were
noted only after the discontinuation of long-term continuous therapy with iNO, and there
have been no reports of this in the current pandemic; timely diagnosis of this condition
comes down to careful monitoring of the patient. Earlier studies using high-dose NO have
not demonstrated rebound pulmonary hypertension [148].

The danger of a decrease in platelet activation and subsequent aggregation during
iNO therapy was not demonstrated in a randomized, controlled, blinded study on the
hemostasis in healthy adults after being administered iNO [150], and in the case of COVID-
19, earlier studies have not revealed a worsening of hemostasis [127–129].

A significant limitation to the widespread administration of iNO therapy could be
the fear of an increased risk of acute kidney injury seen in patients with non-COVID
ARDS [151], but our data does not confirm this, and in fact, refutes this notion [152]. Taking
into consideration the uniqueness of the pathogenesis of organ complications in COVID-19,
the data obtained may indicate the possibility of context-sensitive use of iNO in various
clinical scenarios, in particular, to reduce microvascular damage and microcirculatory
thrombosis, leading to systemic manifestations of infection and organ dysfunction [75]. iNO
therapy may be the key to preventing angiocentric multi-organ injury, unique to COVID-19,
caused by endothelial cell injury and the development of systemic “vascular disease” [153].
In systemic endothelial dysfunction, the deficiency of the synthase-dependent pathway
of NO generation can be corrected by its exogenous supplementation. Recent studies
reported a decreased total NO and its metabolites in hospitalized COVID-19 patients, as
well as a decreased nitric oxide diffusion in around 40% of patients discharged from the
hospital [154,155]. Other authors claim that reduced concentrations of NO metabolites may
be potential biomarkers of long-term poor or irreversible outcomes after a SARS-CoV-2
infection and might serve as a predictor to track the health status of recovered COVID-19
patients [156].

However, to confirm or refute this hypothesis, further studies of NO homeostasis in
COVID-19 are needed within the framework of the classical and non-enzymatic pathways
of its synthesis and exchange. Endogenous NO metabolism and the role of endothelial and
inducible NO synthases in COVID-19 require further research. It is especially important
in the context of safety, since one of the mechanisms for the development of acute kidney
injury during iNO therapy may be oxidative stress associated with overexpression of iNOS
and the overproduction of endogenous NO in the case of non-COVID ARDS [157].

The unique nature of systemic inflammation and the cytokine profile in COVID-
19 suggests a different pathway from classic non-COVID ARDS mechanisms of extra-
pulmonary organ dysfunction. In particular, the level of cytokines, even in severe and
critical COVID-19, is significantly lower than in other disorders associated with lung injury
(hypo- and hyperinflammatory ARDS, sepsis, etc.) [158]. It will be important to better
understand the imbalance of endogenous NO production in the context of C-ARDS.

In conclusion from a safety profile, a low and high dose of iNO can be safely im-
plemented if continuous monitoring of metHb, NO2, and O2 levels, as well as the use of
NO2-scavengers, are diligently employed.
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9. Challenges and Innovations: iNO Delivery Devices

The cost of iNO treatment is an essential factor to consider, especially when iNO is
administered over days or in the context of high-dose therapy. The reported cost of the
NO is $6/L [159], at the same time, the average cost of 1 h of therapy is approximately
100–150$ [160,161]. Annual clinic costs associated with iNO were reported approximately
as high as $1.8-million, and nationwide, this could be approximately $200 million, with
analysis only available for the neonatal patients [162]. Naturally, financial costs and
logistical challenges make it impossible to widely implement iNO therapy to combat the
current COVID-19 pandemic. In this regard, it is extremely important to introduce it into
clinical practice using novel delivery devices. Currently, there is an active development of
new iNO delivery devices that offer portability, stability, and on-demand NO generation.
The essence of the development is to abandon traditional cylinder-based systems and switch
to bedside NO synthesis and delivery technologies: electricity-generated NO systems,
chemical-based NO systems, NO-releasing solutions, and nanoparticle NO technology.
These devices are at different stages of development: from clinical testing to the start
of sales in some countries. A detailed overview of the systems currently developed to
administer inhaled NO for mechanically ventilated and non-intubated patients is presented
by Gianni S, et al. [163]. It should be noted that a study on the comparison between
high-dose nitric oxide delivered from pressurized cylinders and nitric oxide produced
by an electric generator from air has already been carried out and demonstrated a high
efficacy and safety of the technology [164]. Completion of the current clinical trials, FDA
and European regulatory approval, and market entry into the commercial sector of these
devices can revolutionize iNO delivery in medicine and, in particular, with COVID-19.
For these purposes, an inhalation mask system to deliver high concentrations of iNO in
spontaneously breathing subjects has already been developed [144,165].

10. Future Directions

Every year, new strains of viruses with pandemic potential appear in the world.
Antibiotic resistance of known microorganisms increases. The planet’s population is
rapidly aging, and the population’s polymorbidity is increasing. New pandemics are likely
to await humanity, and in order to overcome them, healthcare systems need to develop a
coordinated response strategy to face the significant uncertainty in the etiotropic therapy of
pathogens and pathogenetic approaches. iNO can significantly change the trajectory of this
response both in the current pandemic and in future scenarios. Clinicians’ and researchers’
efforts should be combined to define the antimicrobial activity of iNO. Possible prospects
for further research are presented in Table 1.

Table 1. Prospects for further research investigating the beneficial effects of iNO.

Local Effects in the Lungs

Optimization of V/Q matching: electrical impedance tomography, CT angiography

Anti-inflammatory and antiproliferative effects: concentration of inflammatory mediators in bronchoalveolar lavage, pulmonary
ultrasonography, CT scan

Antiviral effects: viral load, PCR cycle time

Effect of NO-therapy on the microbiome of the respiratory tract, frequency of superinfections and secondary infectious
complications

Effect of NO-therapy to prevent disease progression: reduction in intubation frequency, reduction in duration and aggressiveness of
respiratory therapy

Impact on long-term pulmonary function (“long COVID”): level of reducing fibrotic lung disease after C-ARDS
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Table 1. Cont.

Systemic Effects (Nitrosylhem Formation)

Anti-inflammatory effect: concentration of interleukins and inflammatory markers in the peripheral blood, improvement of organ function

Antiplatelet effect: D-dimer, thromboelastography, thromboembolic burden, improvement of distal organ function (e.g., AKI, liver function)

Suppression of apoptosis: long-term improved organ functions, improved long-term clinical outcomes

Influence on the general functional state and the degree of frailty of patients in the long-term period after suffering from COVID-19:
KATZ score

Individual and Population Effects

Expression of inducible and endothelial NO synthases and metabolism of endogenous NO in COVID-19 patients

NO-therapy in patients of various COVID-19 endotypes: thrombotic, immunopathic, adaptive

NO-therapy in specific categories of patients with COVID-19 and comorbidity, increasing the risk of a severe course of the disease:
chronic lung disease; conditions associated with endothelial dysfunction: hypertension, diabetes mellitus, obesity, smoking

Optimal start time of NO-therapy and its variant (intermittent versus intermittent + continuous inhalation): optimization to the
phase of the disease course and individual trajectory (possibly not only by clinical markers of hypoxemia development, but also by

laboratory indicators of disease progression, for example, D-dimer)

The effect of adjuvant NO-therapy on mutagenic activity of the virus: sequestration of the virus genome in individuals and in the population

NO therapy and the development of antibiotic resistance in individuals and the population

11. Conclusions

The review of iNO impact on COVID-19 pathophysiology and approaches to iNO
delivery suggest that the early administration of iNO therapy may be a safe and promising
approach for treatment of COVID-19 patients and beyond. Future large studies focusing
on safety and efficacy of iNO therapy regimens in patients with hypoxemic respiratory
failure associated with COVID-19 or other viral infections, are required and should be
based on the traditional safety paradigm of iNO therapy. For the widespread introduction
of iNO therapy into clinical practice, fundamental studies of homeostasis, metabolism and
bioavailability of endogenous NO in COVID-19 are needed. The evaluation of endothelial
and inducible NO synthases is extremely important for the development of personalized
therapeutic protocols, as well as risk stratification and prognosis of severe disease in
COVID-19 positive patients.
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Abbreviations

AHRF Acute Hypoxemic Respiratory Failure
iNO Inhaled Nitric Oxide
ICU Intensive Care Unit
ARDS Acute Respiratory Distress Syndrome
RV Right Ventricular; V/Q: Ventilation/Perfusion
ACE2 Angiotensin-Converting Enzyme 2
AKI Acute Kidney Injury
C-ARDS COVID-Related Ards
PaO2/FiO2 Arterial Oxygen Partial Pressure/Fractional Inspired Oxygen
MetHb Methemoglobin
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