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Non-communicable diseases (NCDs) are non-infectious chronic pathologies—including
obesity, metabolic syndrome, chronic kidney disease (CKD), cardiovascular (CV) diseases,
cancer, and chronic respiratory diseases—which represent the main cause of death and
disability for the general population [1]. Their growing prevalence is related to the increas-
ing age of the population; urbanization; and lifestyle changes [1]. As previously reported,
oxidative stress and inflammation induce and modulate several signaling pathways that
play a crucial role in the pathophysiology and progression of these diseases [2]. Thus,
they represent a good target for the development of several therapeutic strategies. This
Special Issue consists of 12 articles providing different approaches to elucidate the under-
lying pathogenesis and treatment mechanisms of conditions related to oxidative stress
and inflammation.

In the review by Fibbi et al. [3] the authors explore the role of oxidative stress in both
osmolality-dependent and -independent impairment of cell and tissue functions observed
in hyponatremic conditions. Hyponatremia is defined as a serum sodium concentration
([Na+]) < 136 mEq/L and has been associated with augmented morbidity and mortality.
Following the description of neurological and systemic manifestations even in mild and
chronic hyponatremia, the authors show how reduced extracellular [Na+] is associated with
detrimental effects on cellular homeostasis independently of hypoosmolality, and how most
of these alterations are elicited by oxidative stress. They also review a range of basic and
clinical research showing that oxidative stress is a common denominator of degenerative
processes linked to aging, neurocognitive deficits, osteoporosis, and cancer progression.
Given all the evidence indicating that hyponatremia plays a part in exacerbating multiple
manifestations of senescence and decreasing survival in cancer patients, they conclude by
stressing the need for further studies to fully elucidate the specific molecular pathways
triggered by reduced extracellular [Na+] and responsible for oxidative damage. Alemany-
Cosme et al. [4] on the other hand, summarize the main findings regarding the oxidant and
antioxidant mechanisms involved in Crohn’s disease (CD), their role in the immunological
response, the environment’s effects on oxidative stress status, and its involvement in
epigenetic changes/modifications. To date, it is known that in CD, oxidative stress is
present not only locally in the most affected tissues, but also at a systemic level, and is
associated with an unbalanced immune response and dysbiosis. This review highlights
the need for further studies to determine environmental- and oxidative-stress-induced
epigenetic changes that may contribute to the onset and development of CD.

Conditions causing predisposition to pro-inflammatory state and oxidative stress
include obesity, which stimulates adipose tissue to release inflammatory mediators such as
tumor necrosis factor (TNF)-α and interleukin (IL)-6 [5]. Obesity is also an important risk
factor for breast cancer [6]. In the study by Martinez-Bernabe et al. [7] authors examined
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the effects of obesity-related inflammation on mitochondrial functionality in breast cancer
cell lines and breast tumors, focusing on estrogen receptors (ER) ratio. The analysis of
mitochondrial activity after 17β-estradiol, leptin, IL-6, and TNF-α exposure, which aimed
to stimulate the hormonal conditions of a postmenopausal obese woman, showed that ER-β
maintained mitochondrial functionality and avoided invasiveness in breast-cancer cell lines.
Moreover, the authors found a strong correlation between IL-6 receptor gene expression
and inflammation, mitochondrial functionality, and oxidative stress markers, as well as
with ER-β. Overall, these findings confirm that under an obesity-related inflammation
condition, the presence of ER-β allows the maintenance of mitochondrial functionality,
reduced production of ROS, and high expression of antioxidant enzymes which result in a
less aggressive phenotype.

The presence of high levels of ROS is also a hallmark of idiopathic pulmonary fibrosis
(IPF), mainly due to the H2O2-generating enzyme NADPH oxidase 4 (NOX4) [8]. In turn,
H2O2 is a substrate of the di-tyrosine peroxidase (DT) cross-linking, which appears to be
involved in many diseases, including IPF. Recent studies have documented a significant
increase in DT in IPF, but whether DT is formed in the lungs of IPF patients, and how its
levels and localization contribute to the IPF pathogenesis [9], is unknown. In the study
by Blaskovic et al. [10] authors wanted to deepen the role of DT and NOX4 in IPF with
the perspective to find new therapies for IPF, since those in current use (Nintedanib and
Pirfenidone) have adverse effects. They performed immunohistochemical staining for DT
and NOX4 in pulmonary tissue from patients with IPF and controls. In IPF, both DT and
NOX4 were present, whereas in the healthy lung DT showed little or no staining, and NOX4
was present mainly in normal vascular endothelium. The link between NOX4 and DT was
addressed in MRC5 lung fibroblasts deficient in NOX4 activity (mutation in the CYBA
gene). Induction of NOX4 by transforming growth factor beta 1 (TGFβ1) in fibroblasts led
to moderate DT staining after the addition of a heme-containing peroxidase in control cells,
but not in the fibroblasts deficient for NOX4 activity. These results indicate that DT is a
histological marker of IPF and that NOX4 can generate enough H2O2 for DT formation
in vitro. On the other hand, the absence of NOX4 and DT in all lung regions suggests that
NOX4-dependent DT formation could be limited to the fibrotic foci.

To discover new biomarkers for the progression of CKD, a systemic disease to which
development chronic oxidative stress and inflammation contribute, Vida et al. [11] ana-
lyzed several redox state markers in plasma of advanced CKD patients and isolated pe-
ripheral polymorphonuclear (PMNs) and mononuclear (MNs) leukocytes. Study patients
were divided into healthy controls, non-dialysis-dependent-CKD (NDD-CKD) patients,
hemodialysis (HD) and peritoneal dialysis (PD) patients and were characterized for the
presence of some co-morbidities, for the etiology of CKD and for the treatment received.
The analysis revealed increased oxidative stress and damage in plasma, PMNs and MNs
from NDD-CKD, HD and PD patients compared to controls. Interestingly, PD patients
showed greater oxidative stress than HD patients, especially in MNs. Based on these results,
the authors encourage the evaluation of PMNs and MNs in CKD patients to follow both
CKD progression and dialysis procedures.

In animal model studies, several approaches have been used to assess the damage
induced by oxidative stress. Chang et al. [12] used a rodent model of stroke to demonstrate
that glycerol is capable of alleviating post-stroke brain injury and associated acute kidney
injury (AKI). The authors evaluated blood–brain barrier (BBB) integrity parameters and
revealed that glycerol was useful in alleviating BBB disruption and reducing hemorrhagic
stroke brain damage. In addition, they showed an improvement in kidney markers and
a decrease in stress hormones levels after glycerol injection. Finally, they analyzed mor-
phological alteration induced by hemorrhagic stroke in kidney structure and discovered a
glycerol-induced modulation on cytokine-induced neutrophil chemoattractant 1 (CINC-1)
and malondialdehyde (MDA), two urinary markers of oxidative stress overexpressed in
AKI. Lazar et al. [13] also focused on kidney function, but in type I and II diabetes. In their
study, they investigated the possibility of treating the manifestations of diabetic kidney dis-
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ease (DKD) by inhibiting histone acetyltransferase p300/CBP, which regulates many genes
and may be responsible for Nox expression, ROS production, inflammation and fibrosis,
all manifestations of DKD. They used STZ-induced diabetic mice treated with C646 and
showed a significant decrease in H3K27ac—an epigenetic mark of active gene expression,
reduced ROS production and reduced inflammation-driving molecules and mesangial
extracellular matrix (ECM) components responsible for fibrosis. Furthermore, using human
embryonic kidney cells, they found a down-regulation of the luciferase level and a decrease
in glomerular hypertrophy. All these data confirm the implication of p300/CBP in DKD
and reveal the possibility of using a p300/CBP inhibitor to alleviate DKD.

Two other articles in this Special Issue used mouse models, in this case to assess cardiac
function and the role of inflammation in the development of hypertension. Liu et al. [14]
used wild-type (WT) and p47phox knockout (KO) mice to investigate p47phox-dependent
oxidant signaling in Angiotensin II (AngII) infusion-induced cardiac hypertrophy and
cardiomyocyte apoptosis. In fact, the signaling pathways of p47phox in the heart are still
unclear. In their experiment, the authors showed how AngII infusion resulted in high
blood pressure and cardiac hypertrophy in WT mice, whereas these pathological changes
were significantly reduced in p47phox KO mice. These findings confirm that p47phox is a
key player in mediating the AngII-induced oxidative stress signaling cascade from the
phosphorylation of ASK1, MKK3/6 and MAPKs to the activation of H2AX and p53 and
suggest that targeting p47phox could have great therapeutic potential for preventing or
treating AngII-induced cardiac dysfunction and damages. On the other hand, Sun et al. [15]
demonstrated that an increase in endogenous μ-opioids in the nucleus tractus solitarius
(NTS) induces a neurotoxicity cascade with enhanced Ang II binding to the AT1R receptor
and activates the microglia which induces superoxide production. Furthermore, they
showed how the increase in endogenous μ-opioids induces the formation of μOR/AT1R
heterodimers and the TLR4-dependent inflammatory response, which attenuate the nitric
oxide (NO)-dependent depressor effect. These results imply an important link between
neurotoxicity and superoxide and deepen our understanding of μOR as a novel candidate
for intervention in hypertensive conditions.

The search for antioxidants to be used in therapy and prevention of NCDs also relies
on plant compounds. In this respect, oleuropein—a phenolic compound found in Olea
europaea L. fruits and leaves—is one of the most studied bioactive compounds in the context
of the Mediterranean diet. In previous studies, oleuropein exhibited a wide range of an-
tioxidant, anti-inflammatory, antidiabetic, neuro- and cardioprotective, antimicrobial and
immunomodulatory activities [16,17]. Furthermore, it was able to reduce crypt dysplasia
in a short-term colon carcinogenesis experiment in rats and showed protective effects in
colitis-associated colorectal cancer (CRC) in mice, suggesting that this molecule may reduce
colon tumorigenesis [18]. However, whether these protective effects can be extended to
already developed colon tumors it is not yet known. Ruzzolini et al. [19] evaluated the
effect of oleuropein-rich leaf extracts (ORLE) for the first time in already-developed colon
tumors arising in Apc (adenomatous polyposis coli) -mutated PIRC rats. The authors
assessed whether one-week low-dose treatment with an ORLE-enriched diet could exert
a beneficial effect against established colon cancer lesions and local and systemic inflam-
mation. Although in vivo experiments were performed with a limited number of PIRC
rats fed with ORLE, the overall results disclose a significant increase in tumor apoptosis
together with a downregulation of proliferation associated with the inhibition of NO and
relative pro-inflammatory mediators expressed by tumor cells and inflammatory cells of
the tumor microenvironment. These findings suggest the possibility of testing ORLE as a
complementary therapy in combination with standard anticancer drugs.

Columbianadin (CBN), another plant compound, was also tested. It is a natural
coumarin isolated from Angelica decursiva, which has showed anticancer and platelet-
aggregation-inhibiting properties. In their study, Jayakumar et al. [20] demonstrated that
CBN exhibits compelling anti-inflammatory and hepatoprotective effects by preventing
free-radical formation and decreasing the expression of mitogen-activated protein kinase
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(MAPK), followed by the suppression of the nuclear factor kappa B (NF-κB) pathways. This,
in turn, led to inhibition of NO, inducible nitric oxide synthase (iNOS), TNF-α, and IL-1β in
LPS-activated RAW cells and mouse liver. Although further study of the principal mecha-
nisms is required, these data suggested that CBN represents a valid anti-inflammatory and
hepatoprotective agent, and thus is a valid candidate for treating inflammation-mediated
diseases. Finally, Li et al. [21] explored the effects of rebaudioside A (Reb A), a natural
non-nutritive sweetener obtained from the extracts of Stevia rebaudiana. In previous studies,
this compound has demonstrated many biological properties, such as anti-inflammatory,
antioxidant, antifibrotic and anticancer properties [22]. In their study, Li et al. [21] assessed
the effect of Reb A on the health span and lifespan of nematodes and investigated the
potential mechanisms underlying Reb A-induced metabolic changes using a combination
of transcriptomics and lipidomic approaches. In the model organism C. elegans, Reb A
prolonged lifespan, enhanced oxidative stress resistance, and improved lipid metabolism.
These findings serve as a ground for future studies exploring the potential medicinal and
beneficial effects of Reb A as a replacement for caloric sugars in human foods and beverages.

The Guest Editors would like to thank all the authors, the reviewers who contributed
to the success of this Special Issue, and the Antioxidants team for their valuable and con-
stant support.
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Abstract: Hyponatremia, i.e., the presence of a serum sodium concentration ([Na+]) < 136 mEq/L,
is the most frequent electrolyte imbalance in the elderly and in hospitalized patients. Symptoms of
acute hyponatremia, whose main target is the central nervous system, are explained by the “osmotic
theory” and the neuronal swelling secondary to decreased extracellular osmolality, which determines
cerebral oedema. Following the description of neurological and systemic manifestations even in
mild and chronic hyponatremia, in the last decade reduced extracellular [Na+] was associated with
detrimental effects on cellular homeostasis independently of hypoosmolality. Most of these alterations
appeared to be elicited by oxidative stress. In this review, we focus on the role of oxidative stress
on both osmolality-dependent and -independent impairment of cell and tissue functions observed
in hyponatremic conditions. Furthermore, basic and clinical research suggested that oxidative
stress appears to be a common denominator of the degenerative processes related to aging, cancer
progression, and hyponatremia. Of note, low [Na+] is able to exacerbate multiple manifestations of
senescence and to decrease progression-free and overall survival in oncologic patients.

Keywords: hyponatremia; osmotic stress; oxidative stress; ROS; senescence; cancer; osteoporosis;
neuronal cells homeostasis

1. Introduction

Hyponatremia, defined as a serum sodium concentration ([Na+]) < 136 mEq/L, is
the most frequent electrolyte disorder encountered in clinical practice, especially in hos-
pitalized patients and in the elderly [1]. Since hyponatremia is associated with increased
morbidity and mortality even in mildly affected patients, it represents an economic burden
in terms of hospitalization and health care costs [2–8]. From this view, a prompt and appro-
priate correction of this electrolytic imbalance is critical to prevent short- and long-term
complications. However, treating hyponatremia is not always perceived as crucial by clini-
cians, especially when [Na+] is only slightly reduced, but it is potentially associated with
negative impacts on body functions [9]. For this reason, the comprehension of molecular
mechanisms involved in the pathogenesis of symptoms related to hyponatremia might help
to raise the awareness about the importance of correcting even chronic and mild reductions
of [Na+].

2. Hyponatremia and Health

Although it has long been thought that persistently but slightly reduced [Na+] was
completely inconsequential on health, and therefore did not require any correction [1],
nowadays chronic hyponatremia is known to have adverse outcomes on several organs
and systems [10].

If prolonged over time, the perturbation of internal homeostasis can lead to permanent
injuries of biological functions and potentially life-threatening events, as demonstrated by the
association of [Na+] even mildly below the normal range with increased mortality [4,11–14].
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This correlation was confirmed in cross-sectional studies performed on both inpatient and
outpatient cohorts [11,12], and in a meta-analysis including 81 studies and 147,948 partici-
pants, which estimated an overall mortality risk ratio of 2.60 (95% confidence interval [CI],
2.31–2.93) in hyponatremic compared to normonatremic patients [3]. A worse prognosis
was observed in patients affected by mild hyponatremia and heart, liver, brain, kidney and
lung diseases [8,15–17], but this electrolyte imbalance was initially considered as a mere
marker of disease severity rather than accelerating patient deterioration [18]. In some clinical
settings, such as heart failure [19] and cirrhosis [20], inadequate circulation determines a
non-osmotic trigger to vasopressin secretion, aimed to preserve blood pressure and circulating
volume; moreover, the release of antidiuretic hormone can be stimulated in response to stress
and hypothalamic-pituitary-adrenal axis activation [21]. The simultaneous measurement
of plasma sodium and copeptin (a molecule co-released with vasopressin) in 6962 patients,
revealed a significant association of all cause 30-day mortality with hyponatremia even
independently of copeptin (and consequently of vasopressin) levels [22].

Besides the presence of a correlation between hyponatremia and mortality, clinical
manifestations of chronic hyponatremia also include neurocognitive deficits and bone
fractures/osteoporosis. In a cohort of 122 patients admitted to an emergency department
and affected by apparently asymptomatic hyponatremia, the frequency of falls was signifi-
cantly higher than age-matched normonatremic controls [9]; low [Na+] was demonstrated
to induce gait disturbances similar to ethanol, which were more severe in patients older
than 65 years than in younger subjects [23]. These alterations normalized after hypona-
tremia correction [9]. More recently, the analysis of data from 5435 patients included in
the Osteoporotic Fractures in Men Study revealed a significant association between mild
hyponatremia and cognitive impairment and decline at the baseline, evaluated by Mini-
Mental Status Examination score or Trail Making Test Part B time. The correlation was
much stronger for the second test, which measures executive functions (attention and in-
hibition control, cognitive flexibility, working memory) [24]. Even if dementia may alter
vasopressin secretion [25], the maintenance of the association between cognitive impairment
and hyponatremia in patients undergoing hemodialysis and peritoneal dialysis supports a
mechanism independent of antidiuretic hormone release [26,27]. Bone fractures are more
frequent in mild hyponatremic patients than in normonatremic ones [28–30], with a higher
risk of hospitalization [12,20,31], increased lengths of stay in the hospital and mortality [32].
The increased rate of fractures associated with chronic hyponatremia is not only due to
more frequent falls, but also to a higher prevalence of osteoporosis. Epidemiological data
highlighted that the increased risk of bone demineralization depends on both severity
and duration of the electrolyte imbalance: the lower the serum [Na+] is and the more it is
maintained over time, the higher the patients risk of developing osteoporosis is [33]. Several
studies have now confirmed a strong correlation between a decrease in serum [Na+] by
as little as 2 to 4 mEq/L below the normal range and osteoporosis and fragility fractures,
exceeding the risk related to the use of corticosteroid drugs or smoking [30,34–36]. The direct
effect of low [Na+] on human health and body homeostasis is confirmed by the reversibility
of clinical abnormalities secondary to mild and moderate chronic hyponatremia after appro-
priate correction. A statistically significant association between an increase in serum [Na+]
in hyponatremic patients and a reduction in mortality, with a calculated odds ratio of 0.57
(95% CI, 0.40–0.81) was demonstrated in a meta-analysis of 15 studies [37]. Treatment of
marked hyponatremia with the vasopressin antagonist tolvaptan improved mental health
(SALT-1 and SALT-2) [38], psychomotor speed domain (INSIGHT) [39], Timed Up and Go
test, nerve conduction velocities and F-wave latencies [40], and gait disturbances [9]. In the
INSIGHT trial, the improvement of bone frailty after 22 days of tolvaptan treatment was
also demonstrated [39]. Finally, the improvement of bone density was reported in a young
man after removal of a vasopressin-secreting esthesioneuroblastoma of the maxillary sinus
and normalization of [Na+] [41].

Pulmonary diseases are a frequent cause of hyponatremia, occurring in about 30% of
patients affected by pneumonia [42]. Retrospective analysis of hyponatremia occurrence in
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COVID-19 patients during the first pandemic period demonstrated a prevalence of 22.9%
at hospital admission, a worse respiratory performance (evaluated as P/F, i.e., the ratio
of the partial pressure of oxygen in arterial blood PaO2 to the inspired oxygen fraction
FiO2), and higher IL-6 levels in hyponatremic rather than in normonatremic hospitalized
patients [43]. Since IL-6 is able to induce vasopressin secretion by a direct hypothala-
mic stimulation and by inducing alveolar basement membrane injury and pulmonary
hypoxia and vasoconstriction [44–47], the pro-inflammatory cytokine may represent the
common denominator of both acute respiratory insufficiency and syndrome of inappro-
priate antidiuresis (SIAD)-related hyponatremia. A very recent metanalysis of 8 studies
and 11,493 patients showed a correlation of hyponatremia with COVID-19 poor outcomes
(a composite of mortality, prolonged hospitalization and severe COVID-19, defined as
severe pneumonia and/or needing intensive care unit support/invasive mechanical venti-
lation; OR 2.65 [1.89, 3.72], p < 0.001; I2: 67.2%, p = 0.003), with a 37% sensitivity and 82%
specificity; while normal serum [Na+] is associated with a 16% post-test probability of a
worse prognosis, the presence of hyponatremia increases this probability up to 33% [48].

An intriguing and unexpected association was also observed between chronic hypona-
tremia and overall and progression-free survival in cancer patients. An underlying tumor
is responsible for about 14% of hyponatremias [49], whose prevalence in the oncologic
setting varies with tumor type and treatment protocols, as well as serum [Na+] threshold
employed. The most frequent cause of chronic hyponatremia in cancer patients is SIAD,
mainly due to ectopic vasopressin secretion by cancer cells [50–53]. Several clinical evi-
dences reported hyponatremia as an independent, negative prognostic factor in different
types of blood and solid tumors (e.g., lymphoma [54], gastrointestinal cancers [55,56],
hepatocellular carcinoma [57,58], mesothelioma [59], renal cell carcinoma [60,61], and small
cell lung cancer [62,63]), and a concordant improvement of overall and progression-free
survival after the appropriate correction of reduced serum [Na+] [24], even in patients with
extensive and terminal disease [64]. Accordingly, hyponatremia has been proposed as a
biomarker able to identify high-risk subjects affected by lung cancer [65].

3. Osmotically-Induced Oxidative Stress

The “osmotic theory” was the first one formulated to explain neurologic symptoms
associated with low extracellular [Na+]. When hyponatremia occurs, the resulting decrease
in plasma osmolality (except for the rare cases of non-hypoosmotic hyponatremia) causes
water movement into the brain by osmotic gradient, thus causing cerebral oedema [1,66].
The cellular elements most involved in swelling are astrocytes, namely glial cells which
are a constituent of the blood-brain barrier and have a fundamental role in maintaining
the fluid and electrolyte concentration of the extracellular space in the central nervous
system [67]. In the brain, the intracellular/extracellular ionic homeostasis is particularly
important, since excitatory and inhibitory synaptic events are driven by ionic gradients,
which regulate the resting potential and the discharge pattern of neurons [68]. Sparing
neurons from hypoosmolar stress is functional to preserve brain excitability, which is
increased both directly (swelling-induced release of excitatory neurotransmitters) and
indirectly (restrained diffusion of neurotransmitters and depolarizing agents due to the
reduction of extracellular space volume) by swelling [68]. Therefore, an acute decrease in
external osmolality determines an initial astrocyte swelling as a result of water movement
from the extracellular to intracellular compartment, thus preventing the same phenomenon
from occurring in neuronal cells [69] and limiting brain swelling. This first-line defense
mechanism is quickly followed by a process known as volume regulatory decrease. This
ancient adaptive mechanism, which is able to counteract cell volume alterations and con-
sequently perturbations of cell functions (cell-cycle progression, proliferation, apoptosis,
excitability and metabolism) [70], consists in extruding intracellular solutes (electrolytes
and organic osmolytes) together with osmotically obligated water [71]. This phenomenon
is crucial in the brain, in which the physical restriction of the skull limits the expansion and
may determine a life-threatening increase in intracranial pressure. In the first hours, cells
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mainly lose inorganic ions (first Na+ and Cl−, then K+), as a result of an energy-dependent
mechanism based on the activation of the Na+-K+ ATPase pump (the first signaling path-
way of osmotransduction activated by cell swelling), Ca2+-dependent and -independent K+

channels, K+/Cl− co-transporters and volume-sensitive Cl− channels [66,71–73]. In cells
exposed to sustained hyponatremia, a delayed loss of small organic osmolytes also starts:
myoinisotol, betaine, creatine and amino acids (taurine, glycine, aspartate, glutamine and
glutamate) are progressively extruded [74], and their efflux is maintained as long as low
[Na+] persists as an essential adaptive mechanism in chronic hyponatremia. The comple-
tion of inorganic solute extrusion within 48 h defines the empirical threshold for acute
(<48 h) and chronic (>48 h) hyponatremia [75].

While chronic hyponatremia has been traditionally defined as asymptomatic because
of cell volume adaptation, in the last decade several studies demonstrated that even a mild
chronic reduction of [Na+] may be associated with neurological signs and symptoms, i.e.
gait impairment, attention and memory deficit, and increased risk of falls [3,9,28,76,77].
Accordingly, the correction of low [Na+] may effectively counteract the reduced cogni-
tive performances observed in hyponatremic patients compared to normonatremic sub-
jects [37,38,76]. The mechanisms that potentially cause these alterations are not completely
understood, but the impairment of excitatory neurotransmitters may be involved. As
previously mentioned, glutamate is one of the most important organic osmolytes involved
in cellular adaptation to hyponatremia [71]. In physiologic conditions, the extracellular
glutamate concentration is kept low to avoid an excessive activation of its receptors and
glutamate neurotoxicity (GNT), a condition characterized by time-dependent damage of
many cell components leading to cell death and prevented through the astrocytic re-uptake
mediated by the Na+-dependent glial glutamate transporters GLT-1 and GLAST [78]. While
the cerebral extracellular concentration of glutamate is increased under acute hypoosmotic
conditions [79], its brain content decreases by about 40% after 14 days of sustained hypona-
tremia in rats [75], thus suggesting an impairment of synaptic excitatory neurotransmission
due to chronic hyponatremia. Moreover, it was demonstrated that the sustained reduction
of serum [Na+] induces gait disturbances and memory impairment in murine models
by decreasing astrocytic glutamate re-uptake (through inhibition of GLT-1 and GLAST
activities), and consequently long-term potentiation (LTP) at hippocampal synapses [80].
Nowadays, it is well established that GNT is a result of neuronal Ca2+ overloading, which
is triggered by acute neuronal swelling (the cellular uptake of extracellular Na+ and Cl−
causes plasma membrane depolarization, and subsequently Ca2+ channel opening) and
initiates a cascade-like effect leading to cell death [81]. Beyond mitochondria accumulation
of Ca2+, the generation of Ca2+-dependent reactive oxygen species (ROS) (e.g., hydrogen
peroxides and superoxides, hydroxyl radicals and oxygen radicals) undoubtedly takes
place in GNT [82–86], which is usually associated with marked oxidative stress [87,88].
ROS trigger peroxidative degradation of lipid membranes and modify the redox state of
proteins involved in osmotransduction, specifically osmotically-activated tyrosine kinases
(ERK1/2, p38, FAK, members of the Src family), which further increase their activity and
alter cellular homeostasis [89,90]. Increased ROS formation after exposure to glutamate
is divided in two phases: an early ROS production coupled to xanthyne-oxidase acti-
vation [91,92], and a later one mostly due to mitochondria as a by-product of glucose
metabolism and ATP generation [85,93,94]. Therefore, some authors concluded that in the
early GNT, non-mitochondrial ROS generation triggers a cell defense mechanism, while
the delayed superoxide production, as well as in apoptosis, occurs secondary to a defect in
mitochondrial electron transport and is a result of mitochondrial damage, which acts as
a self-propagating process leading to cell dysfunction and death. In particular, the initial
oxidative stress could impair mitochondrial energy production and promote depletion of
energy stores, thus affecting intracellular homeostatic and protective mechanisms [84].

Beyond neuroactive solutes depletion by neurons, additional mechanisms are hypoth-
esized to explain neurological alterations observed in chronically hyponatremic patients.
It is noteworthy that the increased ROS production is also expected to deplete cellular
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antioxidant defenses, which in turn amplify oxidative stress and radical-mediated in-
jury [95]. As Schultz et al. demonstrated for the first time in vivo, a disturbance of the
antioxidant glutathione homeostasis is linked to both excitotoxic neuronal injury and neu-
rodegeneration [96]. Among organic osmolytes, the antioxidants taurine and glutathione
are also extruded by neuronal cells in response to extracellular hypoosmolality [97], and
the adaptive decrease in their cell content was supposed to make neurons more susceptible
to oxidative injury. In fact, glutathione depletion induced by treatment with buthionine
sulfoximine or diethylmaleate exacerbates brain injury due respectively to middle cerebral
artery ligation in rats [98], and hyperbaric hyperoxia in humans [99]. Using in vivo and
in vitro murine and human models, Clark and colleagues demonstrated that brain tissues
and cell cultures reduced their content of taurine and glutathione in response to hypoos-
molality, and that the depletion was reverted by a slow normalization of serum [Na+] [100].
Regarding intracellular functions involved in the reduced availability of antioxidants, the
authors observed an osmotically-induced decrease in the synthetic rate of glutathione
(whose direct transport across the blood–brain barrier is supposed to be preserved), and
an increased release of taurine from cells into the extracellular medium [100]. It has also
been suggested that glutathione produced by astrocytes might be a disposal pathway for
glutamate, and that decreased synthesis of the antioxidant due to hypoosmolality could
exacerbate the injury induced by neurotransmitter accumulation [100,101]. In agreement
with a role of the osmotic depletion of antioxidants in the pathogenesis of hyponatremia-
related brain injury, the incidence of cerebral infarction in patients with subarachnoid
hemorrhage who developed this electrolyte imbalance was significantly higher than in
eunatremic subjects [102]. The same mechanism may also play a role in the pathogenesis
of the osmotic demyelination syndrome [100].

In addition to inorganic and organic solutes extrusion, activation of phospholipases
(particularly the isoforms A2 and D) is an intracellular pathway involved in osmotrans-
duction signaling, as demonstrated by mobilization of arachidonic acid and lysophos-
phatidylcholine (LPC) in association with hypoosmotic swelling [37,38]. Arachidonic acid
contributes to the regulation of K+ and Cl− channel activity and organic osmolyte efflux,
and similarly to LPC, promotes the generation of ROS [91]. Interestingly, arachidonic acid
and ROS were found to inhibit glutamate uptake in astrocytes [103].

The main mechanisms triggered by hyponatremia and involved in osmotically-induced
production of ROS are summarized in Figure 1.

Figure 1. Non osmotically-induced effects of hyponatremia and oxidative stress. GLT-1 and GLAST:
Na+-dependent glial glutamate transporters; ROS: reactive oxygen species; Glu: glutamate; Tau:
taurine; GNT: glutamate neurotoxicity; KCC: K+/Cl− co-transporters.
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4. Non Osmotically-Induced Oxidative Stress

Nowadays, it is well accepted that the central nervous system is not the only target of
low [Na+]. Indeed, mild chronic hyponatremia has also been associated with detrimental
effects on bone, specifically increased risk of osteoporosis and fractures independently of
bone demineralization [12,30,31,36,104]. Bone matrix is a large reservoir of the body’s Na+,
storing approximately one-third of this electrolyte [105]; in dogs, it is an osmotically inactive
compartment from which Na+ is released during prolonged dietary deprivation [106]. As
demonstrated in a rat model of SIAD, hyponatremia-related osteoporosis is due to increased
osteoclastic activity, in the absence of other metabolic or hormonal alterations able to explain
the accelerated bone resorption (i.e., sex steroid deficiency, metastasis-induced osteolysis,
calcium-mediated signals, etc.) [36].

The described detrimental systemic effects secondary to chronic hyponatremia, tradi-
tionally defined as an asymptomatic or mildly symptomatic disorder, open a new scenario
in understanding the pathophysiology of this condition and its clinical sequelae. In fact,
neurological and extra-neurological alterations observed in chronic hyponatremia are ex-
plained in principle neither by the “osmotic theory” nor by the homeostatic mechanisms
that counteract cell swelling in the presence of extracellular hypotonicity. Therefore, the
intriguing hypothesis that hyponatremia could directly impair cellular homeostasis—and
hence health status—was postulated. With regard to this point, Barsony et al. first showed
that sustained low extracellular [Na+] activates osteoclastogenesis and osteoclastic bone
matrix resorption in rats both in vivo and in vitro, independently of reduced osmolal-
ity [104]. In their view, this response is likely necessary to mobilize bone-stored Na+ in
the attempt to restore normal extracellular [Na+]. Moreover, low [Na+] is able to stimu-
late the differentiation of early-stage osteoclast progenitors compared to normonatremic
conditions, by increasing their sensitivity to growth factors (in particular M-CSF) through
oxidative stress. These findings suggest the existence of a Na+-sensing mechanism or
receptor on osteoclasts, as hypothesized also in the central nervous system and in the
kidney. Interestingly, the authors found that the activity of the Na+-dependent vitamin
C transporter is inhibited by low extracellular [Na+] in a dose-dependent manner, thus
resulting in a reduced uptake of ascorbic acid. As well as playing a central role in setting
the equilibrium between osteoclastogenenesis and osteoblastic functions, ascorbic acid
is also a key scavenger of oxidative stress [107,108]. As expected, reduced ascorbic acid
uptake observed in the above-mentioned model of chronic hyponatremia is associated with
increased accumulation of ROS in osteoclastic cells and oxidative DNA damage product
8-OHdg in the sera of hyponatremic rats compared to controls, in agreement with the
excessive production of free radicals and osteoclastic bone reabsorption observed in other
forms of osteoporosis (e.g., estrogen/androgen deficiency and chronic inflammation) [104].
By developing an in vitro model able to mimic chronic hyponatremia, we further assessed
the correlation between hyponatremia and bone health and analyzed the second process
involved in bone remodeling alongside resorption, namely neoformation of bone matrix.
We showed that reduced extracellular [Na+] disrupts gene expression, proliferation, migra-
tion, and cytokine production in human mesenchymal stromal cells (hMSC) [109], which
are precursors of mesodermal cell types (including adipocytes and osteoblasts of bone
matrix) exhibiting different degrees of stemness [110]. In post-menopausal osteoporosis
and other conditions characterized by bone loss, the bone marrow shows an imbalance
between adipogenesis and osteogenesis, with an accumulation of adipose tissue at the
expense of the osteoblastic compartment [111]. In our in vitro model, low [Na+] impairs
osteoblast activity and differentiation of hMSC, which are shifted toward the adipogenic
phenotype at the expense of the osteogenic one [109].

Oxidative stress is also a well-recognized mediator of degenerative processes related
to senescence, other than osteoporosis [112], especially in the brain [113]. It is then not
inconceivable to speculate that chronic hyponatremia might play a direct role in the patho-
genesis of degenerative diseases, in particular aging-related multi-organ pathologies, and
that its combination with comorbidities in old people might critically weaken the defense
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against oxidative stress. As a consequence, sustained low [Na+] might accelerate the aging
process and represent an independent risk factor for the development and progression
of age-related infirmities. In fact, the prevalence of hyponatremia increases progressively
with aging, and its major impact (in terms of morbidity and mortality) is exerted in the
elderly [114]. The link between chronic hyponatremia and senescence is supported by
evidence that chronic hyponatremia (also in this case regardless of hypoosmolality) ac-
celerates and exacerbates multiple manifestations of senescence, including osteoporosis,
hypogonadism with testicular fibrosis and arrest of spermatogenesis, reduced adiposity,
cardiomyopathy with left ventricular hypertrophy and fibrosis, and sarcopenia, in male
rats [115]. Consistently with these data, primary cultures of neonatal rat cardiomyocytes
exposed to low extracellular [Na+] (but compensated hypoosmolality) and hearts isolated
from hyponatremic animals showed increased ROS production and intracellular Ca2+

concentrations compared to control cells and tissues [116]. This results in a greater vul-
nerability of cells against oxidative stress and an exacerbation of myocardial injury due
to ischemia/reperfusion, as evidenced by significantly larger infarct size and lower left
ventricular developed pressure after exposure to global hypoxia in rats with hyponatremia
compared to normonatremic ones [116]. Reoxygenation of cells triggers a burst of ROS, and
their increment in low Na+ conditions may amplify mitochondrial permeability transition
pore opening and induce cell death [117]. Swelling and enlargement of mitochondria
and destruction of cristae in cardiomyocytes exposed to low [Na+] might be the result of
increased ROS content, which in turn could be secondary to intracellular Ca2+ overload
and activation of Ca2+-dependent ROS-generating enzymes [118].

Understanding the potential direct effects of low extracellular [Na+] is of particular
interest also in the brain, which is one of the main targets of both chronic hyponatremia and
senescence. In the last decade, our laboratory demonstrated that low extracellular [Na+]
directly impairs cellular homeostasis in an in vitro neuronal model of chronic hypona-
tremia [119]. Sustained low extracellular [Na+] was demonstrated to induce cell distress by
affecting cell viability and adhesion, expression of anti-apoptotic genes (Bcl-2, DHCR24)
and ability to differentiate into a mature neuronal phenotype, even in the presence of
compensated osmolality. As a result of a comprehensive microarray analysis, we showed
that cell functions involved in “cell death and survival” are the most altered in the presence
of reduced [Na+] compared to controls, and that the expression of the heme oxygenase-1
(HMOX-1) gene is the most increased [119] (Figure 2).

 

Figure 2. List of differentially expressed genes in two in vitro neuronal models (SH-SY5Y and SKN-AS cell lines), maintained
at reduced (115 mmol/L and 127 mmol/L, respectively) or normal (153 mmol/L) [Na+], as assessed by microarray analysis.
Positive fold-regulations are reported in red, negative fold-regulations are in blue. Yellow marked genes are commonly
regulated in both cell lines.
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HMOX-1 is an inducible stress protein with a metabolic function in heme turnover [120]
and potent anti-apoptotic and antioxidant activities in different cells, including neurons [121].
In the brain, induction of HMOX-1 by intracellular factors that directly or indirectly gener-
ate ROS, preserves neurons from oxidative injury secondary to cerebral ischemia [122] or
ethanol intoxication [123]. Elicitation of oxidative stress in the presence of low [Na+] was
confirmed by cytofluorimetric analysis of total intracellular ROS and ROS-induced lipid per-
oxidation [124]. These findings reinforce the hypothesis that chronic hyponatremia, through
increased oxidative stress and ROS generation, may have a role in brain distress and aging
by reducing neuronal differentiation ability, a well-known co-factor in the etiopathogenesis
of neurodegenerative diseases such as Alzheimer’s disease [125]. Finally, we also demon-
strated that the correction of sustained low extracellular [Na+] may not be able to revert
all the cell alterations associated with reduced [Na+], specifically the expression level of
the anti-apoptotic genes Bcl-2 and DHCR24 or of the HMOX-1 gene, even when [Na+] was
gradually increased [124]. Admittedly, these data appear to reinforce the recommendation
to carefully diagnose and treat patients with hyponatremia because a prompt intervention
aimed to correct serum [Na+] might prevent possible residual abnormalities.

It is now widely accepted that hyponatremia represents a negative independent prog-
nostic factor in oncologic patients, and is associated with poor progression-free and overall
survival in several cancers [54–63]. The direct contribution of this electrolyte imbalance
(which cannot be considered a mere surrogate marker of the severity of clinical conditions)
is supported by the observation that the correction of serum [Na+] may reduce the overall
mortality rate in hyponatremic patients [37]. We recently demonstrated, for the first time,
that the reduction of extracellular [Na+] is able to alter the homeostasis of different human
cancer cell lines, thus affecting cell functions (i.e., proliferation, adhesion and invasion)
distinctive of a more malignant behavior able to increase cell tumorigenicity [126]. The
three steps of carcinogenesis (initiation, promotion, and progression) and the resistance to
treatment are strongly impaired by an imbalance between ROS and antioxidant produc-
tion [127,128]. In fact, oxidative stress regulates cell growth, cytoskeleton remodeling and
migration, excitability, exocytosis and endocytosis, autophagy, hormone signaling, necrosis,
and apoptosis, namely cell properties deregulated in cancer [127,129]. Furthermore, ROS
involvement in carcinogenesis, local invasiveness and metastatization is displayed by their
ability to induce genomic instability and/or transcriptional errors [130], and to activate
pro-survival and pro-metastatic pathways [129]. Our demonstration of an increased ex-
pression of HMOX-1 in cancer cell lines cultured in low extracellular [Na+], compared
to normal Na+ conditions, validates the role of oxidative stress as the molecular basis of
hyponatremia-associated poorer outcomes in oncologic patients [126]. Cancer cells have
great abilities to adapt to perturbation of cellular homeostasis, including the imbalanced
redox status secondary to their high metabolism and local hypoxia. Through a fine regula-
tion of both ROS production and ROS scavenging pathways (the theory of ROS rheostat),
they show a high antioxidant capacity, allowing oxidative stress levels compatible with
cellular functions even if higher than in normal cells [131]. Recent studies reported an
increased expression of ROS scavengers and low ROS levels in liver and breast cancer stem
cells [132,133], whose maintenance is crucial for the survival of pre-neoplastic foci. In this
view, chemotherapy and radiotherapy, which strongly induce ROS synthesis, are often
able to eliminate the bulk of cancer cells but not to definitely cure cancer, because of the
up-regulated levels of antioxidants in stem cells, which are thus spared and selected for
in the presence of high ROS. An additional mechanism responsible for therapeutic failure
is ROS-dependent accumulation of DNA mutations, leading to drug resistance [131]. In
this very complex scenario, antioxidant inhibitors are considered a promising therapeutic
tool in cancer treatment, especially regarding glutathione metabolism. Since glutathione is
a key regulator of the redox balance and protects cancer cells from stress due to hypoxia
and nutrient deficiency in solid tumors, the combination of glutathione inhibitors with
radiotherapy or chemotherapy could improve the effects of radiation or drugs. However,
other enzymes with a scavenging effect on oxidative stress (HSP90, thioredoxin, enzyme
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poly-ADP-ribose polymerase or PARP) may be targeted for anticancer treatments, and
are currently under study [131]. Since cancer-related hyponatremia adversely affects the
response to chemotherapy and everolimus in metastatic renal cell carcinoma [61,134], cor-
rection of low serum [Na+] may exert its role in improving cancer survival [135,136] by
regulating cancer cell ROS rheostat.

The direct effects of reduced extracellular [Na+] on cells and tissues are summarized
in Figure 3.

Figure 3. Osmotically-independent effects of hyponatremia and oxidative stress. MSC: mesenchymal
stromal cells.

5. Conclusions

In the last decade, several in vitro and in vivo studies suggested that neurological and
extra-neurological symptoms observed in hyponatremic patients might be dependent on a
perturbation of cellular homeostasis. Specifically, low extracellular [Na+] impairs cellular
functions (e.g., gene protein expression, proliferation, migration, and invasion) involved
in senescence and carcinogenesis, thus amplifying tissue injuries related to aging and
promoting cancer progression. In this scenario, oxidative stress seems to be the common
denominator of intracellular events common to both processes (Figure 4). The studies pub-
lished in recent years opened a new, unpredicted scenario. Further data will be necessary
to fully elucidate the specific molecular pathways triggered by reduced extracellular [Na+]
and responsible for oxidative damage, and to comprehensively understand all potential
implications of long-term exposure to hyponatremic conditions.

 

Figure 4. Effects of hyponatremia on cell and tissue homeostasis.
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Abstract: Inflammatory bowel disease (IBD) is a complex multifactorial disorder in which external
and environmental factors have a large influence on its onset and development, especially in genet-
ically susceptible individuals. Crohn’s disease (CD), one of the two types of IBD, is characterized
by transmural inflammation, which is most frequently located in the region of the terminal ileum.
Oxidative stress, caused by an overabundance of reactive oxygen species, is present locally and
systemically in patients with CD and appears to be associated with the well-described imbalanced
immune response and dysbiosis in the disease. Oxidative stress could also underlie some of the envi-
ronmental risk factors proposed for CD. Although the exact etiopathology of CD remains unknown,
the key role of oxidative stress in the pathogenesis of CD is extensively recognized. Epigenetics
can provide a link between environmental factors and genetics, and numerous epigenetic changes
associated with certain environmental risk factors, microbiota, and inflammation are reported in CD.
Further attention needs to be focused on whether these epigenetic changes also have a primary role
in the pathogenesis of CD, along with oxidative stress.

Keywords: Crohn’s disease; oxidative stress; antioxidants; pathogenesis; inflammation; microbiota;
dysbiosis; environmental factors; epigenetics

1. Introduction

Inflammatory bowel disease (IBD) is a complicated and multifactorial disorder charac-
terized by relapsing and remitting inflammation that can involve the entire gastrointestinal
tract. Crohn’s disease (CD) and ulcerative colitis (UC), the two types of IBD, are recognized
worldwide as major contributors to gastrointestinal disease. The location of the inflamma-
tion and the nature of the histological disorders in the gastrointestinal tract differentiate the
two diseases. IBD results from a complex interplay between genetic variation, intestinal
microbiota, the host’s immune system, and environmental factors such as drugs, diet,
breastfeeding, and smoking, although the exact cause of the disease remains unknown. En-
vironmental/microbiota factors can affect gene expression through epigenetic mechanisms
in triggering the disease [1].

The intestinal tract is under continual attack from luminal microbes and from oxidized
compounds in the diet, exposing it to recurrent oxidative changes [2]. An imbalance in
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redox intestinal homeostasis impairs the intestinal epithelial cells and the permeable barrier,
activating dysfunctional immune responses [3,4]. Intestinal cells are the key elements in
regulating the traffic of antigens toward gut-associated lymphoid tissues; discriminating
between commensal and pathogenic antigens; and acting as a crossroad between immuno-
logical tolerance and the immune response. Immunological tolerance describes a diverse
range of host processes that prevent potentially harmful immune responses within that
host. The loss of immune tolerance allows for an exaggerated and harmful immune re-
sponse [3–5]. Cell inflammation and oxidative reactions with the overproduction of reactive
oxygen species (ROS) through activated leukocytes can overwhelm the tissue’s antioxidant
defenses and can contribute to the functional impairment of the enteric mucosa. This leads
to an aberrant response to the luminal agents and the development of chronic abnormal
inflammatory and dysfunctional immune responses [6]. An antioxidant intestinal envi-
ronment reflects the intestinal mucosa’s response, aimed at preventing oxidative damage,
and is maintained by a complex dynamic recycling system in which different molecules
undergo well-established oxidation–reduction reactions. A proper dietary intake of antiox-
idants is therefore essential for maintaining low intracellular levels of oxidative species,
thereby maintaining a proper gastrointestinal redox balance [2]. Dietary compounds are
therefore an important aspect of intestinal health.

Oxidative stress is reported as a pivotal factor in the pathogenesis of IBD and might
be a key effector mechanism leading to cellular/molecular damage and tissue injury. There
is evidence that ROS are involved in intracellular signaling and in the regulation of growth,
differentiation, and cell death, as well as in inflammation [3,4]. Cells’ antioxidant defenses
(mainly molecules and antioxidant enzymes) avoid accumulation and the consequent cell
damage is promoted by ROS. Oxidative damage was detected not only in the intestinal
mucosa of patients with CD but also in peripheral blood leukocytes [5]. The immune cells
that reach the mucosa in CD release a number of ROS that are potentially detrimental.
The main pathological feature of CD is an infiltration of polymorphonuclear neutrophils
and mononuclear cells into the affected intestinal tract. Neutrophils and other leuko-
cytes produce noxious substances, including ROS and proinflammatory cytokines, such
as interleukin (IL)-1, IL-8, and tumor necrosis factor alpha (TNF-α). An imbalance in
proinflammatory and anti-inflammatory cytokine levels was shown to occur in CD [2,6].
Similarly, plasma antioxidant defenses are diminished in CD [7].

The role of oxidative stress as a potential etiological or triggering factor for IBD is the
subject of increasing interest in recent years. Our group previously characterized the ROS
implicated in the oxidative damage occurring in the peripheral blood of patients with CD
at the beginning of the disease, prior to any treatment, as well as their antioxidative stress
status and possible implications in regulating the processes in CD [6]. Mitochondria are
the main organelles responsible for ROS production during physiological and pathological
states. Mitochondrial dysfunction could therefore involve a combination of excess ROS
production and diminished antioxidant capacity. Oxidative stress leads to mucosal layer
damage and bacterial invasion, which in turn further stimulate the immune response and
contribute to disease progression [7]. Environmental factors and oxidative stress can affect
the disease through epigenetics. Increasing evidence suggests that oxidative stress globally
affects the chromatin structure and the enzymatic and nonenzymatic post-translational
modification of histones and DNA-binding proteins. A better understanding of diet–host–
microbiota–environmental interactions is essential for unraveling the complex molecular
basis of epigenetic and genetic interactions underlying the pathogenesis of IBD, as well as
the role of oxidative stress in this complex disease.

The aim of this review is to summarize the main findings regarding the oxidant
and antioxidant mechanisms involved in CD, their role in the immunological response,
the environment’s effects on oxidative stress status, and its involvement in epigenetic
changes/modifications.
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2. Oxidative Stress in Crohn’s Disease

2.1. Oxidative Stress and the Impaired Immunological Response

Oxidative stress, defined as the state in which the oxidant–antioxidant homeostasis
within the cell is disturbed, results from an imbalance between ROS production and the
defensive system responsible for its detoxification in cells. ROS are natural by-products
that include both radical and non-radical oxygen-containing molecules and are mainly
produced by mitochondria during oxygen metabolism and water generation. ROS have
several physiological roles (e.g., cell signaling regulating growth, differentiation, apoptosis,
and inflammatory processes) [8]. However, an increase in the number of these highly
reactive molecules in the state of oxidative stress can cause damage to cell components,
especially membrane lipids, DNA, and proteins. The main pro-oxidant species are the
ROS formed by unstable forms of oxygen—superoxide anion, hydrogen peroxide (H2O2),
and hydroxyl radicals. In contrast, antioxidant agents include both enzymatic and nonen-
zymatic elements. Antioxidant enzymes are present in all cells, have a primary role in
detoxification, and include the enzymes catalase, superoxide dismutase (SOD), and glu-
tathione peroxidase (GPx) (Figure 1). Nonenzymatic antioxidants are usually located in
extracellular compartments and include various molecules, such as glutathione, ascorbic
acid, and vitamin E [3,9].

Figure 1. Intracellular antioxidant enzymes responsible for the detoxification of mitochondrial-
generated reactive oxygen species. Note that there are two forms of intracellular superoxide dis-
mutase in humans—mitochondrial (Mn-SOD) and cytosolic (Cu/Zn-SOD). These enzymes catalyze
the dismutation of the highly reactive superoxide anion (O2

−) to oxygen and hydrogen peroxide
(H2O2). In turn, H2O2 serves as a substrate for both glutathione peroxidase (GPx) and catalase, which
catalyze its reduction to water (figure modified from Moret I [5]).

Inflammation, the main pathological characteristic of IBD, is a process strongly linked
to the generation of reactive metabolites, such as reactive nitrogen species (RNS) and
ROS [10]. In CD, a massive infiltration of inflammatory cells (polymorphonuclear neu-
trophils and mononuclear cells) into the affected gut mucosa is reported. The activated
neutrophils and macrophages that reach the mucosa stimulate the production of reactive
species, including ROS, which are potentially detrimental because they can lead to oxida-
tive stress, causing further inflammation and tissue injury [11–13]. In terms of adaptive
immunity in CD, the intestinal mucosa accumulates CD4+ T cells in the lamina propria,
with an immunological response of the Th1/Th17 type. These cells are resistant to apop-
tosis, which perpetuates the inflammatory response in the intestinal epithelium. In CD,
there is an increased mucosal concentration of the proinflammatory cytokine TNF-α (even
during disease remission) [14]. A study reported that numerous apoptotic stimulators,
similar to TNF-α, can induce ROS generation by interacting with the respiratory chain
in the mitochondria and that these ROS could be acting as mediators in apoptotic path-
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ways [4]. Antioxidant production is the first-line defense against oxidative agents in cells;
however, persistent oxidative stress can delete antioxidant cell resources and the ability to
produce more antioxidants [15]. In fact, studies as far back as 2003 proposed an imbalanced
and inefficient endogenous antioxidant response in the intestinal mucosa of patients with
IBD [16,17]. Patients with CD show reduced activity in the main cellular antioxidant
enzymes SOD and GPx, as well as reduced levels of the plasma antioxidants vitamin A,
C, E, and beta-carotene in the blood and mucosa [15]. Although it is important to note
that there is conflicting evidence regarding the change in antioxidant levels, the key point
is that there is an imbalance in antioxidant concentrations. It is generally believed that
there is excessive oxidant activity and a lower response by antioxidative compounds in
CD, which sustain the oxidative stress in the disease [11,18,19].

Considerable evidence strongly suggests that the oxidative stress is coupled with an
impaired inflammatory response and chronic inflammation in CD. At the molecular level,
oxidative stress and redox signaling are closely involved in the upregulation of inflam-
matory cytokines and the increased infiltration of inflammatory cells, via the stimulation
of signaling pathways (especially the redox-sensitive transcription factor, nuclear factor
kappa B). Moreover, inflammation increases oxidative stress by stimulating the ROS/RNS
generating systems, along with the release of myeloperoxidase from inflammatory cells [10].

At the clinical level, a recent study [20] found a positive correlation between the oxida-
tive stress index (a general indicator of oxidative stress) and the C-reactive protein levels (a
marker of inflammation) in patients with CD, indicating a putative association between
higher oxidative stress levels and increased inflammation. As the authors stated, this associ-
ation could be supported by a previous study [21] in which the redox status of glutathione
was heavily reduced (due to increased oxidized glutathione levels in areas of inflammation,
indicating greater oxidative stress) in the inflamed ileum mucosa, compared to the non-
inflamed tissue of patients with CD. Similarly, in a study by Iantomasi et al. [22], higher
levels of oxidized glutathione were detected in the diseased ileum than in the healthy ileum
of patients with CD. However, this study and the one by Kruidenier et al. [23] reported
an increase in the GPx activity (indicating antioxidant capacity) in the inflamed intestinal
CD mucosa compared to the controls. A more recent study [24], however, showed reduced
GPx activity in the inflamed mucosa compared to either the noninflamed CD mucosa or
the healthy controls. The study also mentioned the possible methodological limitations of
the previously mentioned studies. Our group established another clinical link between ox-
idative stress and inflammation. We found an increase in H2O2 in peripheral lymphocytes
and monocytes that correlates significantly with certain inflammation markers (such as
C-reactive protein and fibrinogen) during active CD, indicating that the inflammation is
more pronounced as the H2O2 concentration increases in these cells. We also showed that
the mitochondrial membrane potential is significantly inhibited in the immune cells (which
suggests a mitochondrial source of ROS) and correlates negatively with inflammation
markers [6]. The latest clinical evidence of the connection between oxidative stress and
inflammation comes from Bourgonje et al. [25], who reported that plasma-free thiols (which
reflect systemic oxidative stress, given that they are prime substrates for ROS) showed a
negative correlation with inflammation biomarkers and were associated with favorable
outcomes in CD.

Subclinical intestinal inflammation is present in a large proportion of patients with
CD, even in clinical remission [26], and a recent report stated that CD in clinical remission
is marked by systemic oxidative stress [25]. Although the specific mechanism through
which oxidative stress is related to the characteristic inflammation in CD is not completely
understood, evidence indicates that oxidative stress could have a significant role in the
pathogenesis of CD [19].

2.2. Oxidative Stress as a Key Effector Mechanism in CD Pathogenesis

In the state of oxidative stress, ROS can be harmful to cell components, with especially
negative effects on membrane lipids, proteins, and mitochondrial and nuclear DNA. ROS
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therefore have the potential of contributing to the pathogenesis in CD [3]. Lipid peroxi-
dation caused by ROS alters the normal activity of transmembrane enzymes, membrane
transporters, and receptors (by disturbing the hydrophobic lipid–lipid and lipid–protein
interaction), consequently disrupting the homeostasis and cell metabolism. The end prod-
ucts of lipid peroxidation can cause protein damage, rendering the proteins useless [27,28].
Pelli et al. showed that excess lipid peroxidation is likely an important pathogenic factor
in IBD [29], which was later proposed by Sampietro et al. for CD, in particular [30]. A
study also reported that treatment with 4-hydroxynonenal (a lipid peroxidation product)
exacerbates colonic inflammation through the activation of toll-like receptor 4 signaling [31].
An upward trend in serum and saliva levels of malondialdehyde (a product of lipid per-
oxidation) was recently reported (an increase that depends on CD severity), as well as a
correlation between malondialdehyde levels and the visible symptoms of inflammation [32].
Oxidative DNA damage can cause various lesions, including single and double-strand
breaks, apurinic/apyrimidinic sites, and modified pyrimidines and purines. Although
DNA damage can be repaired by cellular mechanisms, chronic exposure to oxidative stress
leads to the accumulation of DNA lesions, which can therefore promote mutagenesis, human
pathogenesis, and loss of homeostasis [9,33]. Oxidative DNA damage was also proposed
as a key player in the pathogenesis of IBD and in the associated carcinogenesis [34]. With
regard to protein oxidation, ROS can cause hydroxylation or carbonylation of proteins,
which can change their function considerably and even provoke their degradation [35].
Krzystek-Korpacka et al. [36] found that IBD is associated with an enhanced formation of
advanced oxidation protein products, which have proinflammatory properties.

The oxidative damage of these macromolecules and the effects of pro-oxidants and
antioxidants were studied over the past two decades as potential diagnostic, progression,
and prognostic markers in CD, including in a recent systematic review on IBD and CD
biomarkers by Krzystek-Korpacka [37]. Although a number of these markers show promise,
they are mostly at the early research phase of discovery. However, the large number of
studies that related CD to oxidative stress markers is evidence of the predominant role of
oxidative stress in the disease.

Another finding that reiterates the primary role of oxidative stress in the pathogenesis
of CD is its close connection with the main pathologic features of CD. As stated earlier,
oxidative stress is related to inflammation and the immune response in CD. It was sug-
gested that ROS overproduction by peripheral immune cells occurs before the cells reach
the intestinal mucosa [6], which would link these ROS with the development of the dis-
ease. Moreover, the increased vascular density and pathological tissue hypoxia that also
characterize CD might lead to increased ROS production through activation of targets of
the hypoxia-inducible factor transcription factor family [38,39]. The inflamed mucosa is
therefore continually exposed to the detrimental effects of oxidative substances, eventually
leading to extensive cell and tissue damage, which accounts for the disease [25].

The development of new therapies targeting oxidative stress in CD also puts into
perspective the pathogenic essence of this mechanism underlying the disease. A number
of unconventional therapeutic methods with antioxidant effects, such as inhibitors against
ROS generation, functional dietary interventions, and substances that activate antioxidant
enzymes are under investigation as complementary and alternative treatments for IBD,
showing promising results [40], although antioxidant therapy remains controversial [15].
Mainstream IBD treatments focus on reducing inflammation, and mainly consist of im-
munosuppressants, corticosteroids, and anti-TNF-α antibodies. However, it is noteworthy
that the therapeutic effect of these drugs is also due to their antioxidative properties. In
fact, immunosuppressants and corticosteroids possess direct free radical-scavenging abili-
ties, and anti-TNF-α antibodies carry an indirect antioxidative effect by reducing TNF-α
concentrations [18].

Oxidative stress is associated with diarrhea, a frequent symptom in IBD, given that
excessive ROS production might be responsible for the excess electrolyte and water secre-
tion that causes diarrhea [41]. The severe clinical activity in CD is reflected by systemic
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oxidative stress, which likely contributes to the development of the extraintestinal manifes-
tations commonly observed in CD, such as perianal fistulas and arthritis [42]. Oxidative
DNA damage might have a primordial role in the inflammation-associated tumorigenesis
observed in certain patients with CD, who are at greater risk of colorectal cancer [34,43],
which once again highlights the pathogenic potential of oxidative stress, which could go
beyond CD.

3. The Role of the Environment in Crohn’s Disease

3.1. The “In-Vironment”: The Microbiota

The human gut harbors trillions of microorganisms (including bacteria, viruses, fungi,
and protozoa) that constitute the gut microbiota. Intestinal bacteria are the predominant
microorganisms in the microbial flora, and more than 99% belong to the Firmicutes, Bac-
teroidetes, Proteobacteria, or Actinobacteria phylum [44]. The microbiota symbiotically
interacts with the host, exerting a variety of beneficial effects that include substrate diges-
tion, nutrient production, metabolism, pathogen protection, and remarkably, the normal
structural and functional development of the mucosal immune system [45]. The microbiota
influences both the local and the systemic immune responses [46] and has a dynamic
composition that changes with age and varies according to environmental factors, which is
most evident in diet and food intake patterns [47]. Environmental changes can therefore
be reflected through changes in microbiota, which in turn can affect the host’s health,
which is why the microbiota can be considered an “in-vironmental” factor—the proximate
environmental influence contributes to both health and disease states [48].

The important role played by the microbiota in immunological responses is reflected
in IBD. Specifically in CD, the microbiota triggers the Th1 response, with the consequent
generation of interferon gamma and TNF-α, leading to inflammation and mucosal barrier
damage [49]. During mucosal inflammation, intestinal epithelial cells, along with immune
cells (mainly macrophages and neutrophils), produce proinflammatory cytokines that induce
the production of superoxide anion, nitric oxide, and oxidant peroxynitrite, via the activation
of nicotinamide adenine dinucleotide phosphate oxidase and inducible nitric oxide synthase.
These reactive species are involved in the initiation and progression of CD [40].

Immune reactivity against microbial-derived antigens is reported in patients with CD.
In fact, more than 10 types of antimicrobial serologic antibodies were identified as relevant
to CD (such as antibodies against the outer membrane porin C of Escherichia coli). These
serologic antibodies are associated with a more severe CD phenotype and with a higher
risk for surgery [50].

Therefore, an abnormal relationship between the host and microbiota can result in an
intestinal immune imbalance in CD. However, it is still unclear whether mucosal tissue
damage is the result of an abnormal immune response to a normal microbiota or is the
result of a normal immune response against abnormal microbiota (dysbiosis) [51].

Dysbiosis, defined as an unfavorable abnormality in the composition and function
of the gut microbiota, disturbs the interaction between the host and microbiota and the
host’s immune system. Dysbiosis is associated with several human diseases, including
CD, in which it appears to play a pivotal role in the pathogenesis [44]. The intestinal
microbiota in CD is therefore characterized by decreased diversity, reduced proportions
of Firmicutes, and increased proportions of Proteobacteria and Actinobacteria. Moreover,
the microbiota of patients with CD is reported to be overpopulated with bacteria with
proinflammatory properties (e.g., Escherichia and Fusobacterium) and reduced populations
of anti-inflammatory bacteria (e.g., Faecalibacterium) [52,53]. Dysbiosis causes an alteration
in the intercellular tight junctions that maintain the integrity of the intestinal mucosa and
its permeability. Consequently, opportunistic pathogens can invade the mucosa, resulting
in an activation of mucosal-associated lymphatic tissue and the inflammatory cascade
(leukocytes and proinflammatory cytokines), which can cause massive tissue damage [54].
These opportunistic pathogens can therefore provoke ROS overproduction in human
mucosal epithelial cells, inducing the overexpression of dual oxidase 2 [55].
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The functional composition of the gut microbiome, which can be defined as the set of
genomes of the microbiota, can provide a more consistent definition of dysbiosis [56], due
to the increased stability that the microbiome exhibits over time and the differences in gut
microbiome composition between individuals, in contrast to the similarities in phylogenetic
profiling [52]. Metagenomic approaches characterizing the microbiome can provide greater
insight into the function of the gut microbiota in disease. Metagenomic studies highlight
that microbial metabolic pathways are more consistently perturbed in IBD than organismal
abundances [57]. In the cited study, Morgan et al. showed that patients with CD show an
increase in glutathione transport gene abundance. Glutathione, produced by Proteobacteria
and Enterococcus, is involved in the maintenance of bacterial homeostasis during oxidative
stress. As the authors noted, an increase in the sulfate transport, cysteine metabolism, and
glutathione metabolism observed in the patients with IBD might reflect a mechanism by
which the gut microbiome addresses the oxidative stress caused by inflammation.

Microbiota-induced inflammation and oxidative stress caused by ROS overproduction
are strongly intertwined in CD, given that they reinforce each other and that both lead to
mucosal barrier damage. This, in turn, can lead to increased mucosal permeability and
loss of protection, allowing for the invasion of pathogens, which can further stimulate
inflammation and ROS production, resulting in a vicious circle. Although it is still unclear
whether dysbiosis is a primary or secondary phenomenon in CD, it is believed to have a
key role in its pathogenesis [58,59].

Genetic findings in IBD also put the microbiota into the spotlight of disease patho-
genesis [56,60]. Genome-wide association studies identified more than 160 genetic loci
susceptible to conferring protection from IBD or an increased risk of developing IBD [60].
Most of these genes play an important role in the mucosal barrier function, antimicrobial
recognition and function, and immune regulation [61]. Consequently, defects or certain
variants of these genes can trigger an abnormal immune response to gut microbiota [56].
In CD, these include nucleotide oligomerization domain 2 (NOD2), autophagy-related
16-like 1 (ATG1GL1), and immunity-related GTPase M (IRGM). ATG16L1 and IRGM are
autophagy genes involved in the intracellular processing of bacteria [62,63]. NOD2 was
the first susceptibility gene identified for CD more than a decade ago and is known to
stimulate the immune system by acting as an intracellular sensor of bacterial peptidogly-
cans [64,65]. NOD2 mutations in patients with CD are associated with diminished mucosal
α-defensin expression levels, which are antimicrobial peptides that play an important role
in the mucosal antibacterial barrier [66]. In other clinical studies, the presence of NOD2
risk alleles in patients with IBD was associated with changes in microbial composition,
such as an increased number of Actinobacteria and Proteobacteria, leading to the idea
that these NOD2 variants could be contributing to bacterial dysbiosis [67,68]. Many of the
genetic loci that confer risk in CD interact with each other, which is the case for NOD2
and ATG16L1. Interestingly, NOD2 activation by bacteria and bacterial ligands provokes
the ATG16L1-mediated formation of autophagic vacuoles in both epithelial and dendritic
cells [69]. NOD2 thereby controls bacterial infection via the induction of autophagy [70]. It
was also recently reported that NOD2 and ATG16L1 might cooperate as part of a common
pathway to promote anti-inflammatory immune responses to the microbiota [71]. It is
believed that NOD2 and ATG16L1 variants associated with CD result in the impaired
induction of microbial-stimulated autophagy [51].

Human twin studies have not, however, provided much support for a host genetic
influence on the gut microbiota. In fact, healthy siblings of patients with CD show an
altered microbial and immune profile associated with CD that differs from their genotype-
related risk [72]. Studies on twins also revealed that gastrointestinal microbial populations
vary with CD phenotypes [73], which highlights the relevance of the external environment
in shaping the microbiota, likely outweighing that of genes. Moreover, external factors
strongly linked to changes in the gut microbiota, such as antibiotic therapy, appear to be
associated with the development of IBD [74], which supports the idea that changes in
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the microbiota can act as “translators” of environmental factors in the development and
progression of CD.

3.2. External and Environmental Factors

It is well established that external and environmental factors have an important influ-
ence on the onset and course of IBD. The fact that approximately two-thirds of patients
have no identifiable genetic defects, along with the rapid increase in the incidence and
prevalence of the disease (which cannot be due to genomic changes), strengthens this
idea [75]. The increasing incidence of IBD in newly industrialized countries and its in-
creasing prevalence in Western countries can be attributed to the influences of a Western
lifestyle, urbanization, and industrialization, which were reported as primary risk factors
for CD and UC [76]. Studies indicate that the incidence of CD increases in immigrants
who migrate from regions with a lower prevalence to regions with a higher prevalence of
CD within one or two generations, which further supports the massive influence of the
environment on CD pathogenesis [77].

3.2.1. Western Diet Versus the Mediterranean Diet and Their Impact on Crohn’s Disease

Environmental elements, such as diet, can directly affect the epithelial mucosa bar-
rier and immune function and can act indirectly through the modulation of intestinal
microbiota [78]. “Westernized diets,” which are rich in saturated fatty acids and n-6
polyunsaturated fatty acids (PUFAs), animal proteins, simple sugars, and refined carbo-
hydrates but have a low fiber content (low vegetable and fruit intake), might be a trigger
for CD [79,80]. The quality and quantity of food were shown to affect gut microbiota [48],
which could theoretically lead to inflammation in genetically susceptible individuals [51].

In a recent study conducted in mice, Agus et al. proved that the Western diet causes
an inflammatory environment in the digestive tract associated with microbiome pertur-
bations [81]. Previous studies (also conducted in mice) already indicated that a diet high
in fat and sugars induces dysbiosis in the mucosa microbiota and is associated with a
less protective mucosal layer and increased permeability, which can result in low-grade
inflammation and metabolic disorders [82,83]. As Agus et al. reported, the Western diet
could deregulate inflammation in the gut mucosa by affecting short-chain fatty acid (SCFA)
production. SCFAs (such as acetate, propionate, and butyrate) are the main end-products
of the microbial fermentation of dietary fiber. Butyrate typically constitutes 15%–20%
of SCFAs in the human colon, is the predominant energy source for colonocytes, and is
thought to promote intestinal barrier protection [84]. Butyrate likely augments the intesti-
nal epithelial barrier function via the stabilization of hypoxia-inducible-factor-1 [85], which
regulates the integrity of epithelial tight junctions [86]. Butyrate was also reported to act
via activation of AMP-activated protein kinase [87]. Other in vitro studies proposed that
low concentrations of butyrate could have a protective effect by increasing the synthesis
of mucin 2 (MUC2), the main component of intestinal mucus [88,89]. It was proposed
that butyrate could affect MUC2 transcription via AP-1 and acetylation/methylation of
histones at the MUC2 promoter (a concept that is further discussed in Section 3.3 Epigenet-
ics as a transductor of environmental factors in Crohn’s disease). Patients with metabolic
syndrome show increased colonic MUC2 expression, following a diet-induced increase
in SCFA and butyrate production [90]. However, in vivo studies on pigs and rodents
produced ambiguous results regarding the relationship between luminal butyrate (SCFA)
levels and MUC2 abundance [90]. Further research is therefore needed to uncover the
butyrate-mediated mechanisms in healthy individuals and in patients with IBD.

Butyrate is also attributed with anti-inflammatory properties, which could be mediated
through the inhibition of nuclear factor-kappa B activation, inhibition of interferon gamma
signaling, or the upregulation of peroxisome proliferator-activated receptor gamma [91].
Microbial-derived butyrate also induces functional colonic regulatory T cells [92]. Through
metagenomic and proteomic studies, Erickson et al. confirmed the presence of lower overall
levels of butyrate and other SCFAs in ileal CD [93]. Geirnaert et al. demonstrated that
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increased butyrate production by bacteria supplemented in vitro to the microbiota of a
patient with CD enhanced intestinal epithelial barrier integrity [94]. A lack of butyrate and
other SCFAs could also have indirect negative effects on the intestinal mucosa. By assem-
bling a synthetic gut microbiota from fully sequenced human gut bacteria in gnotobiotic
mice, Desai et al. [95] demonstrated that, in the absence of dietary fiber, mucolytic bacteria
can use host mucus glycans as a source of energy and become the predominant species
within the gut microbiota. Consequently, an abundance of these bacteria causes degradation
of the colonic mucus layer and promotes pathogen susceptibility. Thus, an insufficiency
in microbial-derived SCFA (especially butyrate) caused by a lack of dietary fiber or by
dysbiosis [52] (which can also be due to diet) might be involved in the pathogenesis of CD,
given it can result in impaired intestinal barrier function and inflammation.

The Western diet is characterized by a typically high consumption of n-6 PUFAs
and a low consumption of chain n-3 PUFAs, leading to an imbalanced n-6/n-3 ratio,
with detrimental health consequences [96]. N-6 PUFAs are considered proinflammatory
compounds, given that linoleic acid (the major dietary vegetable PUFA) is a precursor for
arachidonic acid, which is a precursor of inflammatory mediators such as prostaglandins
and leukotrienes. In contrast, n-3 PUFAs appear to be inflammation regulators [97]. The
increased consumption of n-6 PUFAs (along with the consumption of animal protein) is
related to the increased incidence of CD in Japan [98]. Experimental studies indicated
that a nutritional intervention with n-3 PUFAs exerts beneficial effects with regards to
intestinal inflammation [97]. However, clinical trials to evaluate the effects of n-3 PUFAs
for maintaining remission in CD e found no benefit from free n-3 PUFAs over placebo, on
clinical relapse [99,100].

Food additives are another component typically in overabundance in the Western
diet that are proposed to be proinflammatory agents. Chassaing et al. [101] conducted
in vivo studies with mice and proposed that commonly used emulsifiers can disturb
the host–microbiota relationship, resulting in microbiota with increased mucolytic and
proinflammatory activity that promote chronic intestinal inflammation, which can manifest
as colitis. Another recent study by Mu et al., also conducted in mice [102], concluded that
titanium dioxide nanoparticles (another widely used food additive) could interfere with
the balance of gut flora and the immune system, cause prolonged low-grade intestinal
inflammation, and exacerbate the immunological response.

Unlike the Western diet, the Mediterranean diet is believed to have a positive and anti-
inflammatory effect on IBD. The Mediterranean diet is characterized by a high consumption
of fruit and vegetables, whole grains, oily fish, olive oil, seeds, and dried fruits [103]. In
remarkable contrast to the Western diet, the Mediterranean diet provides fermentable
dietary fiber, healthy monounsaturated and polyunsaturated fatty acids, with a balanced
n-6/n-3 PUFA ratio, antioxidants, and vitamins originating from minimally or unprocessed
food. In a case-control clinical study conducted by Souza et al. [104], a diet pattern based on
vegetables, fish, olive oil, fruit, grain, and nuts (i.e., the Mediterranean diet) was inversely
associated with CD. Marlow et al. reported that a Mediterranean-inspired diet appeared
to benefit the health of patients with CD, showing a trend for reduced inflammation
markers and for normalizing the microbiota [105]. A diet rich in vegetables and fibers
has a positive impact on the microbiota, given it reduces intestinal pH and prevents the
growth of potentially pathogenic bacteria (such as strains of Escherichia coli and other
Enterobacteriaceae) [103]. Mediterranean-style diets also favor the proliferation of beneficial
bacteria, such as lactic acid bacteria, through the high consumption of fermented foods and
n-3 PUFAs [106].

The benefits of this dietary pattern could also be largely due to its antioxidant effects.
Extra virgin olive oil, considered the Mediterranean “liquid gold”, is rich in antioxidants
(e.g., polyphenols) that cooperate to increase plasma antioxidant capacity. The consumption
of this oil increases the antioxidant activity of enzymes such as catalase, SOD, and GPx,
which have a primary role in preventing oxidative stress. Studies demonstrated that extra
virgin olive oil (in healthy people) modulates the response against oxidative stress through
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antioxidant enzymes [107]. With even a greater link to IBD, recent studies indicated the
strong anti-inflammatory effect of this oil in gut mucosa, due to its synergic action with
other antioxidant molecules (such as hydroxytyrosol and squalene) [103]. Fruits and
vegetables, also abundant in the Mediterranean diet, are not only a source of fiber (and can
therefore favor SCFA production) but are also a source of vitamins, polyphenols, and other
antioxidants [108] that can be useful in combating oxidative stress.

These dietary patterns are therefore an example of how diet can influence the onset
and development of CD. Food and nutrients have a huge impact on microbiota, immune
response-related pathways, and redox mechanisms. The Western and Mediterranean diets
are probably the most studied diets with regard to CD, but despite this, there is a lack of
scientific literature and clinical trials addressing their impact on CD. In addition to the
Mediterranean diet, studies were conducted on the enteral exclusive nutrition diet, partial
enteral nutrition diet, and supplementation with probiotics and antioxidant micronutrients
as possible therapeutic strategies against IBD [40,84]. Although the study of the effects
of diet is marked by conflicting results, difficulty in establishing solid conclusions, and
research that is still to be undertaken, it is clear that diet could be a determinant in the
pathogenesis of CD.

3.2.2. Other Lifestyle Factors and Health Conditions Relevant to the Pathogenesis

A recently published umbrella review of meta-analyses on the environmental risk fac-
tors for IBD [109] identified smoking, urban living, and having undergone appendectomy
or tonsillectomy as the primary risk factors for CD, whereas physical activity, bed sharing,
and high levels of vitamin D reduced the risk. Among these factors, smoking stands out
because of its sizeable impact on CD. According to epidemiological data, cigarette smoking
is one of the well-established risk factors for CD and probably the most widely investigated
environmental factor that influences the course of CD. Smoking is believed to increase
susceptibility to CD and aggravate its clinical course [77]. A recent systematic review
and meta-analysis [110] revealed that smokers with CD have a more complicated disease
course with greater flare-ups of disease activity and higher needs for first and second
surgeries. Smokers with active CD were reported to have a clinically relevant dysbiosis of
the gut microbiota [111]. Several studies suggested that smoking could suppress the innate
immune response to bacteria through the direct inhibition of bacterial sensing patterns such
as the recognition of lipopolysaccharide by the TLR4/MD-2 receptor [112]. As Bergeron
et al. proposed, the striking anti-inflammatory and immunosuppressive effects observed in
patients with CD who smoke, which are associated with compromised regulatory adaptive
responses, might render cells more susceptible to persistent inflammatory and oxidant
injury. Cells from patients with CD who smoke presented a defective sensitivity to anti-
inflammatory or antioxidant protection. Above all, smoking most likely has a major role in
promoting oxidative stress in patients with CD. Cigarette smoke affects ROS-generation
pathways and has high levels of ROS, peroxynitrite, free radicals, and reactive organic
compounds that ultimately produce oxidative stress [113]. The metal ions in tobacco smoke
also facilitate the transformation of H2O2 into highly reactive hydroxyl radicals [40]. Long-
term smoke exposure can therefore result in a systemic oxidant–antioxidant imbalance and
ultimately systemic oxidative stress [114], which can negatively affect the gastrointestinal
tract and promote the development of CD.

To focus on the impact of cigarette smoking on CD is not only relevant because of its
evident negative influence but also because it is a (relatively) easy factor to control/avoid
(in comparison to other environmental risk factors such as pollution or stress). All in all,
cigarette smoking altogether with the previously discussed dietary patterns are lifestyle
habits that could be reverted and which could modulate the predisposition or course of
CD (Table 1).
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We extensively discussed the interconnection of the most relevant environmental
factors, from the microbiota “in-vironment” to cigarette smoking, with the impaired im-
munological response, genetic susceptibility, or oxidative stress in CD. However, the
limitations that arise from combining such broad topics should be kept in mind, e.g., con-
flicting results and multiple confounding factors that prevent us from establishing robust
conclusions or causative relationships. Moreover, these confounding factors also hinder
the design of clinical studies. For example, cigarette smoking or the Western diet might be
associated with unhealthier lifestyles; and therefore, the findings obtained when studying
their influence on CD could be partly due to other factors (e.g., the amount of exercise
practiced or the exposition to sunlight) that can be difficult to take entirely into account
in clinical studies. We believe that ongoing research assessing these multivariable factors
on CD should try to consider as many confounding aspects as possible, while remaining
cautious when establishing conclusions.

3.3. Epigenetics as a Transducer of Environmental Factors in Crohn’s Disease

Epigenetics is an emerging field in biomedicine and refers to the heritable alterations
in gene expression that are independent of the DNA sequence. The major epigenetic
mechanisms that control gene expression are DNA methylation, histone modifications (such
as acetylation and methylation), and small, non-coding RNAs. Epigenetic mechanisms
are dynamic, reversible, and influenced by exposure to environmental factors [115]. Given
that these mechanisms are involved in proper cell development, differentiation, function,
and homeostasis, their dysregulation is proposed to play a key role in the onset and
development of several diseases, especially cancer [116]. In terms of IBD, epigenetic
mechanisms are shown to play a potentially primary role in its pathogenesis [117,118].
Epigenetics can provide a link between genetics and the environment, including the “in-
vironment” (microbiota), acting as a transducer of environmental risk factors or even
extending the inflammation and oxidative stress that characterize CD.

Epigenetic mechanisms, especially DNA methylation and microRNA expression,
are identified as dysregulated in CD and are proposed as candidate biomarkers of the
disease [115]. DNA methylation is the most studied epigenetic modification and consists
of the covalent addition of a methyl group to the 5′ carbon of the cytosine ring, in the
context of CpG dinucleotides. DNA methylation regulates gene transcription in such a
way that the methylation restrains gene expression [119]. Our group recently identified an
epigenetic methylation signature that allows for the characterization of patients with CD
and supports the involvement of the environment and immune system in the pathogenesis
of CD [120]. A previous study defined a global methylation profile characteristic of ileal CD,
in which the targets of epigenetic modification appeared to be involved in immunity-related
pathways [121]. Blood-derived DNA methylation signatures of CD were described that
correlate with the severity of the intestinal inflammation [122]. In the latter study, the DNA
methylation signatures were a result of the inflammatory features of the disease (given that,
with treatment, the DNA methylation patterns resembled the patterns observed in patients
without intestinal inflammation). Moreover, micro-RNAs (miRNAs) are proposed to have
a more active role in the pathogenesis of CD. miRNAs are short strands of noncoding
RNA that post-transcriptionally regulate gene expression [123]. In the intestinal tract,
miRNAs are involved in tissue homeostasis, intestinal cell differentiation, and maintenance
of the intestinal barrier function, and they were proposed to be both possible biomarkers
and therapeutic targets in IBD [124]. The innate immune response to bacterial infection
is regulated by an intricate network of miRNA circuits that fine-tune the inflammatory
response. Moreover, miRNAs appear to be involved in the dysregulation of autophagy
and Th17 signaling in CD [125].

Given that environmental factors are known to influence epigenetic regulation, certain
environmental risk factors for CD could mediate their negative action, at least to a certain
extent, through epigenetics (Figure 2), with an imbalanced diet being one of those risk
factors. To cite the most direct example, one-carbon metabolism is dependent on dietary
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food components (e.g., methionine, betaine, and folate), which participate in DNA methy-
lation pathways and the supply of methyl groups [58]. Considering that the Western diet is
often deficient in micronutrients, such as folate, it could provoke a dysregulation of DNA
methylation and, consequently, an altered gene transcription profile. Moreover, the low
intake of dietary fiber, which can lead to insufficient amounts of microbial-derived butyrate,
can also provoke epigenetic dysregulation, which is due to the fact that butyrate is a natural
histone deacetylase inhibitor and therefore has the potential to initiate and prolong gene
activation. Consequently, butyrate insufficiency could be responsible, to a certain extent,
for the excessive condensation of the chromatin structure and gene expression mediated
by histone deacetylases [126]. In addition, the putative aforementioned role of butyrate
upregulating MUC2 expression is thought to be partly epigenetically mediated, via the
acetylation/methylation of histones at the MUC2 promoter [88]. In this case, a butyrate
insufficiency caused by a poor diet could therefore affect the “normal”/ideal expression of
MUC2 in the intestinal mucosa via epigenetic dysregulation. In vivo studies with rodents
showed that the microbiota regulates global histone acetylation and methylation in numer-
ous host tissues in a diet-dependent manner. The consumption of a Western diet prevents
many of the microbiota-dependent chromatin changes that occur in a polysaccharide-rich
diet [127]. Another well-known environmental risk factor for CD that affects epigenetics is
cigarette smoke. Active smoking is an established critical factor for epigenetic modification;
alterations in DNA methylation were suggested as a possible mechanism for mediating
cigarette smoke-induced diseases [124,125].

Figure 2. Factors linked to the etiopathogenesis of Crohn’s disease and oxidative stress as a key
effector mechanism underlying the pathogenesis. Immunological factors associated with CD com-
prise both impaired innate response (infiltration of activated neutrophils and macrophages into the
affected gut mucosa) and adaptive response (accumulation of CD4+ T cells in the lamina propria
with a Th1/Th17 immune response). Environmental factors, especially diet, tobacco smoking, and
the microbiota (the “in-vironment”), have an outstanding influence on the course and development
of CD that appears to outweigh the influence of genetic factors (i.e., genetic susceptibility to the dis-
ease). Epigenetics provides a link between genetics and environmental factors and might constitute,
at least to some extent, the mechanism through which some environmental factors mediate their
impact on CD. Oxidative stress plays a central role in CD pathogenesis and was associated with the
aforementioned factors.

Environmental factors and oxidative stress can have an impact on disease through
epigenetics. Increasing evidence suggests that oxidative stress globally influences the
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chromatin structure, enzymatic, and nonenzymatic post-translational modifications of
histones and the DNA-binding proteins. These chromatin alterations can therefore modu-
late gene expression, cell death, cell survival, and mutagenesis. Histones are extensively
modified in an ROS-dependent and RNS-dependent manner and are glutathionylated in a
redox-sensitive manner, which affects their ability to be post-translationally modified [128].
Oxidative stress not only alters global histone modification but also DNA methylation and
can therefore have a modulating role in gene expression [129]. Nevertheless, there is a
lack of studies addressing whether oxidative stress-induced epigenetic changes can have a
further role in the pathogenesis of the diseases characterized by oxidative stress, such as
CD, or just constitute collateral changes.

Epigenetic imprinting (not to be confused with genomic imprinting) could be defined
as the mechanism through which environmental, external, and “in-vironmental” factors
influence epigenetic changes, with potential consequences for health and disease [78]. A
great example would be the recently recognized microbiota-sensitive epigenetic signature
that predicts inflammation in CD [130]. As the authors indicate, their study defines the
manner in which microbiota-derived signals can be integrated by the host via epigenetics, in
priming the epithelium for overt clinical disease and with the subsequent disease-associated
environmental triggers. Epigenetic imprinting can also act as a “disease memory” and
can help explain the relapses, after resections in patients with CD, as well as explain
why certain environmental factors appear to influence the intestinal mucosa and disease
onset even when the environmental factor is long gone [131]. All in all, it is plausible
to believe that the connection between external factors and the host DNA, mediated by
epigenetic changes, has a key influence on the phenotypical expression of complex and
multifactorial diseases such as CD [58]. However, we need to consider the difficulty in
establishing causative relationships and distinguish between epigenetic changes with a
possible role in the pathogenesis and those that are merely a consequence of the disease.
Future studies should focus on establishing the epigenetic changes that can be derived
from environmental risk factors, the microbiota, and even oxidative stress, and those that
can contribute to the onset, progression, or relapse of CD.

4. Conclusions

Although the exact etiopathogenesis of CD remains unknown, the role of oxidative
stress in its pathogenesis is widely recognized. We discussed how oxidative stress is present
in CD, not only locally in the most-affected tissues but also at a systemic level. Oxidative
stress is interconnected and feeds back into the impaired immune response and microbiota
imbalance in CD.

External and environmental factors are known to have a large influence on the de-
velopment and course of CD. The aforementioned primary risk factors are also related to
oxidative stress, at least to a certain extent. Epigenetics provides a link between genetic
and external factors and can provide greater insight into the pathogenesis of the disease.
Further studies should seek to determine the environmental and oxidative stress-induced
epigenetic changes that could have a role in the onset and development of CD, an area that
has much to be explored.
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Abstract: Obesity, a physiological situation where different proinflammatory cytokines and hor-
mones are secreted, is a major risk factor for breast cancer. Mitochondrial functionality exhibits a
relevant role in the tumorigenic potential of a cancer cell. In the present study, it has been examined
the influence of an obesity-related inflammation ELIT treatment (17β-estradiol, leptin, IL-6, and
TNFα), which aims to stimulate the hormonal conditions of a postmenopausal obese woman on
the mitochondrial functionality and invasiveness of MCF7 and T47D breast cancer cell lines, which
display a different ratio of both estrogen receptor isoforms, ERα and ERβ. The results showed a
decrease in mitochondrial functionality, with an increase in oxidative stress and invasiveness and
motility, in the MCF7 cell line (high ERα/ERβ ratio) compared to a maintained status in the T47D
cell line (low ERα/ERβ ratio) after ELIT treatment. In addition, breast cancer biopsies were analyzed,
showing that breast tumors of obese patients present a high positive correlation between IL-6 receptor
and ERβ and have an increased expression of cytokines, antioxidant enzymes, and mitochondrial
biogenesis and dynamics genes. Altogether, giving special importance to ERβ in the pathology of
obese patients with breast cancer is necessary, approaching to personalized medicine.

Keywords: obesity-related inflammation; oxidative stress; mitochondrial biogenesis; mitochondrial
dynamics; epithelial-to-mesenchymal transition (EMT); estrogen receptor beta (ERβ); breast cancer

1. Introduction

Cancer, a pathology characterized by the excessive proliferation of tumor cells, is
the second cause of death in the world, responsible for approximately 9.6 million deaths
in 2018. In addition, breast cancer is a disease causing more than half a million deaths
annually, projecting an increase in its incidence to a total of 3.2 million new cases per year
in 2050 [1,2]. Breast cancer is a heterogeneous and multifactorial disease that involves both
genetic predisposition, lifestyle, and environmental factors. In fact, it has been estimated
that about 20% of breast cancer cases around the world are attributed to modifiable risk
factors, which include obesity [1].

Obesity is a chronic metabolic disease characterized by excess fat accumulation in
the body, and its prevalence has increased markedly in the last two decades in the most
developed countries [3]. In obesity conditions, there is an alteration of the adipocyte
secretome, which can lead to an imbalance of secreted adipokines, affecting processes as
cell proliferation, invasive growth, apoptosis, angiogenesis, and metastasis in tumor cells
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of tissues such as the mammary gland [4–6]. Obesity is a risk factor for breast cancer due
to increased circulating estrogens, such as 17β-estradiol. This is explained by the high
conversion rate of the androgenic precursors produced by aromatase, an enzyme that
increases its activity in the obese state [7].

The cellular effects of estrogens are mediated by their binding to estrogen receptors
(ER) alpha (ERα), beta(ERβ), and GPER. Although ERα and ERβ show homology in the
DNA and ligand-binding domains, their activity and affinity for 17β-estradiol are different,
with ERα having a higher affinity for it. In addition, the expression pattern of the receptors
also varies according to the cell type [8–10]. ERα is postulated as the main mediator of
the carcinogenic effects of 17β-estradiol in breast cancer. In the case of ERβ, which is less
studied, it is associated with an antiproliferative, cytostatic, and protective effect against
tumor development, although other studies have observed contrary results, so its role in
breast cancer remains to be clarified [10–12]. Secondly, GPER, also known as GPR30, is a G
protein-coupled receptor that can be activated by estrogen to induce effects on proliferation,
migration, and invasion, particularly in breast cancer [13].

Another adipokine synthesized and secreted by adipocytes is leptin, whose circulating
levels are directly correlated with the individual’s BMI [14]. Leptin has an important role as
an independent predictor of risk and prognosis of breast cancer, which has been correlated
with its circulating levels. Thus, women with breast cancer have higher plasma leptin levels
and RNA expression in adipose tissue than healthy subjects [5,7]. Leptin exerts its biological
role by binding to the leptin receptor, which is expressed in normal mammary epithelial
cells and breast cancer cell lines, observing an effect on the stimulation of proliferation,
cell division, invasion, and metastasis, through the JAK2/STAT3, MAPKs and PI3K/Akt
signaling pathways. Furthermore, leptin is also capable of enhancing aromatase expression
and activity [11], resulting in increased circulating levels of estrogens, which in turn have
been shown to increase mRNA expression and leptin secretion from adipose tissue [14].

It is worth noting that obesity is considered an inducing factor of inflammation,
where adipose tissue takes on the role of producer of cytokines and inflammatory proteins.
However, the biochemical role between inflammation and cancer-inducing cellular modi-
fications has not yet been elucidated [12]. In this way, the adipose tissue adjacent to the
breast tissue is essential in the progression of cancer for the production of proinflammatory
cytokines, leptin, and 17β-estradiol [15,16].

The expression of inflammatory cytokines, such as interleukin-6 (IL6) and Tumor
necrosis factor alpha (TNFα), have been related to an increase in invasiveness and a poor
prognosis in breast cancer [16]. IL6 is secreted by macrophages, fibroblasts, synovial
cells, endothelial cells, and keratinocytes, but it is also synthesized by adipocytes [16,17].
Through the interaction with its receptor, IL6 would be able to induce aromatase, inducing
a greater synthesis of 17β-estradiol [17]. On the other hand, TNFα is a key inflammatory
cytokine produced by macrophages, T cells, B cells, and NK cells, in addition to tumor
cells [14]. As a major cytokine in the tumor microenvironment, TNFα influences several of
the hallmarks of cancer, such as stimulation of tumor growth, survival, invasion, metastasis,
and angiogenesis [18,19]. In breast cancer cell lines, TNFα may have a role in both promot-
ing and inhibiting cell growth, suggesting that the signaling pathway through which it
contributes to proliferation is MAPK and PI3K/Akt [5].

Mitochondria is a cellular organelle that is highly influenced in response to estrogens,
and it is the main source of reactive oxygen species (ROS), playing an important role
in tumor processes, as well as in proliferation and apoptosis [20–22]. There is a balance
between the production of ROS in the cell and its detoxification by antioxidant enzymes.
If antioxidant mechanisms are diminished or ROS production undergoes a significant
increase, an imbalance occurs in this system that leads to oxidative damage [23].

Mitochondrial function depends on mitochondria morphology, changes in shape,
number, and location, which can translate into important functional modifications. Thus,
mitochondrial biogenesis is the combination of both proliferation (an increase in the mito-
chondrial population) and differentiation (an improvement of the functional capabilities of
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pre-existing mitochondria) processes [24], while mitochondrial dynamics is a concept that
describes the morphology and distribution of mitochondria in the cell [25].

Mitochondrial structure and function can be regulated by the activation of ERα and
ERβ receptors by binding of 17β-estradiol [6,26]. Regarding the role of ERβ, some studies
have implicated it as a tumor suppressor in breast cancer [6]. ERβ has been shown to
colocalize in the mitochondria (mtERβ) and mediate estrogenic effects on the mitochondria,
being able to increase mtDNA, increase respiratory capacity, increase antioxidant activity,
and inhibit apoptosis [8].

Dysfunctional mitochondria play a relevant role in cancer and in the epithelial-to-
mesenchymal transition (EMT) program in breast cancer [27]. As a consequence of mito-
chondrial defects, deteriorated OXPHOS has been shown to be involved in tumorigene-
sis [27]. In fact, alteration of mitochondrial functionality has been correlated with a specific
mesenchymal phenotype. Moreover, previous studies have hypothesized a link between
the regulation of mitochondrial genes, induction of EMT, and metastasis, which implies
the worst clinical outcome for patients with cancer [28]. As mentioned above, obesity is an
inflammatory disorder in which adipokines, as resistin or leptin, are secreted and play an
important role in EMT. It has been described that obesity promotes the metastatic poten-
tial of breast cancer by inducing EMT [29]. Moreover, leptin promotes diverse biological
events associated with tumorigenesis, as EMT. This process is induced by leptin through
the expression of diverse transcription factors, which repress the epithelial markers and
promote mesenchymal markers [30].

The aim of the present work was to study mitochondrial functionality and invasive-
ness, analyzing mitochondrial biogenesis and dynamics processes, as well as oxidative
stress and inflammatory status and motility, in cell lines with different estrogen receptors
ratio, exposed to a treatment consisting of 17β-estradiol, leptin, IL-6, and TNFα simulating
circulating hormonal conditions in a postmenopausal obese woman [31–33] Likewise, the
expression of the main antioxidant genes and genes related to inflammation and mitochon-
drial functionality in breast cancer tumors have been studied.

2. Materials and Methods

2.1. Reagents

Specific reagents 17β-estradiol, leptin, interleukin-6, and TNF-α were purchased
from Sigma-Aldrich (St. Louis, MO, USA). Dulbecco’s modified Eagle’s medium without
phenol red was purchased from GIBCO (Paisley, UK), Fetal Bovine Serum, and antibiotics
solution (penicillin and streptomycin) from Biological Industries (Kibbutz Beit Haemek,
Israel). Routine chemicals were supplied by Sigma-Aldrich (St. Louis, MO, USA), Panreac
(Barcelona, Spain), and Bio-Rad Laboratories (Hercules, CA, USA).

2.2. Cell Culture and Treatments

MCF7 and T47D breast cancer cell lines were purchased from American Type Culture
Collection ATCC (Manassas, VA, USA) and maintained in Dulbecco’s modified Eagle’s
medium (DMEM) supplemented with 10% Foetal bovine serum (FBS) and 1% antibiotics
(penicillin and streptomycin) at 37 ◦C with 5% CO2. To avoid phenol red estrogenic effect,
cells were seeded in 6-well or 96-well plates in phenol red-free DMEM containing 10% FBS
and 1% antibiotics 24 h prior to treatment. Cells were treated, at 70–80% confluence, with
vehicle (0.1% DMSO) or ELIT treatment (10 nM 17β-estradiol, 100 ng/mL leptin, 50 ng/mL
interleukin-6 and 10 ng/mL TNFα) for 24 or 48 h.

2.3. Measurement of H2O2 Production and O2
− Levels

Cells were seeded in 96-well plates (1.6× 104 cells/well for MCF7 and 3.2 × 104 cells/well
for T47D cell line) and treated with ELIT for 48 h. Hydrogen peroxide production was
determined by Amplex® Red Hydrogen Peroxide/Peroxidase Assay Kit, following the
manufacturer’s protocol, as described previously [34]. Superoxide anion levels were de-
termined by MitoSOX® Red reagent, following the manufacturer’s protocol, as described
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previously [35]. The values obtained were normalized with the Hoechst 33342 fluorescence
signal as previously described [36].

2.4. Cardiolipin Content

Cells were seeded in 96-well plates (1.6× 104 cells/well for MCF7 and 3.2 × 104 cells/well
for T47D cell line) and treated with ELIT for 48 h. Cells were stained with 250 nM of Nonyl
Acridine Orange (NAO) to measure cardiolipin content as previously described [26]. The
values obtained were normalized with the Hoechst 33342 fluorescence signal, as previously
described [36].

2.5. RT-qPCR

Cells were seeded (4 × 105 cells/well for MCF7 and 6 × 105 cells/well for T47D cell
line) in 6-well plates and treated with ELIT for 24 h. Total RNA from cultured cells or breast
cancer human biopsies (25 mg) was isolated using TRI Reagent (Sigma-Aldrich, St. Louis,
MO, USA), following the manufacturer’s protocol, and then quantified using a BioSpec-
nano spectrophotometer (Shimadzu Biotech, Kyoto, Japan) set at 260 nm and 280 nm,
getting 260/280 nm ratio. Samples were retrotranscribed to cDNA, and PCR reactions were
carried out as previously reported [35]. Genes, primers, and temperatures for the annealing
step are specified in Table 1. Both GAPDH and 18S were used as housekeeping genes.

Table 1. Primers and conditions used for RT-qPCR.

Gene
Accession Number

Forward Primer (5′-3′)
An. T◦ (◦C)

Reverse Primer (5′-3′)

ESR2
NM_001437.3

TAG TGG TCC ATC GCC AGT TAT
60GGG AGC CAC ACT TCA CCA T

NFE2L2
NM_006164.5

GCG ACG GAA AGA AGT ATG AGC
60GTT GGC AGA TCC ACT GGT TT

CAT
NM_001752.4

CAT CGC CAC ATG AAT GGA TA
61CCA ACT GGG ATG AGA GGG TA

GSR
NM_000637.5

TCA CGC AGT TAC CAA AAG GA
64CAC ACC CAA GTC CCC TGC AT

SOD1
NM_000454.5

TCA GGA GAC CAT TGC ATC ATT
64CGC TTT CCT GTC TTT GTA CTT TCT TC

SOD2
NM_000636.4

CGT GCT CCC ACA CAT CAA TC
64TGA ACG TCA CCG AGG AGA AG

UCP2
NM_001381943.1

GGT GGT CGG AGA TAC CAA
60CTC GGG CAA TGG TCT TGT

TNF
NM_000594.4

AAG CCT GTA GCC CAT GTT GT
58GGA CCT GGG AGT AGA TGA GGT

PTGS2
NM_000963.4

CCC TTC TGC CTG ACA CCT TT
60

TTC TGT ACT GCG GGT GGA AC

IL6
NM_000600.5

CAG GGG TGG TTA TTG CAT CT
60AGG AGA CTT GCC TGG TGA AA

CXCL8
NM_000584.4

GGC ACA AAC TTT CAG AGA CAG CAG
66GTT TCT TCC TGG CTC TTG TCC TAG

IL6R
NM_000565.4

TGG GAG GTG GAG AAG AGA GA
60AGG ACC TCA GGT GAG AAG CA

CXCR8
NM_000634.3

AGT TCT TGG CAC GTC ATC GT
58CCC CTG AAG ACA CCA GTT CC

TGFB
NM_000660.7

TCC TGG CGA TAC CTC AGC AA
60CGG TAG TGA ACC CGT TGA TG
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Table 1. Cont.

Gene
Accession Number

Forward Primer (5′-3′)
An. T◦ (◦C)

Reverse Primer (5′-3′)

NRF1
NM_005011.5

CCA CGT TAC AGG GAG GTG AG
60TGT AGC TCC CTG CTG CAT CT

SSBP1
NM_001256510.1

TGT GAA AAA GGG GTC TCG AA
60TGG CCA AAG AAG AAT CAT CC

PPARGC1A
NM_001330751.2

TCA GTC CTC ACT GGT GGA CA
60TGC TTC GTC GTC AAA AAC AG

TFAM
NM_003201.3

GTG GTT TTC ATC TGT CTT GGC
60ACT CCG CCC TAT AAG CAT CTT

TWNK
NM_021830.5

GGG AGG AGG TGC TAG GAG AA
61TTC CTG GCT TGC TTT GGC T

MFN1
NM_033540.3

TTC GAT CAA GTT CCG GAT TC
51TTG GAG CGG AGA CTT AGC AT

MFN2
NM_014874.4

GCA GAA CTT TGT CCC AGA GC
56AGA GGC ATC AGT GAG GTG CT

OPA1
NM_015560.3

ACA ATG TCA GGC ACA ATC CA
51GGC CAG CAA GAT TAG CTA CG

OMA1
NM_145243.5

TTG GAT TGC TCT TTG TGG TG
51GGT ATC GGG CAT CTT TCT CA

DNM1L
NM_012062.5

GTT CAC GGC ATG ACC TTT TT
51AAG AAC CAA CCA CAG GCA AC

FIS1
NM_016068.3

GCT GAA GGA CGA ATC TCA
55CTT GCT GTG TCC AAG TCC AA

SIRT1
NM_012238.5

GCA GAT TAG TAG GCG GCT TG
60TCT GGC ATG TCC CAC TAT CA

SIRT3
NM_012239.6

CGG CTC TAC ACG CAG AAC ATC
56CAG AGG CTC CCC AAA GAA CAC

GAPDH
NM_002046.7

CCA CTC CTC CAC CTT TGA CG
60CTG GTG GTC CAG GGG TCT TA

18S
NR_146119.1

GGACACGGACAGGATTGACA
60ACCCACGGAATCGAGAAAGA

STAT3
NM_139276.3

CTG GCC TTT GGT GTT GAA AT
61AAG GCA CCC ACA GAA ACA AC

SLC25A14
NM_001282195.2

CAA GCC GTT GGT CTC CTA AG
60CGT TTT CAA TGT CAC CCA TC

CDH1
NM_004360.5

GTCACTGACACCAACGATAATCCT
60TTTCAGTGTGGTGATTACGACGTTA

ESRRA
NM_004451.5

TCG CTC CTC CTC TCA TCA TT
52TGG CCA AAC CCA AAA ATA AA

PPARG
NM_138712.5

GAG CCC AAG TTT GAG TTT GC
61CTG TGA GGA CTC AGG GTG GT

ESR1
NM_000125.4

AAT TCA GAT AAT CGA CGC CAG
61GTG TTT CAA CAT TCT CCC TCC TG

MMP9
NM_004994.3

CGC AGA CAT CGT CAT CCA GT
60AAA CCG AGT TGG AAC CAC GA

GPER1
NM_001505.3

CAT CAT CGG CCT GTG CTA CT
GAT GAA GAC CTT CTC CGG CA 60

GPX1
NM_000581.4

GCG GCG GCC CAG TCG GTG TA
61GAG CTT GGG GTC GGT CAT AA
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2.6. Western Blot

After 48 h of ELIT treatment, cells were harvested as described previously by Torrens-
Mas [35]. Protein content (supernatant) was determined with the bicinchoninic acid
(BCA) protein assay kit (Thermo Fisher Scientific, Waltham, MA, USA). Ten micrograms of
protein were resolved on a 12% SDS-PAGE gel and electrotransferred onto nitrocellulose
membranes using the Trans-blot® Turbo™ transfer system (Bio-Rad, Hercules, CA, USA).
Membranes were blocked in 5% non-fat powdered milk in TBS with 0.05% Tween for
1 h. Antisera against OXPHOS complexes (ab110411; Abcam, Bristol, UK), SOD-1 (574597,
Calbiochem®, San Diego, CA, USA), SOD-2 (sc-30080; Santa Cruz Biotechnology, Santa
Cruz, CA, USA), CAT (219010, Calbiochem®, San Diego, CA, USA), GRd (sc-133245; Santa
Cruz Biotechnology, Santa Cruz, CA, USA), 4-HNE (HNE11-S, Alpha Diagnostic, San
Antonio, TX, USA), COXIV (ab33985, Abcam, Bristol, UK), PGC1α (ab54481, Abcam,
Bristol, UK), and GAPDH (sc-25778; Santa Cruz Biotechnology, Santa Cruz, CA, USA) were
used as primary antibodies. Protein bands were visualized as described previously by [34].

2.7. Measurement of 4-HNE Adducts Levels

For 4-hydroxy-2-nonenal (4-HNE) adducts analysis, as lipid oxidative damage marker,
20 μg of total protein from cell lysate, processed as previously described by Pons et al. [37].

2.8. Wound Healing Assay

Cells were seeded in six-well plates at a density of 1 × 106 cells/well for T47D cell
line and 8.5 × 105 cells/well for MCF7 cell line. Wound healing assay was performed as
previously described by Torrens-Mas et al. [35]. The area of the scratch was measured
using the MRI Wound Healing Tool macro for ImageJ software.

2.9. Confocal Microscopy

Cells were seeded on a glass coverslip inside 6-well plates at a density of 2 × 105 cells/well
for MCF7 and 5 × 105 cells/well for T47D. After 24 h, cells were treated with ELIT treatment
for 24 h. Then, cells were incubated with MitoTracker™ Green 0.5 μM (Invitrogen, M7514)
for 1 h and LysoTracker™ Red 0.5 μM (L7528, Invitrogen, Waltham, MA, USA) for 20 min,
both at 37 ◦C in the dark. For DNA staining, cells were incubated with 1/200 dilution of
1 μg/mL Hoechst 33342 (B2261, Sigma, St. Louis, MO, USA) for 5 min at 37 ◦C in the dark.

The fluorescence was monitored with a Leica TCS-SPE Confocal Microscope, us-
ing 63× immersion oil (147 N.A.) objective lens. Fluorescence excitation/emission was
490/516 nm for MitoTracker Green, 577/590 for LysoTracker Red, and 350/455 nm for
Hoechst 33342.

Mitochondrial Roundness was analyzed in ImageJ software with Mito-Morphology
Macro designed by Ruben K. Dagda at the University of Pittsburgh (2010). This macro is
currently maintained and supported by grants NIH/NINDS R01NS105783-01 grant and by
NIH/NIGMS R25 1R25-OD023795-01.

2.10. Seahorse Metabolic Analyzer

Real-time oxygen consumption rates (OCRs) were determined for MCF7 and T47D
cells using the Seahorse Extracellular Flux (XFe96) analyzer (Seahorse Bioscience, North
Billerica, MA, USA). Cells were seeded at a density of 4.8 × 103 cells/well for MCF7 and
9.600 cells/well for T47D into XFe96 well cell culture plates and incubated overnight to
allow attachment at 37 ◦C in 5% CO2. After 24 h, cells were incubated with vehicle or
ELIT treatment. After 48 h of incubation, cells were maintained in 200 μL/well of XF assay
media at 37 ◦C, in a non-CO2 incubator for 1 h. During the incubation time, mitochondrial
complex inhibitors (1 μM oligomycin, 2 μM FCCP, 0.5 μM rotenone, and 0.5 μM antimycin
A) were preloaded for OCR measurements, in XF assay media into the injection ports in
the XFe96 sensor cartridge.
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2.11. Human Samples

Human breast cancer biopsies were obtained from 33 women, ages between 45–90 years.
Samples of these patients were obtained from the Biological Specimen Bank of Son Llàtzer
Hospital and as specified by and with the necessary permission granted from the Balearic
Island Bioethics Committee. Tumor samples were collected immediately after tumor
removal and were frozen in isopentane for analysis as described by Sastre-Serra et al. [38].
Written informed consent was obtained from the patients before surgery. All the patients
presented an invasive ductal carcinoma (ER-positive, PR-negative, and HER2-negative,
as determined by immunohistochemistry) and were classified in normal weight (nw),
overweight (ow), and obese (o) by BMI (kg/m2).

2.12. Statistical Analysis

The statistical analyses were performed with the Statistical Programme for the Social
Sciences software for Windows (SPSS, version 27.0; SPSS Inc, Chicago, IL, USA). Data are
presented as mean ± standard error of the mean (SEM). The statistical differences in cell
lines between vehicle- and ELIT-treated cells were analyzed using a Student’s t-test with
statistical significance was set at p < 0.05 (*). The statistical differences in human samples
were analyzed using Pearson’s correlation with statistical significance was set at p < 0.01
(**) and p < 0.05 (*).

3. Results

3.1. Obesity-Related Inflammation Treatment Increases Inflammation-Related Genes Expression in
Breast Cancer Cell Lines

To confirm the obesity-related inflammation treatment effectivity, mRNA expression
of main inflammatory genes was determined. As shown in Figure 1, inflammatory genes
expression (IL6, IL6R, CXCL8, PTGS2, TNF, and STAT3) showed a statistically significant
increase in both MCF7 and T47D cell lines after 24 h of ELIT (17β-estradiol (10 nM), leptin
(100 ng/mL), interleukin-6 (50 ng/mL), and TNFα (10 ng/mL)) treatment. In contrast,
PPARG anti-inflammatory gene had decreased expression in the MCF7 cell line, and TGFB
anti-inflammatory gene showed a statistically significant increase in the T47D cell line.

Figure 1. Obesity-related inflammation treatment increased the expression of genes related to inflammation in MCF7 and
T47D breast cancer cell lines. IL6: interleukin-6; IL6R: interleukin-6 receptor; CXCL8: interleukin-8; CXCR8: interleukin-8
receptor; PTGS2: cyclooxygenase-2; TNF, tumor necrosis factor alpha; PPARG: peroxisome proliferator-activated receptor
gamma; TGFB: transforming growth factor beta; STAT3: Signal transducer and activator of transcription 3. Breast cancer
cells were incubated for 24 h with vehicle (DMSO) or ELIT. Data are represented as fold change (log2) of mRNA expression
with respect to vehicle-treated cells, set at 0, of each cell line. Data represent means ± SEM (n = 6). * Statistically significant
difference between ELIT treated and vehicle-treated cells (Student’s t-test, p < 0.05).
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3.2. Obesity-Related Inflammation Treatment Increases Oxidative Stress in Breast Cancer Cell
Lines with High ERα/ERβ Ratio

As shown in Table 2, ELIT treatment, an increase ROS production in both MCF7 and
T47D cell lines was seen. Superoxide anion levels increased more than 10 times in MCF7
cells (1177%) and 5 times in T47D cells (526%) after ELIT treatment, as shown in Table 2,
and H2O2 production increased in both cell lines (+100% in MCF7 and +34% in T47D
cells). However, cardiolipin content, as an indicator of mitochondrial inner membrane
quantity, decreased in MCF7 treated cells. Moreover, as shown in Table 2, oxidative damage
increased (+45%) in MCF7 cell line after ELIT treatment, but not in the T47D cell line. A
representative blot of 4-HNE detection is shown in Supplementary Materials Figure S2.

Table 2. Oxidative stress in MCF7 and T47D breast cancer cell lines.

MCF7 T47D

Control ELIT Control ELIT

Superoxide anion levels (%) 100 ± 13 1177 ± 116 * 100 ± 16 526 ± 35 *
H2O2 production (%) 100 ± 1 200 ± 8 * 100 ± 2 134 ± 3 *

Cardiolipin content (%) 100 ± 2 82.7 ± 1.1 * 100 ± 1 101 ± 1
Oxidative damage (%) 100 ± 5 145 ± 8 * 100 ± 7 92.3 ± 11.7

Data represent the means ± SEM (n = 6). Values of control (DMSO-treated) cells were set at 100 in each cell line. * Significant difference
between ELIT-treated and control cells (Student’s test; p < 0.05).

The mRNA expression of antioxidant enzymes was analyzed (Figure 2) in both MCF7
and T47D cell lines after 24 h ELIT treatment. As shown in Figure 2, SOD2 (mitochondrial
superoxide dismutase) showed a high increase in both cell lines; in addition, a decrease in
SOD1 (copper/zinc superoxide dismutase) was observed. However, ELIT-treated MCF7
cells showed a general decrease in catalase (CAT) and glutathione reductase (GSR). Never-
theless, in the T47D cell line, ELIT treatment increased GSR and nuclear factor erythroid
2-related factor 2 (NFE2L2) expression, as shown in Figure 2.

Main antioxidant protein expression levels were determined (Table 3 and Supplemen-
tary Materials) after 48 h ELIT treatment and resulted in a high increase in SOD2 in both
MCF7 and T47D cell lines (more than 10 times in MCF7 and 30 times in T47D). Moreover,
SOD1 showed a statistically significant increase in the T47D cell line after treatment. As
shown in Table 3, CAT and GSR protein levels decrease only in the MCF7 cell line after
ELIT treatment (−30% and −51%, respectively). Representative detection bands are shown
in Supplementary Materials Figures S3–S6.

Table 3. Antioxidant enzymes protein levels in MCF7 and T47D breast cancer cell lines.

MCF7 T47D

Control ELIT Control ELIT

SOD1 (%) 100 ± 12 89 ± 14 100 ± 25 156 ± 28 *
SOD2 (%) 100 ± 11 1631 ± 552 * 100 ± 15 3691 ± 350 *
CAT (%) 100 ± 6 70 ± 8 * 100 ± 14 88 ± 10
GSR (%) 100 ± 14 49 ± 6 * 100 ± 9 117 ± 8

Data represent the means ± SEM (n = 6). Values of control (DMSO-treated) cells were set at 100 in each cell line.
* Significant difference between ELIT-treated and control cells (Student’s test; p < 0.05).
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Figure 2. Obesity-related inflammation treatment modified expression of genes related to oxidative stress in MCF7 and
T47D breast cancer cell lines. NFE2L2: nuclear factor erythroid 2-related factor 2; SIRT3: sirtuin 3; SOD2: manganese
superoxide dismutase; SOD1: copper/zinc superoxide dismutase; CAT: catalase; GSR: glutathione reductase. Breast cancer
cells were incubated for 24 h with vehicle (DMSO) or ELIT. Data are represented as fold change (log2) of mRNA expression
with respect to vehicle-treated cells, set at 0, of each cell line. Data represent means ± SEM (n = 6). * Statistically significant
difference between treated and vehicle-treated cells (Student’s t-test, p < 0.05).

3.3. Mitochondrial Biogenesis and Functionality Are Reduced in Breast Cancer Cell Lines after
ELIT Treatment with a High ERα/ERβ Ratio

Mitochondrial biogenesis genes were also checked, as shown in Figure 3. ELIT
treatment decreased the expression of almost all mitochondrial biogenesis genes analyzed
in MCF7 cell line. Nevertheless, in the T47D cell line, not only did the mRNA expression
not decrease but also, especially high levels of estrogen-related receptor alpha (ESRRA)
and Twinkle (TWNK) were found in ELIT-treated cells versus non-treated cells. Moreover,
uncoupling proteins 2 and 5 (UCP2 and SLC25A14, respectively) mRNA expression was
analyzed, and a decrease in UCP2 expression in both cell lines was accompanied by a
decrease in uncoupling protein 5 expression in the MCF7 cell line.

Mitochondrial biogenesis master regulator PPARGC1A protein levels increased after
ELIT treatment in the MCF7 cell line. However, to check the effect of ELIT treatment on
the mitochondrial respiratory chain (OXPHOS), protein levels of these OXPHOS com-
plexes were analyzed. As seen in Table 4 and Supplementary Materials, ELIT treatment
did not change protein levels in T47D, whereas, in MCF7 cell line OXPHOS complexes,
protein levels decreased, except complex III (Q-cytochrome c oxidoreductase) after 48 h
treatment. Representative detection bands are shown in Supplementary Materials in
Figures S7 and S8.
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Figure 3. Obesity-related inflammation treatment modified expression of genes related to mitochondrial biogenesis in MCF7
and T47D breast cancer cell lines. PPARGC1A: peroxisome proliferator-activated receptor-gamma coactivator-1alpha; ESRRA:
estrogen-related receptor alpha; NRF1: nuclear respiratory factor 1; TFAM: mitochondrial transcription factor A; SSBP1:
mitochondrial single-strand DNA binding protein; TWNK: Twinkle mtDNA helicase; UCP2: uncoupling protein 2; SLC25A14:
uncoupling protein 5. Breast cancer cells were incubated for 24 h with vehicle (DMSO) or ELIT. Data are represented as fold
change (log2) of mRNA expression with respect to vehicle-treated cells, set at 0, of each cell line. Data represent means ± SEM
(n = 6). * Statistically significant difference between treated and vehicle-treated cells (Student’s t-test, p < 0.05).

Table 4. Mitochondrial-related protein levels in MCF7 and T47D breast cancer cell lines.

MCF7 T47D

Control ELIT Control ELIT

PPARGC1A (%) 100 ± 11 142 ± 2 * 100 ± 13 91 ± 16
Complex I (NDUFB8) (%) 100 ± 7 36 ± 2 * 100 ± 16 80 ± 21
Complex II (SDHB) (%) 100 ± 17 39 ± 4 * 100 ± 18 84 ± 10

Complex III (UQCRC2) (%) 100 ± 40 136 ± 24 100 ± 5 101 ± 8
Complex IV (COX II) (%) 100 ± 10 26 ± 4 * 100 ± 18 65 ± 13

(COX IV) (%) 100 ± 5 54 ± 6 * 100 ± 3 86 ± 13
Complex V (ATP5A) (%) 100 ± 9 56 ± 10 * 100 ± 14 117 ± 4

Data represent the means ± SEM (n = 6). Values of control (DMSO-treated) cells were set at 100 in each cell line. * Significant difference
between ELIT-treated and control cells (Student’s test; p < 0.05).

To further investigate mitochondrial function, the oxygen consumption rate (OCR)
was determined. As shown in Figure 4a,c, basal OCR, Maximal respiratory capacity, ATP-
linked respiration, and proton leak were statistically significantly lower in the MCF7 cell
line after ELIT 48 h treatment. These changes were not observed in the T47D cell line
(Figure 4b,d). Moreover, reserve capacity, calculated as basal minus maximal respiratory
capacity rates, showing an increase in both cell lines, though this increase was higher in
the T47D than in the MCF7 cell line.
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Figure 4. ELIT treatment reduced oxygen consumption ratio (OCR) in the MCF7 cell line. (a,b): OCR basal conditions and
after oligomycin, FCCP, and antimycin A + rotenone addition. (c,d): calculated parameters from oxygen consumption
analysis. Basal respiration: initial rate—antimycin A + rotenone rate; ATP-Linked Respiration: maximal respiratory capacity:
FCCP rate—antimycin A+ rotenone rate; initial rate—oligomycin rate; Reserve capacity: FCCP rate—initial rate; proton
leak: oligomycin rate—antimycin A+ rotenone rate. Values are expressed as means ± SEM (n = 5). * Statistically significant
difference between treated and vehicle-treated cells (Student’s t-test, p < 0.05).

3.4. Obesity-Related Inflammation Treatment Affects Mitochondrial Dynamics and Mitochondrial
Network in Breast Cancer Cell Lines

As shown in Figure 5, mitochondrial dynamics genes expression was decreased in
MCF7 cells after 24 h ELIT treatment, but in T47D treated cells, this situation was not
observed. In fact, almost all the genes showed an increase after treatment in this cell line.
The expression of mitochondrial fusion-related genes MFN1, MFN2, OMA1, OPA1 showed
decreased levels in the MCF7 cell line, whereas, in the T47D cell line, ELIT treatment
increased expression of MFN1, MFN2, and OMA1. Fission-related mitochondrial genes
presented a different pattern expression between cell lines, with a statistically significant
increase in FIS1 mRNA expression in the T47D cell line after ELIT treatment.
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Figure 5. Obesity-related inflammation treatment modified expression of genes related to mitochondrial dynamics in MCF7
and T47D breast cancer cell lines. MFN1: mitofusin-1; MFN2: mitofusin-2; OPA1: mitochondrial dynamin-like GTPase;
OMA1: zinc metallopeptidase; DNM1L: dynamin 1 like; FIS1: mitochondrial fission 1 protein. Breast cancer cells were
incubated for 24 h with vehicle (DMSO) or ELIT. Data are represented as fold change (log2) of mRNA expression with
respect to vehicle-treated cells, set at 0, of each cell line. Data represent means ± SEM (n = 6). * Statistically significant
difference between treated and vehicle-treated cells (Student’s t-test, * p < 0.05).

On the one hand, mitochondrial networking was modified after 24 h-ELIT treatment
in both MCF7 and T47D cell lines. However, as shown in Figure 6a, the MTG signal was
higher in the MCF7 cell line after treatment, but LTR intensity was also high. These changes
were not observed in T47D cell lines after ELIT treatment. On the other hand, lysosomes
distribution in MCF7 cell lines, whereas more equally distributed dispersed through the
cytoplasm after 24 h-ELIT treatment, whereas in T47D cell line this distribution showed
seemed to be more perinuclear. Index of elongation, calculated as the average circularity of
mitochondria of confocal microscopy images, as shown in Figure 6b. As seen, the MCF7
cell line after 24 h ELIT treatment showed more circular mitochondria than in control cells.
These morphological modifications were not seen in the T47D cell line with treatment.

3.5. Obesity-Related Inflammation Treatment Increase Invasiveness in Breast Cancer Cell Lines
with a High ERα/ERβ Ratio

As shown in Figure 7a, Cadherin E (CDH1) expression was decreased in MCF7 cells
after 24 h ELIT treatment, but Matrix Metalloproteinase 9 (MMP9) expression increased
three times with respect to vehicle-treated cells. In contrast, CDH1 expression increased in
the T47D cell line after treatment. In addition to these results, a wound-healing assay was
performed. As shown in Figure 7b and in Supplementary Materials Figure S9, after 24 h,
ELIT-treated MCF7 cells were able to better close the wound, leaving 80% of the initial
scratch open, while the control cells were not able to close the wound. In the T47D cell line,
there were no differences between control and ELIT-treated cells.
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Figure 6. ELIT treatment induces mitochondrial networking changes in the MCF7 cell line. (a) Breast
cancer cell lines MCF7 and T47D were treated with ELIT for 24 h followed by co-incubation with
MTG, LTR, and Hoechst 33342. The fluorescence was monitored with a Leica Confocal Microscope
using 63× oil 147 N.A. objective lens. Scale bar 25 μm. (b) Mitochondrial Roundness was analyzed
with ImageJ Software. Breast cancer cells were incubated for 24 h with vehicle (DMSO) or ELIT.
Data are represented as an index of elongation, set at one when a perfect circle. Data represent
means ± SEM (n = 6). * Statistically significant difference between treated and vehicle-treated cells
(Student’s t-test, * p < 0.05).
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Figure 7. Invasiveness and cell motility were increased after ELIT treatment in the MCF7 cell line. (a) CDH1: cadherin-E;
MMP9: Matrix Metalloproteinase 9. Breast cancer cells were incubated for 24 h with vehicle (DMSO) or ELIT. Data are
represented as fold change (log2) of mRNA expression with respect to vehicle-treated cells, set at 0, of each cell line. Data
represent means ± SEM (n = 6). (b) Area of the wound that remained open after 24 h with ELIT treatment. Data are
represented as a percentage of the initial scratch area with respect to vehicle-treated cells of each well, set at 100, of each cell
line. Data represent means ± SEM (n = 3). * Statistically significant difference between treated and vehicle-treated cells
(Student’s t-test, p < 0.05).

3.6. Estrogen Receptor Ratio Is Modified by ELIT Treatment in Breast Cancer Cell Lines

To observe the effects of obesity-related inflammation treatment over estrogen recep-
tors alpha (ERα), beta (ERβ), and GPER in MCF7 and T47D breast cancer cell lines, mRNA
expression was analyzed. As shown in Figure 8, estrogen receptor alpha (ESR1) mRNA
expression was decreased in both cell lines after 24 h-ELIT treatment. However, estrogen
receptor beta (ESR2) and GPER (GPER1) mRNA expression only shown a decrease in the
MCF7 cell line, maintaining its expression in the T47D cell line.

Figure 8. Obesity-related inflammation treatment modified expression of estrogen receptor alpha, beta,
and GPER in MCF7 and T47D breast cancer cell lines. ESR1: estrogen receptor alpha; ESR2: estrogen
receptor beta; GPER1: G-coupled protein estrogen receptor. Breast cancer cells were incubated for
24 h with vehicle (DMSO) or ELIT. Data are represented as fold change (log2) of mRNA expression
with respect to vehicle-treated cells, set at 0, of each cell line. Data represent means ± SEM (n = 6).
* Statistically significant difference between treated and vehicle-treated cells (Student’s t-test, * p < 0.05).
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3.7. IL6R in Breast Tumors Correlates with Inflammation, Mitochondrial Biogenesis, and
Oxidative Stress Markers in Different BMI Situations

Table 5 shows the correlation with Pearson correlation values between the IL6R mRNA
expression and studied genes in different BMI situations: normal weight (nw), overweight
(ow), and obese (o). CXCR8, CXCL8, TNF, SLC25A14, NRF1, NFE2L2, PPARGC1A, and
FIS1 were significantly and positively correlated with IL6R expression in the nw group.
CXCR8, TNF, SLC25A14, NRF1, NFE2L2, and PPARGC1A were significantly and positively
correlated with IL6R expression in the ow group. CXCR8, CXCL8, TNF, PTGS2, ESR2, GPX1,
SOD1, SLC25A14, NRF1, NFE2L2, PPARGC1A, SIRT1, FIS1, and OMA1 were significantly
and positively correlated with IL6R expression in the ow group.

Table 5. Correlation values of IL6R gene expression in breast tumors according to obesity status.

nw ow o nw ow o nw ow o

IL6R

Pearson
Corre-
lation

1 1 1
CAT

Pearson
Corre-
lation

−0.205 0.421 0.164
SSBP1

Pearson
Corre-
lation

0.306 −0.218 0.229

Sig. Sig. 0.285 0.173 0.272 Sig. 0.195 0.319 0.197

ESR1

Pearson
Corre-
lation

−0.006 0.105 −0.337
GPX1

Pearson
Corre-
lation

0.358 0.406 0.704 **
NRF1

Pearson
Corre-
lation

0.870
**

0.878
**

0.936
**

Sig. 0.494 0.412 0.101 Sig. 0.155 0.183 0.001 Sig. 0.001 0.005 0

ESR2

Pearson
Corre-
lation

0.396 0.703 0.605 *
GSR

Pearson
Corre-
lation

0.454 0.286 −0.009 PPARGC1
A

Pearson
Corre-
lation

0.656
*

0.807
*

0.830
**

Sig. 0.19 0.059 0.024 Sig. 0.094 0.267 0.486 Sig. 0.02 0.014 0

CXCR8

Pearson
Corre-
lation

0.791 ** 0.840 ** 0.957 **
SOD1

Pearson
Corre-
lation

0.438 0.062 0.434 *
SIRT1

Pearson
Corre-
lation

0.228 0.261 0.604
**

Sig. 0.003 0.009 0 Sig. 0.103 0.448 0.046 Sig. 0.263 0.286 0.007

IL6R

Pearson
Corre-
lation

0.421 0.113 0.304
SOD2

Pearson
Corre-
lation

0.289 −0.459 −0.106
TFAM

Pearson
Corre-
lation

0.279 −0.037 0.387

Sig. 0.113 0.405 0.126 Sig. 0.209 0.15 0.348 Sig. 0.234 0.468 0.069

CXCL8

Pearson
Corre-
lation

0.732 ** 0.662 0.911 **
SIRT3

Pearson
Corre-
lation

0.428 −0.11 0.3
FIS1

Pearson
Corre-
lation

0.609
* 0.326 0.883

**

Sig. 0.008 0.053 0 Sig. 0.125 0.407 0.129 Sig. 0.041 0.237 0

TGFB

Pearson
Corre-
lation

0.296 −0.552 0.272
NFE2L2

Pearson
Corre-
lation

0.680 * 0.753 * 0.812 **
OMA1

Pearson
Corre-
lation

0.379 0.472 0.541
*

Sig. 0.203 0.1 0.154 Sig. 0.015 0.025 0 Sig. 0.157 0.172 0.015

TNF

Pearson
Corre-
lation

0.604 * 0.684 * 0.806**
UCP2

Pearson
Corre-
lation

0.256 −0.266 0.332
OPA1

Pearson
Corre-
lation

−0.39 −0.45 −0.032

Sig. 0.032 0.045 0 Sig. 0.238 0.282 0.104 Sig. 0.17 0.224 0.456

PTGS2

Pearson
Corre-
lation

0.07 −0.134 0.639 ** SLC25A
14

Pearson
Corre-
lation

0.874 ** 0.901 ** 0.940 ** * The correlation is significant at
p < 0.05

Sig. 0.435 0.415 0.007 Sig. 0 0.003 0 ** The correlation is significant
at p < 0.01

Data represent Pearson correlations and significance (unilateral) in normal weight (n = 9). overweight (n = 8) and obesity (n = 16) groups.
* (p < 0.05) ** (p < 0.01) significant difference.

Moreover, ESR1 and ESR2 gene expression correlations are shown in Table 6a,b,
respectively. On the one hand, IL6, CXCL8, SOD1, and SSBP1 were significantly and
negatively correlated with ESR1 expression; instead, SIRT3 was significantly and positively
correlated. On the other hand, IL6R, CXCR8, GPX1, SLC25A14, NRF1, PPARGC1A, SIRT1,
and OMA1 were significantly and positively correlated with ESR2 expression.
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Table 6. Correlation values of estrogen receptors subtype alpha and beta gene expression in breast tumors. (a) ESR1
correlation. (b) ESR2 correlation.

(a)

ESR1
Pearson

Correlation 1.000
CAT

Pearson
Correlation 0.089

SSBP1
Pearson

Correlation −0.461 **

Sig. Sig. 0.624 Sig. 0.007

IL6R
Pearson

Correlation −0.219
GPX1

Pearson
Correlation 0.218

NRF1
Pearson

Correlation −0.154

Sig. 0.221 Sig. 0.223 Sig. 0.393

ESR2
Pearson

Correlation 0.010
GSR

Pearson
Correlation 0.139

PPARGC1A
Pearson

Correlation −0.314

Sig. 0.962 Sig. 0.440 Sig. 0.075

CXCR8
Pearson

Correlation −0.230
SOD1

Pearson
Correlation −0.391 *

SIRT1
Pearson

Correlation −0.012

Sig. 0.205 Sig. 0.024 Sig. 0.945

IL6
Pearson

Correlation −0.364 *
SOD2

Pearson
Correlation 0.177

TFAM
Pearson

Correlation −0.003

Sig. 0.037 Sig. 0.323 Sig. 0.989

CXCL8
Pearson

Correlation −0.422 *
SIRT3

Pearson
Correlation 0.571 **

FIS1
Pearson

Correlation −0.192

Sig. 0.014 Sig. 0.001 Sig. 0.292

TGFB
Pearson

Correlation 0.221
NFE2L2

Pearson
Correlation −0.122

OMA1
Pearson

Correlation 0.110

Sig. 0.216 Sig. 0.500 Sig. 0.555

TNF
Pearson

Correlation 0.041
UCP2

Pearson
Correlation 0.153

OPA1
Pearson

Correlation 0.125

Sig. 0.820 Sig. 0.396 Sig. 0.525

PTGS2
Pearson

Correlation −0.200
SLC25A14

Pearson
Correlation −0.163 * The correlation is significant at p < 0.05

Sig. 0.317 Sig. 0.364 ** The correlation is significant at p < 0.01

(b)

ESR2
Pearson

Correlation 1.000
CAT

Pearson
Correlation SSBP1

Pearson
Correlation 0.260

Sig. Sig. Sig. 0.220

IL6R
Pearson

Correlation 0.639 **
GPX1

Pearson
Correlation NRF1

Pearson
Correlation 0.483 *

Sig. 0.001 Sig. Sig. 0.017

ESR1
Pearson

Correlation 0.010
GSR

Pearson
Correlation PPARGC1A

Pearson
Correlation 0.409 *

Sig. 0.962 Sig. Sig. 0.047

CXCR8
Pearson

Correlation 0.473 *
SOD1

Pearson
Correlation SIRT1

Pearson
Correlation 0.560 **

Sig. 0.023 Sig. Sig. 0.004

IL6
Pearson

Correlation −0.060
SOD2

Pearson
Correlation TFAM

Pearson
Correlation 0.326

Sig. 0.781 Sig. Sig. 0.120

CXCL8
Pearson

Correlation 0.374
SIRT3

Pearson
Correlation FIS1

Pearson
Correlation 0.294

Sig. 0.071 Sig. Sig. 0.163

TGFB
Pearson

Correlation 0.169
NFE2L2

Pearson
Correlation OMA1

Pearson
Correlation 0.446 *

Sig. 0.430 Sig. Sig. 0.029

TNF
Pearson

Correlation 0.326
UCP2

Pearson
Correlation OPA1

Pearson
Correlation 0.256

Sig. 0.120 Sig. Sig. 0.262

PTGS2
Pearson

Correlation −0.155
SLC25A14

Pearson
Correlation * The correlation is significant at p < 0.05

Sig. 0.502 Sig. ** The correlation is significant at p < 0.01
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4. Discussion

In this study, the effects of obesity related-inflammation on mitochondrial functional-
ity in breast cancer cell lines and breast tumors, focusing on estrogen receptors ratio, were
analyzed. Moreover, invasiveness in this situation was also analyzed. We demonstrated
that ERβ, in an inflammatory and obesity condition, maintains mitochondrial functionality
and avoids invasiveness in breast cancer cell lines. Moreover, we found a strong correlation
between interleukin-6 receptor gene expression and inflammation, mitochondrial function-
ality, and oxidative stress markers, as well as with estrogen receptor beta, in breast cancer
human samples in different BMI situations.

Obesity stimulates the adipose tissues to release inflammatory mediators such as
tumor necrosis factor α and interleukin 6, predisposing them to a proinflammatory state
and oxidative stress [14,39]. These signals also stimulate the release of inflammatory
mediators by breast cancer cells, creating an autocrine feedback loop [40]. To start the study,
we confirmed the effects of treatment on inflammatory genes expression. ELIT treatment
(17β-estradiol (10 nM), Leptin (100 ng/mL), IL6 (50 ng/mL), and TNFα (10 ng/mL)),
simulates circulating hormonal conditions in a postmenopausal obese woman and inducing
a high increase in proinflammatory expression genes. Furthermore, it is worth noting that,
in breast tumors in different BMI situations, inflammatory genes expression was positively
correlated with interleukin-6 receptor gene expression. These results are in concordance
with other studies where proinflammatory markers are studied in postmenopausal breast
cancer patients [32].

Previous studies in our group and other research groups have shown the independent
effects of 17β-estradiol or leptin on oxidative stress and mitochondrial biogenesis and
dynamics [9,41–44], but never in an associated-inflammation situation. It is well known
that ERα is the predominant estrogen receptor found in the MCF7 cell line, and it responds
to estrogens by increasing proliferation, while, if ERβ is overexpressed in these cells, the
proliferative effect of estrogens is inhibited [9]. Therefore, the response to estrogens in breast
cancer not only depends on the concentration of estrogens in the cellular environment but
also depends on the ERα/ERβ ratio presented by cells [9,43].

In this study, MCF7 and T47D cell lines have been treated with an ELIT inflamma-
tory cocktail with the aim of generates an inflammation situation (IL6 and TNFα) in the
presence of Leptin and 17β-estradiol levels, simulating the physiological condition of
postmenopausal obese women. In this way, an increase in reactive oxygen species has
been observed in both cell lines; however, in the T47D cell line, a lower increase in the
production of hydrogen peroxide and levels of superoxide anion was observed. These data
make more sense when studying the oxidative damage present in both cell lines, where a
significant increase was only observed in the MCF7 cell line. On the other hand, it seems
that the T47D treated cell line does not present differences compared to the control group,
despite presenting higher levels of H2O2 and superoxide anion, as similarly described by
some authors [41,45,46].

Oxidative stress is generated in breast cancer, and in many other pathologies, in two
main ways. The first one, as observed in the high ERα/ERβ ratio MCF7 cell line after ELIt
treatment, is a decrease in the expression of the antioxidant enzymes. It was observed that
all antioxidant enzymes had decreased their gene or protein expression in the MCF7 cell
line, except the SOD2 enzyme that had increased expression in both MCF7 and T47D cell
lines. It has been described that SOD2 plays a role as a free radical detector, increasing gene
and/or protein expression in order to alleviate oxidative damage [47]. Moreover, NFE2L2,
a transcription factor that controls mainly antioxidant enzymes expression, and glutathione
reductase, which recycles glutathione, was also increased, avoiding a high increase in free
radical levels in low ERα/ERβ ratio T47D cell line. In addition, it should be noted that
those tumors with a high correlation between IL6R and ESR2 gene expression presented
an increase in antioxidant enzymes, thus could palliate levels of free radicals, which can
ultimately diminish oxidative damage.
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The other pathway that increases oxidative stress is the poor maintenance of a func-
tional mitochondrial pool [48]. To achieve good maintenance, two highly coordinated
processes, such as mitochondrial biogenesis and dynamics, are very important [49,50]. In
the MCF7 cell line, where ERα predominates, the protein levels of the OXPHOS system are
decreased after ELIT treatment, as well as the amount of inner mitochondrial membrane
(cardiolipin levels), required for the activity of complexes I, III, and IV, and plays an im-
portant role in mitochondrial biogenesis [51,52]. Likewise, both mitochondrial biogenesis
and mitochondrial dynamics are diminished by ELIT treatment in the MCF7 cell line.
Therefore, neither mitochondria are generated, nor are those that do not function properly
eliminated; thus, the production of free radicals and, consequently, the oxidative damage
is increased. Mitochondrial dysfunction has been postulated as one of the hallmarks of
cancer, increasing free radicals and decrease energetic efficiency [19]. If this situation is
accompanied by low levels of antioxidant enzymes, oxidative damage will be higher, as
observed in the MCF7 cell line.

However, the T47D cell line, with high levels of ERβ, had mitochondrial dynamics
elevated, maintaining a more functional pool of mitochondria. In the case of mitochondrial
biogenesis, it should be noted that there are two genes that presented a very significant
elevation, estrogen-related receptor alpha (ESRRA) and Twinkle (TWNK). ESRRA belongs
to a superfamily of nuclear receptors independent of estrogen activation. Its expression
is induced and activated by PGC1α, and the two factors together are capable of binding
to response elements and promoting the initiation and elongation of the transcription
of metabolic and mitochondrial target genes [53]. Twinkle is the mitochondrial helicase
encoded by nuclear DNA that acts during mtDNA replication, and its overexpression has
been shown to be related to increased mitochondrial biogenesis [54]. In fact, ESRRA should
be considered as a possible factor responsible for the difference in the rate of mitochondrial
biogenesis between both MCF7 and T47D cell lines in an obese-related inflammation
situation. As shown in the results, the increased expression of the nuclear receptor ESRRA
in the T47D cell line could be responsible for the maintenance of the mitochondrial pool in
the cell. Furthermore, it has been observed that the STAT3 signaling pathway, activated by
leptin and IL6, upregulates the expression of ESRRA [55].

Taking into account that patients with tumors with low ERα/ERβ ratios have a worse
response to chemical agents oxidative damage inductors [56], we observed that breast
tumors with a high correlation between IL6R and ESR2 in obese patients had genes related
to mitochondrial biogenesis, and dynamics increased gene expression, which could be
an attempt to increase the number of mitochondria due to the inflammatory state and
oxidative stress generated over a long period of time, such happens in other situations
like aging [57,58], but maintaining a functional mitochondrial pool. In addition, it is
worthy to note that both interleukin 6 and 8 gene expression correlated negatively with
estrogen receptor alpha gene expression, whereas both interleukin 6 and 8 receptors
correlated positively with estrogen receptor beta gene expression. These results remark the
importance of more studies are needed in order to better understand estrogen receptors
subtypes’ role in breast cancer.

In addition to mitochondrial biogenesis and dynamics, our study reveals an oxygen
consumption rate decreased in the MCF7 cell line that supports all the results commented
above. It is worth noting that ELIT treatment decreases basal respiration, maximal res-
piratory capacity, ATP-linked respiration as much as proton leak in the MCF7 cell line.
Proton leak decrease is in concordance with low uncoupling proteins mRNA expression
levels found in the MCF7 cell line after ELIT treatment. UCPs, which promote proton leak
across the inner mitochondrial membrane, have emerged as essential regulators of mito-
chondrial membrane potential, respiratory activity, and ROS generation [59]. As seen in
our results, the mitochondrial network was modified in the MCF7 cell line after treatment.
Mitochondria appear more fragmented and circular than fused in the ELIT-treated MCF7
cell line but not in the T47D cell line. In fact, it seems that estrogen receptor beta could
maintain mitochondrial network as well as oxygen consumption rate. Moreover, the T47D
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cell line showed an increase in the reserve capacity of mitochondria, a fact that supports
good mitochondrial pool maintenance [48,60,61].

Oxidative stress, inflammation, and poor mitochondrial network observed in MCF7
cell lines after ELIT treatment leads to a worse situation, and some authors have described a
relationship between this situation and metastasis [62]. Our results are in concordance with
this idea due to increased motility and modification of invasiveness markers presented in
the MCF7 cell line but not in the T47D cell line after treatment. In fact, the T47D cell line,
with a better mitochondrial profile, including biogenesis, dynamics, and mitochondrial net-
work, showed high levels of Cadherin-E that could simulate an epithelial-like phenotype,
as suggested by some authors [63,64].

As mentioned above, the MCF7 cell line has a higher ERα/ERβ ratio, and the T47D cell
line has a lower ratio. ELIT-treatment decreases estrogen receptor alpha mRNA expression
in both MCF7 and T47D cell lines, as shown in results. However, estrogen receptor beta
mRNA expression only decreases in the MCF7 cell line but not in the T47D cell line. This
fact supports that all the results showed in our study could be through estrogen receptor
beta T47D cell lines maintenance, giving to this receptor subtype the protective role that
previously some studies have been described [9,39].

5. Conclusions

The presence of estrogen receptor beta allows maintaining a more functional mito-
chondrial pool, with active mitochondrial biogenesis and dynamics, which means less
production of reactive oxygen species and better mitochondrial metabolism in an obesity-
related inflammation condition. In addition, antioxidant enzymes are active, preventing
oxidative damage and, at least in part, invasiveness.

This study could be important to remark the importance of estrogen receptor beta and
mitochondria as an important organelle in the development and prognosis of breast cancer
in obese patients. Likewise, more studies are necessary in order to clarify the estrogen
receptor beta mechanism in breast cancer and establish it as a clinical biomarker, as is the
estrogen receptor alpha.
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Abstract: Idiopathic pulmonary fibrosis (IPF) is a noninflammatory progressive lung disease. Ox-
idative damage is a hallmark of IPF, but the sources and consequences of oxidant generation in
the lungs are unclear. In this study, we addressed the link between the H2O2-generating enzyme
NADPH oxidase 4 (NOX4) and di-tyrosine (DT), an oxidative post-translational modification in IPF
lungs. We performed immunohistochemical staining for DT and NOX4 in pulmonary tissue from
patients with IPF and controls using validated antibodies. In the healthy lung, DT showed little or no
staining and NOX4 was mostly present in normal vascular endothelium. On the other hand, both
markers were detected in several cell types in the IPF patients, including vascular smooth muscle
cells and epithelium (bronchial cells and epithelial cells type II). The link between NOX4 and DT was
addressed in human fibroblasts deficient for NOX4 activity (mutation in the CYBA gene). Induction
of NOX4 by Transforming growth factor beta 1 (TGFβ1) in fibroblasts led to moderate DT staining
after the addition of a heme-containing peroxidase in control cells but not in the fibroblasts deficient
for NOX4 activity. Our data indicate that DT is a histological marker of IPF and that NOX4 can
generate a sufficient amount of H2O2 for DT formation in vitro.

Keywords: idiopathic pulmonary fibrosis; NADPH oxidase; NOX4; di-tyrosine; immunohistochem-
istry; human lung tissue

1. Introduction

Idiopathic pulmonary fibrosis (IPF) is a progressive interstitial lung disease leading
to lung tissue stiffness and fibrosis, decreased lung function and eventually respiratory
failure. It is estimated that three million people are affected by IPF, worldwide. The median
survival of IPF is estimated at 2–3 years after diagnosis [1,2]. IPF is characterized by the
aberrant proliferation and activation of fibroblasts as well as the presence of myofibroblasts
that secrete excessive collagen and extracellular matrix (ECM) leading to the scarring of
lung tissue and destruction of the alveolar epithelium (reviewed in [3]). Lung remodeling is
thought to occur following repetitive injuries leading to alveolar epithelial cells (AEC) apop-
tosis, proliferation of fibroblasts and Transforming growth factor beta 1 (TGFβ1)-induced
myofibroblast differentiation as well as endothelial dysfunction. However, knowledge of
the underlying molecular mechanisms leading to IPF is scarce and the clinically approved
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antifibrotic agents Nintedanib and Pirfenidone provide only limited benefit and are associ-
ated with adverse effects. Characterization of novel alternative pathogenic pathways is
strongly needed to improve our knowledge on this devastating disease and develop novel
classes of therapeutics.

A key hallmark of IPF pathogenesis is the presence of high levels of reactive oxygen
species (ROS) in the lungs (reviewed in [4]). Although, the sources of ROS can be multiple,
NOX4 represents a key enzymatic source of ROS in IPF lungs and has been associated to
fibrogenic properties in the lungs [5,6]. NOX4 is a member of the family of nicotinamide
adenine dinucleotide phosphate (NADPH) oxidases, whose sole function is the generation
of ROS [7]. NOX4 expression is strongly upregulated in fibroblasts from IPF patients and
following treatment with the fibrogenic cytokine TGFβ1 leading to extracellular H2O2
production [5]. In addition, NOX4-deficient mice show decreased pulmonary fibrosis and
AEC cell death in a mouse model of bleomycin-induced lung fibrosis [6]. NOX4 inhibitors
are currently investigated in clinical trials for IPF (NCT03865927). Nevertheless, the precise
molecular mechanisms by which NOX4-derived ROS contribute to IPF pathology are not
known. ROS are often considered as harmful molecules directly damaging cellular compo-
nents, but ROS (and in particular H2O2) also exert a physiological function as signaling
molecules [8]. In fact, H2O2 can serve as a substrate for enzymatic reaction catalyzed by
peroxidases in various biological reactions, such as the generation of hypochlorous acid
(HOCl) for germ killing by granulocytes and thyroid hormone synthesis [9]. One such
specific reaction is called di-tyrosine (DT) crosslinking. In vitro, DT formation is catalyzed
by a heme-containing peroxidase in the presence of H2O2 leading to the formation of a
covalent carbon−carbon bond between two tyrosine residues of the same, or two adja-
cent proteins [10]. This phenomenon has physiological relevance and is well described
in invertebrates. For instance, during egg fertilization of the sea urchin egg, the com-
bined activity of a NADPH oxidase (Udx1) and a secreted ovoperoxidase is required for
crosslinking of protein tyrosyl residues to create a stiffened ECM around the egg to avoid
polyspermy [11]. However, DT is also present in different pathological conditions such as
Alzheimer’s disease [12], Parkinson’s disease [13], atherosclerotic plaque formation [14],
and IPF. A study by Pennathur and collaborators used mass spectrometric quantification
of oxidative tyrosine modifications and documented a significant increase in the plasma of
patients with interstitial lung disease and in the lungs of bleomycin-treated mice [15]. As
of today, we are still unaware whether DT is formed in the lungs of IPF patients, and how
its levels and localization contribute to IPF pathogenesis. A recent study has shown that
the DT cross-linking of fibronectin, a key protein of the ECM, alters functional fibronectin
characteristics in vitro [16]. In fact, ECM properties and glycogen crosslinking are known
to be altered in IPF patients, thereby contributing to tissue stiffness [17]. In terms of mecha-
nism, neither the H2O2 sources nor the potential peroxidases involved in DT formation in
humans are known.

Thus, we aimed at addressing the localization and levels of DT as well as NOX4 as the
potential source of H2O2 involved in DT generation in the lungs of patients with IPF. We
showed that normal lungs were virtually devoid of DT while lung tissue from IPF patients
were characterized by a significant DT staining. NOX4 was a sufficient source of H2O2
to form DT in vitro, but NOX4 expression in IPF tissue did not clearly correlate with DT
localization, especially in the smooth muscle cells of IPF lungs. Altogether, we conclude
that DT and NOX4 expression patterns are strongly affected in IPF while DT represents a
key novel histopathological feature of IPF.

2. Materials and Methods

2.1. Antibodies, Enzymes and Reagents

The anti-di-tyrosine monoclonal antibody clone 1C3 was purchased from JaiCa,
Fukuroi, Japan and the rabbit monoclonal antibody directed against the C-terminus of
NOX4 was a kind gift of Prof Jansen Dürr, University of Innsbruck (Innsbruck, Austria).
Isotype negative control antibodies were the following: mouse IgG2a (DAKO, X0943) for
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DT and recombinant rabbit IgG, monoclonal isotype control [EPR25A] (ACAM, ab172730)
for NOX4. DAKO REAL Detection system peroxidase/DAB+, rabbit/mouse, K5001 was
used for IHC on human tissues. Transforming Growth Factor-β1 human was from Sigma
(T7039, Saint Louis, MO 63103, USA). Alexa Fluor 488 tyramide Reagent (TSA) was from
Life Technology, (B40953, Eugene, Oregon, USA). Fetal calf serum was purchased from
Chemie Brunschwig (K007310G). Fluorescent secondary antibody for DT immunofluo-
rescence was goat anti-mouse IgG DyLight594 (Jackson ImmunoResearch, Cambridge,
UK, 115-515-003). Panexin basic was purchased from Pan Biotech (P04-96090, Aidenbach,
Germany). Phosphate-Buffered Saline, PBS (14190, Life Technologies, Paisley, Scotland,
UK), Hepes 1M (15630, Life Technologies, Paisley, Scotland, UK) and Hanks’ Balanced Salt
Solution (HBSS), calcium, magnesium, HBSS++ (14025, Life Technologies, Paisley, Scotland,
UK) were from GIBCO. L-tyrosine was from Carl Roth (1741.1, Karlsruhe, Germany). Nor-
mal goat serum (NGS) was from Invitrogen (10000C, Waltham, Massachusetts, USA), DAPI
from Roche Diagnostics (10236276001, Basel, Switzerland), FluorSave Reagent (345789) and
H2O2 (107209) were from Merck (Merck KGaA, Darmstadt, Germany).

2.2. Gene Expression in Fibroblasts

The human lung fibroblast cell line MRC5 (ATCC CCL-171) and primary human skin
fibroblasts isolated from a healthy donor (hSFs) and a patient carrying mutation in CYBA
gene (hSFp22 deficient) [18], were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) supplemented with fetal bovine serum (FBS, 10%), penicillin (100 U/mL), and
streptomycin (100 μg/mL) at 37 ◦C in air with 5% CO2. For differentiation experiments,
the cells were kept in a serum-free medium for 24 h and treated with 2 ng TGF-β1 for 24 h
and collected for RNA extraction.

RNA was extracted using RNeasy mini kit (Qiagen, Dusseldorf, Germany) according
to manufacturer’s protocol. Five hundred nanograms (500 ng) were used for cDNA
synthesis using the PrimeScript RT reagent kit (Takara, Saint-Germain-en-Laye, France)
following the manufacturer’s instructions. Real-time PCR was performed using the SYBR
green assay at the Genomics Platform, National Center of Competence in Research Frontiers
in Genetics (Geneva, Switzerland), on a 7900HT SDS system (Applied Biosystems, Foster
City, USA). The efficiency of each primer was assessed with serial dilutions of cDNA.
Relative expression levels were calculated by normalization to the geometric mean of
two housekeeping genes, β2-microglobulin and GAPDH, as previously described [19].
Normalized quantities are reported as mean ± SEM. The sequences of the primers used in
this study are documented in Table 1.

Table 1. RT-qPCR primers used in the study.

Gene Accession Number Primers Forward 5′–3′ Primers Reverse 5′–3′

NOX4 NM_001143836.3 AACCGAACCAGCTCTCAGAA TTGACCATTCGGATTTCCAT
ACTA2 NM_001141945.2 AATACTCTGTCTGGATCGGTGGCT ACGAGTCAGAGCTTTGGCTAGGAA

FN1 NM_001306129.2 CGGTGGCTGTCAGTCAAAG AAACCTCGGCTTCCTCCATAA
COL1A1 NM_000088.4 GAGGGCCAAGACGAAGACATC CAGATCACGTCATCGCACAAC
GAPDH NM_001256799.3 GCACAAGAGGAAGAGAGAGACC AGGGGAGATTCAGTGTGGTG

B2M NM_004048.4 TGCTCGCGCTACTCTCTCTTT TCTGCTGGATGACGTGAGTAAAC

2.3. TSA Assay and DT Immunofluorescence

Fibroblasts were cultured on glass coverslips as described above. A starvation step
was performed by adding new media with low FCS concentration (0.01% for HSF cells)
or culture media supplemented with 10% panexin, and 0.1% FCS for MRC5 cells for 24 h.
TGFβ1 was added in the starvation media (5 ng/mL) for 7 days with medium change
every 2–3 days. On the day of the experiment a 100× dilution of TSA was added with or
without HRP (5 U/mL) and with or without H2O2 (10 μM) in TRIO buffer (1 mM Hepes,
1 mM L-Tyrosine in HBSS++) for 1 h at RT. Cells were washed 2× with HBSS++ and fixed
with 4% paraformaldehyde for 15 min at room temperature (RT) and washed with PBS.
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Cells were blocked for 1 h at RT in blocking solution (PBS, 5% NGS, 0.3% TritonX-100).
Cells were incubated with primary di-tyrosine antibody (dilution 1:400) at RT. After 1 h,
cells were washed 3 times for 5 min with PBS at RT and a secondary anti-mouse antibody
conjugated to D594 was added for 1 h (dilution 1:200). Cells were again washed 3 times
for 5 min at RT and cell nuclei were stained with DAPI (1 μg/mL in PBS) 5 min at RT.
Coverslips with cells were mounted with FluorSave and imaged with Axiocam Fluo (Carl
Zeiss Microscopy GmbH, Jena, Germany).

2.4. Human Lung Samples

Human lung tissue samples used in this study (Table 2) were obtained from the depart-
ment of Pathology, University Geneva hospital. Samples were collected either on biopsies
or on necropsies. Clinical description was limited to definitive diagnosis made by the
pathologist, the gender and the age of the patient. Samples were irreversibly anonymized,
dated, processed and analyzed according to the Swiss Medical ethical guidelines and recom-
mendations (Senate of the Swiss Academy of Medical Sciences, Basel, Switzerland, 23 May
2006). The study was approved by the regional research committee of the University
Geneva Hospital (NAC10-052R; NAC 11-027R).

Table 2. Additional information of human lung tissue samples used in the study.

Patient Number Pathology Age at Diagnosis Gender Origin of Sample Lung Region

1 IPF 77 M Surgical biopsy Right upper lobe
2 IPF (fibrotic hypersensitivity pneumoniae) 69 M Surgical biopsy Right upper lobe
3 IPF 74 M Surgical biopsy Left lower lobe
4 IPF 71 M Surgical biopsy Left lower lobe
5 IPF (pleural fibrosis) 75 N/A Surgical biopsy N/A
6 Papillary adenocarcinoma 62 M Biopsy, adjacent tissue Right middle lobe
7 Undifferentiated lung adenocarcinoma 69 M Biopsy, adjacent tissue Left upper lobe
8 Metastases from endometrial adenocarcinoma 56 F Biopsy, adjacent tissue Left lower lobe
9 Bullous emphysema 30 M Biopsy, adjacent tissue Right upper lobe
10 Acute bronchitis 85 M Postmortem material N/A

IPF: idiopathic pulmonary fibrosis; M: male; F: female; N/A: not available.

2.5. Immunohistochemical Staining

Paraffin-embedded sections (5 μm) of human control and IPF affected lungs were
stained according to the cell signaling technology standard protocol [20] using DAKO
Envision kit (K4011, Agilent Technologies, CA, USA) using DT and NOX4 antibodies.

Briefly, paraffin-embedded samples were deparaffinized using xylene and 95–100%
ethanol and subsequently hydrated in H2O.

NOX4 labeling required pressure and heat-induced epitope retrieval (20 bar) in Tris–
EDTA, pH 9.0 (10 mM/1 mM) buffer. DT did not require antigen retrieval. Endogenous
peroxidases were blocked with DAKO peroxidase block solution. Both primary and
secondary antibodies were diluted with DAKO antibody diluent. The anti-DT mouse
monoclonal antibody and its mouse IgG2a isotype control were used at 0.25 μg/mL. The
anti-NOX4 rabbit monoclonal antibody and its rabbit monoclonal Ig isotype control were
used at 2.5 μg/mL). We applied the primary antibodies for 1 h at RT. Finally, labeled
polymer-horseradish peroxidase (HRP) anti-rabbit or anti-mouse (DAKO Envision system,
Agilent Technologies, CA, USA) was used for 30 min at RT and the signal was visualized
with diaminobenzidine (Envision system, Dako SA, Geneva, Switzerland). Sections were
counterstained with hematoxylin (BioGnost, Zagreb, Croatia). Images were acquired using
Axioscan Z1 microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) and analyzed
using the Definiens Developer XD™ 2.7 software (Definiens AG, Munich, Germany).
Quantification of DT and NOX4 was done in ImageJ (version 1.51, NIH, Rockville Pike,
Bethesda, Maryland) on randomly selected 10 images/sample and statistical analysis was
carried out with GraphPad PRISM (Prism 8.0.2, GraphPad Software, San Diego, CA, USA)
using the Mann−Whitney nonparametric test. At least 10 adjacent sections were stained
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for each antibody. Control tissue consisted of adjacent healthy tissue for patients nos. 6–9
and from postmortem tissue for patient no. 10.

3. Results

Our study aimed at evaluating the pattern of expression of the H2O2-generating
enzyme NOX4 and the presence of oxidative post-translational modification DT in human
lungs. The NOX4 antibody used in this study was a rabbit monoclonal antibody directed
against the intracellular C terminus of human NOX4 produced in the laboratory of Professor
Pidder Jansen-Dürr, Institute for Biomedical Ageing Research. University of Innsbruck.
This antibody belongs to the small list of available validated NOX4 antibodies, suitable
for Western blot and IHC [21]. We previously documented the specificity of this antibody
over other NOX isoforms [22] and its specificity for immunohistochemical detection in
human tissue samples [23]. The mouse monoclonal DT antibody was generated using a
DT conjugate as immunogen and selected for DT specificity [24]. In order to address the
specificity of the DT antibody and the biological significance of NOX4 in DT formation, we
used an in vitro fibroblast experimental system inspired by the methodology described by
Larios et al. [25].

3.1. Generation and Immunodetection of DT in Fibroblast Cell Culture

We used MRC5 lung fibroblasts treated with TGFβ1 to induce myofibroblast dif-
ferentiation as evidenced by increased expression of NOX4, alpha smooth muscle actin
(α-SMA) and the ECM proteins fibronectin and collagen 1a [16] (Figure 1A). The heme-
containing peroxidase (HRP) and fluorescein-tyramide, a fluorescently labeled chemical
analogue of tyrosine, were added to the fibroblast culture. Upon H2O2 addition, HRP
converted fluorescein-tyramide into a highly-reactive tyramide radical that forms dimers
with tyrosine residues allowing the detection of DT crosslinks formed with proteins of
the ECM (Figure 1B). After washing unbound fluorescein tyramide, immunofluorescent
staining using the anti-DT monoclonal antibody was performed. A striking colocalization
of bound fluorescent tyramide and DT staining was observed (Figure 1B) confirming that
the antibody recognized the DT formed between fluorescein tyramide and ECM proteins
by the coordinated action of H2O2 and HRP.

3.2. NOX4-Derived H2O2 Is Sufficient for DT Generation in Skin Fibroblasts

In order to address whether NOX4 was able to generate a sufficient amount of H2O2
upon activation by TGFβ1 to generate DT, we used primary skin fibroblasts isolated from
a patient with a mutation in CYBA, the gene coding for p22phox [18], a necessary subunit
for NOX4 activity [26]. Similar to MRC5, NOX4 was induced in both control and CYBA-
deficient skin fibroblasts (Figure S1A). Interestingly, a weak overlapping staining was
detected using both fluorescent tyramide and DT staining in the WT fibroblasts (Figure 1C,
1st and 2nd panel), which was completely absent in CYBA-deficient fibroblasts, whose
NOX4 is not active (Figure 1C, 3rd panel). This suggests that NOX4 generates a sufficient
amount of H2O2 for DT generation in differentiated skin myofibroblasts, provided that a
heme containing peroxidase and tyrosine-rich proteins of the ECM are present.

3.3. Global DT Staining Is Significantly Increased in the Lungs of IPF Patients

In order to evaluate the presence of DT crosslinking and NOX4 expression in the lungs
of IPF patients, we performed immunohistochemistry (IHC) for both markers. Isotype
control antibodies were used to confirm the specificity of the staining (Figure S2). We
detected high levels of DT in the lungs of IPF patients, indicative of a wide dissemination
of ECM proteins and oxidative events. On the other hand, DT staining was barely above
background in control tissue (Figure 2A,B). NOX4 staining was more localised than DT
staining and NOX4 levels varied widely between individuals. Altogether, no significant
change of global NOX4 levels was detected in the lungs of IPF patients compared to controls
(Figure 2C,D).
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Figure 1. (A) TGFβ1-induced upregulation of the expression of NOX4, the myofibroblast marker alpha-SMA and proteins
of the ECM in MRC5 human lung fibroblasts. N = 4, * p < 0.05 using Mann−Whitney nonparametric test. (B). Fluorescent
microscopy of DT in TGF-β1-treated MRC5. Addition of H2O2 in presence of HRP cells induces crosslinking of the
fluorescein tyramide (TSA, green) with the extracellular matrix network. The cross-links are detected by the DT antibody
(red) and colocalize with crosslinked TSA (yellow). (C). Similar experiment with human skin fibroblasts from a healthy
donor and a patient carrying a p22phox mutation. Deletion of p22phox completely abolishes the formation of DT in the
absence of exogenous H2O2. Blue, DAPI staining of cell nuclei. NOX4: NADPH oxidase isoform 4; ACTA 2: Actin Alpha2,
Smooth Muscle; FN: Fibronectin; COL1A: Collagen1A; DAPI: 4′,6-diamidino-2-phenylindole; TSA: Alexa Fluor 488 tyramide
Reagent; Di-TYR: dityrosine; TGFβ: Transforming growth factor β; Cont: control; HRP: horseradish peroxidase.
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Figure 2. Representative images of DT (A) and NOX4 (C) staining in the indicated patients are shown
for lungs. Quantification of staining for DT (B) and NOX4 (D). * p < 0.05 using Mann−Whitney
nonparametric test. CTRL: control; IPF: idiopathic pulmonary fibrosis.

We further analyzed the lung material used in this study and focused on the cell types
stained by NOX4 and DT antibodies, namely smooth muscle cells, alveolar type II and
bronchial epithelial cells and endothelial cells.

3.4. DT and NOX4 Are Present in Thickened Vessel Walls in the Lungs of IPF Patients

Vascular remodeling is a key pathological feature in the scarred areas of IPF lungs. It
is characterized by the proliferation of pulmonary arterial smooth muscle cells in response
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to hypoxia leading to the thickening of the media, the smooth muscle layer around the
blood vessels. Vascular smooth muscle cells in control lung tissues were negative for DT
and NOX4 (Figure 3A). However, fibrotic regions of IPF lungs showed abnormal vascular
architecture and a strong staining for both DT and NOX4 in pulmonary arterial smooth
muscle cells (Figure 3B). At higher magnification, pulmonary arterial smooth muscle cells
appeared highly positive for DT and to express high NOX4 levels (insets in Figure 3B).
While DT staining appeared cytoplasmic, NOX4 staining was mainly found in perinuclear
regions of smooth muscle cells. This indicates an upregulation of NOX4 and DT in a specific
vascular pathological modification of IPF and may suggest a potential role of NOX4 in the
generation of H2O2 needed for DT formation in proliferative pulmonary arterial smooth
muscle cells.

Figure 3. Representative images for DT ad NOX4 staining of blood vessel smooth muscle cells in the
control (A) and IPF samples (B) of human patients are shown. Inset shows a 10× higher magnification
and depicts typical smooth muscle cell staining in these samples. DT and NOX4 staining are shown
in brown.

3.5. DT Staining and NOX4 Expression in Bronchi and Alveolar Epithelial Cells Type II of
IPF Patients

The pulmonary alveolar epithelium is essential for the air–blood barrier function
of the lungs. It is mainly composed of alveolar epithelial cells type I (AT1) and type II
(AECII) cells. AT1 cells are abundant, large squamous cells involved in gas exchange,
while AECII cells are smaller, cuboidal cells mostly involved in synthesis and secretion of
the lung surfactant. Contrary to endothelial cells, smooth muscle cells, alveolar epithelial
cells type II and macrophages which can be recognized by their tissue localization and
morphology, it was impossible to correctly identify AT1 cells by IHC and hence we only
looked at AECII cells.
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AECII were not stained with DT and NOX4 antibodies in control lung tissue. On the
other hand, although the alveoli were severely damaged, both NOX4 and DT antibodies
decorated the remaining AECII cells in IPF (Figure 4B), consistent with a possible role of
NOX4 in DT formation in AECII.

Figure 4. Representative images for DT and NOX4 staining of AECII cells (A) and bronchi (B) in the
control (upper panel) and IPF/UIP samples (lower panel) of human patients are shown. Insets shows
a 10× higher magnification and depicts AECII (A) and ciliary bronchial cells (B) in these samples.
DT and NOX4 staining are shown in brown.

In normal AECII epithelial cells and bronchi, very little staining was observed for
both markers (Figure 4A,B, upper panels). However, both AECII and bronchial cells were
stained in IPF samples with NOX4 and DT antibody with a different intensity, depending
on the patient (Figure 4A,B, lower panels).
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3.6. Different Expression of DT and NOX4 in Vascular Endothelium in Normal and IPF Tissue

Interestingly, while IPF tissue globally showed elevated levels of DT, only partial DT
staining was observed in pulmonary endothelial cells (EC) (Figure 5). On the other hand,
high NOX4 levels were present in the endothelial cells of large vessels in both control and
IPF tissue. NOX4 staining was also detected in capillary endothelial cells in some samples
(data not shown). Due to the high specificity of NOX4 staining in endothelial cells and the
fact that NOX4 is generating H2O2 constitutively, the absence of DT staining in two out of
four samples indicates that the conditions required for DT formation are not fulfilled in the
intimal parts of the vessels.

Figure 5. Representative images for DT and NOX4 staining of blood vessel endothelial cells in the
control (upper panels) and the IPF/UIP samples (lower panels) from human patients are shown. Inset
shows a 10X higher magnification and depicts typical intimal endothelial region of these samples.
DT and NOX4 staining are shown in brown. The red arrows indicate the NOX4 endothelial staining.

Altogether, DT staining was found in none of our control samples, but was present in
SMC, AEC and AECII in all tested IPF patients (Figure 6A). NOX4 staining was present in
EC in both control and IPF samples, while AECII and SMC cells were mainly stained only
in IPF patients (Figure 6B). Note that both antibodies stained macrophages in all samples
(Figure 6A,B).
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Figure 6. Histograms documenting the number of samples positive for DT and NOX4 for each
cellular subtype. All 4 IPF patients were positive for DT in SMC and AECII while none of the controls
showed DT staining (A). All cell types (SMC, AECII and EC were stained for NOX4 in IPF patients,
while only EC were stained in the control (B). Macrophages were stained with both antibodies in
both control and IPF (most likely not specific). SMC: smooth muscle cells, EC: endothelial cells,
AECII: alveolar epithelial cells type 2, MAC macrophages.

4. Discussion

In this study, we showed that DT is a novel specific histopathological marker of IPF
that can be detected with a specific antibody in lung tissue. We showed using differentiated
myofibroblasts that NOX4 generated a sufficient amount of H2O2 for DT formation in vitro
and that NOX4 and DT stained both proliferative pulmonary smooth muscle cells and
epithelial bronchial and AECII cells. However, the endothelial cells of blood vessels were
stained predominantly with NOX4 and independently of the disease, though some IPF
samples also showed the staining with DT.

Our data confirm that DT accumulation in the lungs is a pathological feature of
IPF. Indeed, our data confirmed previous reports showing increased levels of proteins
containing DT modifications, in particular the tyrosine-rich ECM protein, fibronectin, in
the plasma of patients with fibrotic interstitial lung disease and the bleomycin-induced IPF
mouse model [15,16].

Since DT bridges are covalent and most likely irreversible in vivo, a pharmacological
strategy using small chemical molecules or anti-DT antibodies is unlikely to be successful.
However, the well-described mechanism leading to DT formation provides a rational
for future therapies for IPF. Such an approach would aim at inhibiting one or several
of the components necessary for DT formation, namely, (i) abundant levels of proteins
of the ECM, (ii) one or several sources of H2O2 and (iii) the presence of an active heme-
containing peroxidase [16,24,25,27]. Existing therapeutic approaches in IPF that target
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the fundamental mechanisms of fibrosis leading to the deposition of ECM, including the
proliferation and differentiation of fibroblasts are comprehensively reviewed in [28,29] and
will not be developed here.

More than 40 enzymes are described as generating H2O2 when they are active [8].
Among them, NADPH oxidases are highly relevant sources of H2O2 in the context of
DT formation in IPF lungs. NOX is known to coordinate their activity with specific
heme-containing peroxidases for key biological functions in humans and other organisms,
including host defense and thyroid hormone synthesis (reviewed in [9]). Several NOX
isoforms are expressed in the lungs, but most studies point towards a contribution of
NOX4 in IPF. NOX4 is upregulated in IPF lungs while NOX4-deficient mice are partially
protected in a bleomycin mouse model of IPF [5,6]. NOX4 expression is induced in
fibroblasts concomitantly with ECM proteins following TGFβ1 treatment. Interestingly,
high DT staining in dermal tissue observed during physiological wound healing is absent
in NOX4-deficient mice [30]. The fact that p22phox-deficient skin fibroblasts were not able
to generate DT crosslinking with TSA, in spite of the presence of high levels of ECM
and an active heme peroxidase, supports a role of NOX4 in DT formation at least in
the skin. No DT was observed in the sites with the highest NOX4 levels in endothelial
cells in healthy tissue, but we detected some DT staining in two out of four IPF samples.
One possibility is that in endothelial cells, NOX4 may generate H2O2 in the luminal side
where ECM proteins or heme-containing peroxidases are absent. Alternatively, although
the absence of colocalization does not exclude the diffusion of NOX4-derived H2O2 to
other lung regions, NOX4-dependent DT formation might be limited to the fibrotic foci.
Other sources of H2O2 might contribute to DT formation in IPF tissue. The dual oxidases
DUOX1 and DUOX2 are expressed in airway epithelia where they generate H2O2 upon
activation [31,32]. In particular DUOX1 and 2 may play a role in host defense in lung
tissue through a coordinated function with the heme-containing lactoperoxidase [33].
DUOX1 was shown to be induced following lung injury, while DUOX1-deficient mice
have an attenuated fibrotic phenotype in a bleomycin model of IPF [34]. However, to our
knowledge, in spite of a strong rationale, the involvement of the DUOX1/lactoperoxidase
coupling in DT formation in the lungs has not been studied yet.

5. Conclusions

In conclusion, our IHC study of postmortem and biopsy material describes elevated
DT and specific DT and NOX4 expression patterns as typical features of IPF human
pathology. The validation of a specific antibody against DT allowing the detection of a
novel histopathological marker of IPF pathology grants a great impact in future studies
aiming at dissecting the pathogenic roles played by DT formation in IPF. Our study opens
a number of important questions for further investigation. including the timing of DT
formation in IPF lungs, the types of ECM proteins undergoing DT formation, the alternative
sources of H2O2 and the necessary heme-containing peroxidases leading to high DT in IPF.
Exploration of these questions might lead to the discovery of novel therapeutics for IPF
and potentially other fibrotic diseases.
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Abstract: Oxidative stress plays a key role in the pathophysiology of chronic kidney disease (CKD).
Most studies have investigated peripheral redox state focus on plasma, but not in different im-
mune cells. Our study analyzed several redox state markers in plasma and isolated peripheral
polymorphonuclear (PMNs) and mononuclear (MNs) leukocytes from advanced-CKD patients, also
evaluating differences of hemodialysis (HD) and peritoneal dialysis (PD) procedures. Antioxidant (su-
peroxide dismutase (SOD), catalase (CAT), glutathione peroxidase (GPx), reduced glutathione (GSH))
and oxidant parameters (xanthine oxidase (XO), oxidized glutathione (GSSG), malondialdehyde
(MDA)) were assessed in plasma, PMNs and MNs from non-dialysis-dependent-CKD (NDD-CKD),
HD and PD patients and healthy controls. Increased oxidative stress and damage were observed
in plasma, PMNs and MNs from NDD-CKD, HD and PD patients (increased XO, GSSG and MDA;
decreased SOD, CAT, GPX and GSH; altered GSSG/GSH balance). Several oxidative alterations
were more exacerbated in PMNs, whereas others were only observed in MNs. Dialysis procedures
had a positive effect on preserving the GSSG/GSH balance in PMNs. Interestingly, PD patients
showed greater oxidative stress than HD patients, especially in MNs. The assessment of redox state
parameters in PMNs and MNs could have potential use as biomarkers of the CKD progression.

Keywords: chronic kidney disease; oxidative stress; polymorphonuclear leukocytes; mononuclear
leukocytes; hemodialysis; peritoneal dialysis

1. Introduction

Chronic kidney disease (CKD) is a high global systemic pathology that affects approx-
imately between 11–13% of the population worldwide [1], with the most prevalence in
elderly people [2]. Indeed, due to the aging population, CKD is exponentially increasing
and is the main contributor to morbi-mortality from non-communicable diseases [3]. In this
regard, several studies have shown that patients with CKD suffer accelerated aging [4,5],
contributing to increased risk of adverse outcomes, such as cardiovascular diseases (CVDs),
altered immune response, neurological complications, or premature death [5–7]. Finally,
CKD may advance to end-stage renal disease (ESRD) requiring renal replacement therapy
(RRT), such as hemodialysis (HD) or peritoneal dialysis (PD) [6,8].

A chronic oxidative stress situation (a progressive redox imbalance due to the exces-
sive production and accumulation of oxidant compounds in cells and tissues that exceeds
the scavenging capacity of antioxidant systems to detoxify these reactive products), to-
gether with a low grade of inflammation, are the basis of aging and several age-related
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diseases [9–11]. Thus, in addition to traditional risk factors (e.g., hypertension, diabetes mel-
litus, obesity, etc.), both chronic systemic inflammation and excessive oxidative stress also
contribute to the onset, progression and pathogenesis of CKD and renal failure [5,12–16],
being some of the major contributors to the associated-CVDs and elevated mortality in
CKD patients [5,8]. It is also important to highlight that oxidative-inflammatory stress is
increased even in the early stages of CKD and progresses in parallel to the deterioration of
renal functions [5,12,14,15]. Moreover, the presence of other non-conventional risk factors,
such as anemia [17,18], or several lifestyle factors, such as nutrition or dietary interven-
tions [6,19], also have a great impact on the redox status of CKD patients, promoting
oxidative-inflammatory stress, and consequently, aggravating progression to renal failure
and CVDs in these patients [6,17–19]. In fact, advanced CKD patients may suffer from
malnutrition or dietary restrictions, which, together with the loss of micronutrients during
dialysis procedures, may further increase oxidative stress due to the reduction of extracel-
lular antioxidant defenses [12–14]. In addition, an inadequate intake of oligoelements (e.g.,
copper, manganese, etc.) may draw on misleading antioxidant enzymes [19]. However,
medical nutrition therapy (e.g., low-protein diet restriction) may be useful in decreasing
uremic toxicity and increasing the efficiency of muscle and body metabolism in severe
CKD patients [20].

Enhanced oxidative-inflammatory stress is not restricted to the kidney [8] but is
also present in other peripheral locations, such as plasma or immune cells [21]. Thus, at
peripheral levels, CKD patients exhibit increased oxidative stress and a chronic inflam-
mation state [5,12–15], as well as an impaired immune response with/or activation of
peripheral blood polymorphonuclear (PMNs) and mononuclear (MNs) leukocytes in the
circulation [6,15,16,22,23]. Indeed, the leukocyte activation promotes an increased release
of pro-inflammatory cytokines, such as interleukin-(IL)-6 or IL-1β, as well as overpro-
duction of oxidant compounds, such as reactive oxygen species (ROS) [5,23]. Thus, the
overproduction of ROS by the increased activity of several oxidant enzymatic systems
(e.g., xanthine oxidase (XO), myeloperoxidase, etc.) or by the dysregulation of the mi-
tochondrial respiratory chain, together with the impairment of the antioxidant systems,
including enzymes (e.g., superoxide dismutase (SOD), catalase (CAT), glutathione peroxi-
dase (GPx), etc.) and other non-enzymatic compounds (e.g., reduced glutathione (GSH),
etc.) systems [5,24–27], further leading to oxidation of macromolecules (e.g., lipids, pro-
teins and DNA) and, consequently, cellular and tissue damage [5,15,16,28]. Indeed, CKD
patients show elevated levels of oxidized compounds (e.g., oxidized glutathione (GSSG),
etc.), lipid peroxidation (e.g., malondialdehyde (MDA), etc.) and oxidized proteins and
DNA [23,29], contributing to dysfunction in CKD patients [5,30] and especially in HD
and PD patients [12–15,28,31,32]. Additionally, since oxidation and inflammation are in-
terlinked processes [9], the accumulation of oxidant compounds triggers the activation
of inflammatory mediators and, subsequently, amplify and perpetuate a vicious circle of
oxidative damage [23], contributing to chronic kidney damage and systemic complications
in CKD, such as CVDs [5,15,22,28]. However, most studies have been carried out on plasma,
serum or monocytes of CKD patients but not in other types of peripheral blood leukocytes.
In fact, human studies about the changes in redox state parameters in different types of
leukocytes and at different stages of CKD are still scarce and preliminary.

The CKD patients undergoing RRT also exhibit higher levels of inflammation and
oxidative stress compared with non-dialysis-dependent CKD patients (NDD-CKD) [12–14].
In fact, both HD and PD procedures are characterized by amplifying oxidative-inflammatory
stress in dialysis patients by different underlying mechanisms [5,12,28,31,32]. On the one
hand, the HD technique aggravates the accumulation of oxidative products due to several
factors, such as duration of dialysis, the filtration of low molecular weight antioxidants,
use of anticoagulants (e.g., heparin, etc.), or both the biocompatibility of dialyzer mem-
brane (e.g., polisulfone, cellulose, etc.) and the type of dialysates (e.g., citrate, acetate,
etc.) [8,12,14,33–35]. In fact, it is known that acetate dialysates induce complement and
leukocytes activation, enhancing ROS production and the release of pro-inflammatory
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cytokines during HD, whereas citrate dialysates increase antioxidant enzymes (e.g., SOD,
GSH) and reduce oxidized compounds and lipid damage (e.g., MDA, GSSG, etc.) [34–36].
Moreover, a few studies have also shown different patterns in the redox state and inflamma-
tion of HD patients depending on the type of dialyzer membrane (e.g., polisulfone, cellu-
lose, etc.) and the HD modality (e.g., low- and high-flux HD, hemodiafiltration, etc.) [37–40].
However, these reports are not clear, showing increased, decreased or no changes in the
oxidative-inflammatory stress parameters analyzed [37–40]. On the other hand, the com-
position of the PD dialysate solutions, together with chronic exposure of the peritoneal
membranes, can trigger oxidative stress and inflammation in PD patients [12–14,32]. Thus,
the increased glucose and lactate concentrations, low pH or hyperosmolality of the PD
dialysates can promote ROS overproduction and the accumulation of oxidative damage
products in the peritoneum, enhancing calcification and fibrosis [12]. Regarding PD modal-
ity, it is known that continuous ambulatory peritoneal dialysis (CAPD) also enhances
both oxidative stress and lipid damage in plasma and red blood cells (e.g., MDA, GSSG,
etc.) from PD patients compared with healthy subjects and NDD-CKD patients [12,13,41].
In addition, several studies also showed a strong linkage between residual renal func-
tion (RRF) and oxidative stress, correlating with CVDs and survival in PD patients [12].
Thus, a preserved RRF is associated with reduced oxidative stress and lipid damage in
PD patients [12,42,43]. Nevertheless, the PD is considered a more biocompatible dialysis
technique compared to the HD [12]. Although several studies have found a higher accumu-
lation of oxidants compound and antioxidant depletion in HD patients compared with PD
patients [12,13,32,44], the data are still scarce. Moreover, most research evidence has been
evaluated in plasma/serum analysis but not in other blood cells from CKD patients. In
this context, it is important to note that numerous peripheral blood cell types are involved
in the maintenance of the redox state [10]. However, the most studied and commonly
used in the clinical setting are MNs (mainly lymphocytes) but not other cells, such as
isolated PMNs (phagocytes: mainly neutrophils). Since few studies have been suggested
that phagocytes are the principal cells behind the chronic oxidative stress and damage
associated with aging and age-related diseases [9–11], these cells could provide a helpful
sample to clarify the molecular mechanisms underlying the increased oxidative stress
throughout CKD progression. Furthermore, it is possible that the assessment of several
markers of redox state in PMNs and MNs leukocytes may be useful biomarkers of the CKD
progression. However, to our knowledge, no studies on this issue have been explored in
HD or PD patients.

Therefore, the aim of this study was to analyze the changes in several oxidative
stress and damage parameters in different types of peripheral blood leukocytes from
advanced CKD patients (stages 4–5) and relative age-matched healthy controls. In addition,
differences by RRT were also considered. Therefore, CKD patients were subdivided into
NDD-CKD, HD and PD patients. To address this study, several pro-oxidant enzymes (XO)
and oxidized compounds (GSSG), antioxidants enzyme activities and compounds (SOD,
CAT, GPx and GSH), lipid oxidative damage (MDA) and inflammatory markers were
investigated in both plasma and/or isolated PMNs and MNs cells from NDD-CKD, HD
and PD patients and healthy subjects.

2. Materials and Methods

2.1. Research Participants

For this cross-sectional study, a total of 117 volunteers were finally enrolled selected
and divided into four experimental groups: healthy controls (n = 17), advanced NDD-CKD
(n = 39), HD (n = 39) and PD (n = 22) patients. All the patients were selected from a
cohort of prevalent patients from the Nephrology Department, Hospital Universitario 12
de Octubre (Madrid, Spain). The study determinations were performed between February
2018 and December 2019. All procedures were performed according to good clinical
practice guidelines, and all patients gave their written informed consent statements for
study participation [45]. The study protocol was approved by the ethics in human research
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committee of Hospital Universitario 12 de Octubre (Ethical approval code: CEIC 17/407).
NDD-CKD patients were selected by disease severity and impaired renal function (stages 4
and 5, estimated glomerular filtration rate, eGFR < 30 mL/min per 1.73 m2). Regarding
RRT, all the patients undergoing HD and PD in the Nephrology Department of Hospital
Universitario 12 de Octubre. The only exclusion criterion was an onset of chronic HD or
PD shorter than 30 days before the study. On the one hand, the prescription of HD sessions
was based on a regimen of 3 sessions per week (4 h each). Pre-dialysis blood samples
for measurement were drawn on mid-week treatment (Wednesday or Thursday). HD
patients received online hemodiafiltration (75%) or conventional high-flux HD (25%) with
polysulfone, asymmetric cellulose triacetate (CTA) and polyacrylonitrile (AN69) membrane
dialyzers (95%, 2.5% and 2.5%, respectively) (Helixone® membrane, ©Fresenius Medical
Care, Bad Homburg, Germany). Standard ultrafiltered citrate buffer (SelectBag Citrate®,
Baxter, Madrid, Spain) was used as dialysate. Moreover, HD patients (90%) received
heparin-based anticoagulants (95% sodium heparin and 5% low molecular weight). On
the other hand, PD patients received automated (APD) or continuous ambulatory (CAPD)
peritoneal dialysis (86% and 14%, respectively); citrate dialysates containing 1.5–2.5%
glucose solution (©Fresenius Medical Care; 41% of PD patients) or 1.36% to 2.27% icodextrin
content (Baxter; 59% of PD patients) were used. Regarding RRF, 16 HD patients (41%) had
residual diuresis between 100–1300 mL/day, while 20 PD patients (91%) had RRF between
500–3000 mL/day.

Clinical and analytical variables selected for the study were recorded at the time of
extraction of blood samples. These included age, gender, CKD etiology and comorbidities
(arterial hypertension, hyperuricemia, diabetes mellitus, dyslipidemia, CVDs and tumors).
Previous immunosuppression, treatment with erythropoietin stimulating agents or allopuri-
nol and the type of vascular access were also recorded. The following analytical parameters
were also analyzed in serum/plasma: albumin, creatinine, total proteins, hemoglobin (Hb),
glycosylated hemoglobin (HbA1c), total cholesterol (TC), total triglycerides (TG), uric acid
(UA) and C-reactive protein (CRP).

2.2. Collection of Blood Samples and Processing

Peripheral blood samples were collected using vein puncture and EDTA-buffered
Vacutainer tubes (BD Diagnostic, Madrid, Spain). Blood extraction was performed between
9:00 to 10:00 a.m. to avoid circadian variations and after an overnight fast of 12 h. On
the one hand, plasmas were obtained for biochemical analysis according to standard
protocols. Plasma concentrations of albumin, creatinine, total proteins, Hb, TC, TG, HbA1c,
UA and CRP were measured with an automated clinical biochemistry analyzer (Hitachi
7050, Hitachi Corp., Tokyo, Japan) and a hematology analyzer (KX21N, Sysmex, Kobe,
Japan). On the other hand, whole blood (12 mL) was used for isolation of PMNs and MNs
leukocytes following a previously described method [11]. Thus, PMNs and MNs cells
were isolated using 1.119 and 1.077 density Hystopaque (Sigma-Aldrich, Madrid, Spain)
separation, respectively. Collected cells were counted (95% of viability determined using
trypan blue staining test) and adjusted to a specific number of leukocytes, depending on
the parameter analyzed. For that, PMNs and MNs leukocytes were washed with cold
PBS 0.05 M, pH 7.4 and centrifuged at 1200× g for 10 min at 4 ◦C, the supernatants were
removed, and the aliquots of the pellet were stored at −80 ◦C until use. Moreover, plasma
samples were also stored at −80 ◦C until use for the determination of inflammatory and
oxidative stress parameters.

2.3. Peripheral Blood Lymphocytes Population Subtyping

Peripheral blood lymphocyte populations (PBLP): total lymphocytes and the follow-
ing lymphocyte subtyping: CD3+ T-cell, CD4+ T-cell, CD8+ T-cell, CD19+ B-cells and
CD3−CD56+CD16+ NK cells, were assessed following a previously described method [46].
Determination of PBLP was performed with a FACSCanto II flow cytometer, and the data
were analyzed by FACSCanto clinical software (BD Biosciences, San Jose, CA, USA). Values
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were compared with the range of normality established by our laboratory using blood
samples from healthy controls.

2.4. Superoxide Dismutase Activity

The total SOD activity was measured using a colorimetric assay kit (EnzyChromTM
ESOD-100, BioAssay Systems, Hayward, CA, USA). In the assay, superoxide (O2

•−) is
provided by XO catalysed reaction. O2

•− reacts with a water-soluble tetrazolium (WST-1)
dye to form a coloured product. SOD scavenges the O2

•−. Thus, less O2
•− is available

for the chromogenic reaction. Plasmas were diluted 1:5 according to the manufacturer’s
instructions. PMNs and MNs leukocytes (1 × 106 cells) were resuspended in cold lysis
buffer (500 μL), sonicated and centrifuged (12,000× g, 5 min; 4 ◦C). Clear supernatants and
plasmas (20 μL) were incubated with XO and WST-1 for 1 h, and absorbance was measured
at 440 nm. The results were expressed as units (U) SOD/mg protein or U SOD/mL.

2.5. Catalase Activity

The CAT activity was determined using a fluorimetric kit (A-22180 Amplex® Red
Catalase Assay Kit, Molecular Probes, Paisley, UK). In the assay, CAT reacts with hydro-
gen peroxide (H2O2) to produce water and oxygen. The Amplex Red reagent containing
horseradish peroxidase (HRP) reacts with any unreacted H2O2 (1:1 stoichiometry) to
produce the fluorescent resorufin. Plasmas were assayed directly according to the manu-
facturer´s protocol. PMNs and MNs leukocytes (1 × 106 cells) were resuspended in lysis
solution (100 μL), sonicated and centrifuged (3200× g, 20 min; 4 ◦C). Clear supernatants
and plasmas (25 μL) were mixed with H2O2 40 μM for 30 min at room temperature. After
incubation (30 min at 37 ◦C) with the working solution, fluorescence was measured at
530–590 nm excitation-emission detection. The results were expressed as U CAT/mg
protein or U/mL.

2.6. Gluthathione Peroxidase Activity

The GPx activity was assessed using a colorimetric assay kit (EnzyChromTM EGPX-
100, BioAssay Systems, USA), which quantifies the consumption of nicotinamide ade-
nine dinucleotide phosphate (NADPH) in the GPx-coupled reactions by the decline in
absorbance at 340 nm (directly proportional to the GPx activity). Plasmas were assayed di-
rectly according to manufacturer´s instructions. PMNs and MNs leukocytes (1 × 106 cells)
were resuspended in cold lysis buffer, sonicated and centrifuged (14,000× g, 10 min; 4 ◦C).
Clear supernatants and plasmas (10 μL) were mixed with the working reagent assay buffer
and substrate solution. Absorbance was measured at 340 nm immediately (time zero) and
again at 4 min. The results were expressed as U GPx/mg protein or U/L.

2.7. Xanthine Oxidase Activity

The XO activity was quantified using a commercial kit (A-22182 Amplex Red Xan-
thine/Xanthine Oxidase Assay Kit, Molecular Probes). In the assay, XO catalyzes the
oxidation of xanthine/hypoxanthine to UA and O2

•−, which spontaneously degrades to
H2O2. Amplex Red reagent containing HRP reacts with H2O2 to generate the resorufin.
The XO assay was evaluated in plasma (50 μL) and isolated PMNs and MNs leukocytes
(3 × 106 cells) as previously described [10]. Red-fluorescent resofurin production was mea-
sured at 530–590 nm excitation-emission detection. Results were expressed as milliunits
(mU) XO/mg protein or mU/mL.

2.8. Glutathione Content Assay

Both reduced (GSH) and oxidized (GSSG) glutathione were quantified using a fluori-
metric assay [47], which is based on the reaction of GSSG and GSH with o-phthalaldehyde
(OPT, Sigma-Aldrich, Spain), at pH 12 and pH 8, respectively, resulting in the formation of
a fluorescent product measured at 420 nm. The assay was evaluated in plasma (50 μL) and
isolated PMNs and MNs leukocytes (3 × 106 cells) as previously described [11]. Results
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were expressed as nmol/mg protein or nmol/mL. Furthermore, the GSSG/GSH coefficient
was also calculated.

2.9. Lipid Peroxidation Assay

Malondialdehyde (MDA) content, the most commonly used maker of lipid peroxi-
dation, were assessed using the commercial kit “MDA Assay Kit” (Biovision, Milpitas,
CA, USA), which measures the reaction of MDA with thiobarbituric acid (TBA) and the
MDA-TBA adduct formation measured at 532 nm. The assay was evaluated in plasma
(300 μL) and isolated PMNs and MNs leukocytes (1 × 106 cells) as previously described [11].
Results were expressed as nmol MDA/mg protein or MDA/mL.

2.10. Protein Content Assay

The protein contents of PMNs and MNs were determined using the bicinchoninic
acid protein (BCA) assay kit protocol (Sigma-Aldrich, Madrid, Spain) according to the
manufacturer´s instructions.

2.11. Cytokine IL-1β Measurement

The basal release of IL-1β was measured in plasma using a multiplex luminome-
try detection system (MILLIPLEX human high sensitivity T cell magnetic bead panel,
HSTCMAG-28SK, EMD Millipore, MA, USA), with minimum detectable doses of IL-1β
under 0.14 pg/mL. The results were expressed as pg/mL.

2.12. Statistical Analysis

Statistical analysis was performed in SPSS Statistics 21.0 (IBM, Chicago, IL, USA).
All tests were two-tailed, with a significant level of α = 0.05. Data were presented with a
percentage and mean ± standard deviation (SD) for categorical and continuous variables,
respectively. To compare the clinical features and comorbidities of the different groups,
Pearson χ2 test and one-way analysis of variance (ANOVA) were used. Normality and
homogeneity of the variances were tested by the Kolmogorov-Smirnov test and Levene
test, respectively. To determine the differences between groups, we used the Student´s
t-test for independent samples as well as one-way ANOVA followed by non-parametric
Kruskal–Wallis test or post hoc comparison analysis (Tukey test and Games–Howell test for
homogeneous or unequal variances, respectively). Linear correlations between biochemical,
inflammatory and oxidative stress parameters were explored using bivariate Pearson´s
correlation coefficients (r). GraphPad Prism 6 Software (LLC, San Diego, CA, USA) was
used to perform the figures.

3. Results

3.1. Demographical, Clinical and Biochemical Characteristics

The demographic and clinical characteristics of the participants are shown in Table 1.
No differences in the mean age were found between the different study groups. A similar
percentage of males and females was observed in the control and HD groups, whereas
more male than female patients were included in NDD-CKD and HD groups.

Regarding clinical comorbidities (Table 1), 35 NDD-CKD (89.7%), 33 HD (84.6%) and
20 PD (90.9%) patients had hypertension, whereas 17 NDD-CKD (43.6%), 7 HD (17.9%)
and 5 (22.7%) PD patients had diabetes mellitus. Almost half of the NDD-CKD, HD and
DP patients had dyslipidemia, and the other half had hyperuricemia and various CVDs.
HD and PD had a lower % of diabetes, dyslipidemia and hyperuricemia than NDD-CDK
patients, whereas PD patients showed a higher % of diabetes and hyperuricemia and
lower % of peripheral vascular disease than HD patients (see p-values in Table 1). CKD
etiologies were similar among the HD and PD groups, with glomerulonephritis being the
predominant cause of renal disease (28% and 36%, respectively), whereas in NDD-CKD
patients, the main cause was diabetes (31%). Furthermore, almost half of the NDD-CKD,
HD and DP patients used medications (e.g., antiplatelet agents, statins, allopurinol and
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erythropoietin). NDD-CKD group included significantly more patients receiving statins
and less patients being treated with antiplatelet compared to dialysis patients. HD group
had a significantly higher and lower % of patients receiving erythropoietin and allopurinol,
respectively, than the NDD-CKD and PD groups. Regarding RRT, 56.41% of HD patients
had an AVF as vascular access. In PD, 75% and 25% of PD patients underwent APD and
CAPD, respectively. The RRF was higher in the PD group (p < 0.01) than in the HD group.

Table 1. The demographic and clinical characteristics of the study population.

Characteristics Control NDD-CKD HD PD

Demographic data n = 17 n = 39 n = 39 n = 22

Male, n (%) 8 (47.1) 25 (64.1) 27 (69.2) 11 (50)
Female, n (%) 9 (52.9) 14 (35.9) 12 (30.8) 11 (50)

Age (years; mean ± SD) 52.17 ± 15.33 60.41 ± 17.26 57.46 ± 14.75 54.63 ± 15.82
BMI (kg/m2; mean ± SD) 24.54 ± 3.55 25.19 ± 9.17 24.29 ± 4.05 24.54 ± 4.17

eGFR (mL/min per 1.73 m2) - 15.84 ± 2.74 - -

Comorbidity

Hypertension, n (%) 1 (5.9) 35 (89.7) 33 (84.6) 20 (90.9)
Diabetes, n (%) 2 (11.8) 17 (43.6) 7 (17.9) bb 5 (22.7) b

Dyslipidemia, n (%) 0 (0) 31 (79.5) 23 (59.0) b 14 (63.6) b

Hyperuricemia, n (%) 0 (0) 27 (69.2) 10 (25.6) bb 13 (59.1) c

CVD, n (%) 0 (0) 19 (48.7) 19 (48.7) 7 (31.8)
Peripheral vascular disease, n (%) 0 (0) 1 (2.6) 9 (23.1) b 2 (9.1) c

ACVA, n (%) 0 (0) 5 (12.8) 2 (5.1) 3 (13.6)
Tumors, n (%) 0 (0) 1 (2.6) 1 (2.6) 1 (4.5)

Etiology of the nephropathy

Glomerulonephritis, n (%) 0 (0) 6 (15) 11 (28) 8 (36)
Hypertension/vascular, n (%) 0 (0) 7 (18) 6 (15) 4 (18)

Diabetes, n (%) 0 (0) 12 (31) 4 (10) 4 (18)
Polycystic kidneys 0 (0) 4 (10) 1 (3) 1 (5)

Tubulointersticial nephritis, n (%) 0 (0) 6 (15) 8 (21) 2 (5)
Others, n (%) 0 (0) 4 (10) 9 (23) 3 (14)

Dialysis data

AVF (%) - - 56.41 -
OL-HDF/HFD (%) - - 75/25 -

APD/CAPD (%) - - - 86/14
Kt/v (mean ± SD) - - 1.67 ± 0.25 2.34 ± 0.51

RRF (mL/day; median) - - 400 (100–1300) 1275 (500–3000) cc

Treatment

Statins 0 (0) 30 (76.9) 16 (41) b 14 (63.6) c

Allopurinol 0 (0) 23 (59) 8 (20.5) b 14 (63.6) c

Antiplatelet 0 (0) 8 (20.5) 16 (41) b 7 (31.8)
Erythropoietin 0 (0) 18 (46.2) 34 (87.2) bb 16 (72.7) bb

Abbreviations: ACVA, cerebral vascular accident; APD, automated peritoneal dialysis; AVF, arteriovenous fistula; BMI, body mass
index; CAPD, continuous ambulatory peritoneal dialysis; CVD, cardiovascular disease; eGFR, estimated glomerular filtration rate; HD,
hemodialysis; HFD, high-flux dialysis; Kt/v, standardized dialysis adequacy. NDD-CKD, non-dialysis-dependent chronic kidney disease;
OL-HDF, online hemodiafiltration; PD, peritoneal dialysis; SD, standard deviation. b p < 0.05 and bb p < 0.01 versus NDD-CKD patients.
c p < 0.05 and cc p < 0.01 versus HD patients. (-): data not included.

Biochemical characteristics, inflammatory markers and lymphocytes populations of
the study groups are also displayed in Table 2. Regarding biochemical variables, the
NDD-CKD, HD and PD patients showed lower albumin and Hb content and higher serum
creatinine (p < 0.001) levels than healthy controls. Moreover, NDD-CKD patients had also
higher TG (p < 0.01) and UA (p < 0.05) levels than controls. Interestingly, dialysis patients
had lower TG (p < 0.01 in HD; p < 0.05 in PD) and higher serum creatinine (p < 0.001) levels
than NDD-CKD patients. Interestingly, HD patients had lower TC and HbA1c contents
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(p < 0.05) than NDD-CKD patients, whereas the PD group showed lower albumin content
(p < 0.05) than the NDD-CKD group. No significant differences were observed for the
other parameters.

Table 2. Biochemical and inflammatory parameters and lymphocytes population of the study participants.

Variables CONTROL NDD-CKD HD PD

Biochemical parameters n = 17 n = 39 n = 39 n = 22

Serum creatinine (mg/dL) 0.82 ± 0.16 4.17 ± 1.04 aaa 7.79 ± 1.91 aaa,bbb 7.46 ± 2.72 aaa,bbb

Albumin (g/dL) 4.65 ± 0.28 4.25 ± 0.36 aa 4.11 ± 0.35 aa 3.82 ± 0.43 aaa,bb

TG (mmol/L) 96.94 ± 43.44 171.02 ± 98.36 aa 117.23 ± 44.70 bb 132.68 ± 61.64 b

TC (mmol/L) 178.41 ± 27.64 168.41 ± 52.30 147.15 ± 30.96 b 159.45 ± 37.39
HDL-C (mmol/L) 55.17 ± 8.88 46.02 ± 13.43 48.72 ± 11.21 47.41 ± 13.80
LDL-C (mmol/L) 103.82 ± 26.33 89.85 ± 44.32 77.82 ± 31.30 90.45 ± 28.03

UA (mg/dL) 5.10 ± 1.10 6.32 ± 1.70 a 5.78 ± 1.22 5.76 ± 1.29
Hb (g/dL) 13.61 ± 2.30 9.98 ± 2.82 a 8.79 ± 2.85 aa 10.21 ± 2.52 a

HbA1c (mg/dL) 5.43 ± 0.43 5.95 ± 1.20 5.14 ± 0.70 b 42 ± 0.49

Inflammatory markers

CRP (mg/dL) 0.29 ± 0.09 0.45 ± 0.07 a 0.86 ± 0.13 aa,b 0.83 ± 0.16 aa,b

IL-1β (pg/mL) 4247 ± 1218 5200 ± 2450 a 5156 ± 2697 5280 ± 3031

Lymphocyte populations (cells/μL)

Total lymphocytes 1798 ± 449 1585 ± 548 1083 ± 509 aaa,bbb 1271 ± 293 aa,b

CD3+ T-cells 1272 ± 350 1187 ± 440 761 ± 425 aaa,bbb 916 ± 537 a

CD4+ T-cells 831 ± 308 731 ± 295 430 ± 280 aaa,bbb 603 ± 224 a

CD8+ T-cells 410 ± 143 429 ± 250 301 ± 190 387 ± 136
CD4+/CD8+ ratio 2.23 ± 0.22 2.20 ± 0.17 1.49 ± 0.09 a,bbb 1.71 ± 0.21 b

CD19+ B-cells 194 ± 22 130 ± 18 118 ± 21 a 81 ± 11 aa,b

CD3−CD56+CD16+ NK 243 ± 23 204 ± 22 173 ± 24 a,b 228 ± 13

Abbreviations: CRP, C-reactive protein; Hb, hemoglobin; HbA1c, glycosylated hemoglobin; HDL-C, high-density lipoprotein cholesterol;
HD, hemodialysis; IL-1β, interleukine-1β; LDL-C, low-density lipoprotein cholesterol; NK, natural killer cells; NDD-CKD, non-dialysis-
dependent chronic kidney disease; PD, peritoneal dialysis; TC, total cholesterol; TG, triglycerides; UA, uric acid. Data are shown as
mean ± standard deviation. a p < 0.05, aa p < 0.01 and aaa p < 0.001 versus control; b p < 0.05, bb p < 0.01 and bbb p < 0.001 versus
NDD-CKD patients.

Regarding the inflammatory markers, we assessed plasma CRP levels, together with
extracellular basal IL-1β release under resting conditions (an indicator of sterile inflam-
mation). NDD-CKD patients showed higher basal IL-1β and CRP levels (p < 0.05) than
healthy subjects. In addition, HD and PD patients also had higher CRP levels than control
(p < 0.01) and NDD-CKD (p < 0.05) groups. Regarding RRT, no differences were observed
in IL-1β and CRP levels between HD and PD groups.

We also investigated the changes in lymphocytes populations, measuring the surface-
marker profile by flow cytometry (Table 2). The lymphocytes subsets were divided between
T-cells (CD3+; isotype CD4+ or CD8+), B-cells and NK cells. No significant differences
were observed between NDD-CKD and control groups. However, dialysis patients showed
a significant decrease in the total number of lymphocytes, as well as a lower number of
CD3+ and CD4+ T-lymphocytes, B-lymphocytes and NK cells, and the CD4+/CD8+ ratio
than controls (see p-values in Table 2). Interestingly, HD patients had a marked reduction
in the total number of lymphocytes, CD3+ and CD4+ T-lymphocytes and NK cells, as well
as a lower CD4+/CD8+ ratio than NDD-CKD patients. Moreover, PD patients had a lower
total number of lymphocytes, B-cells and CD4+/CD8+ compared with NDD-CKD patients
(see p-values in Table 1). No significant differences between HD and PD-group were found.

3.2. Changes in Oxidative Stress and Lipid Damage Parameters in Plasma

The results regarding oxidative stress and lipid damage parameters in plasma from
healthy subjects and NDD-CKD, HD and PD patients are shown in Figure 1.
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Figure 1. Oxidative stress and lipid damage parameters in plasma from healthy subjects (control), non-dialysis-dependent
chronic kidney disease (NDD-CKD), hemodialysis (HD) and peritoneal dialysis (PD) patients. (A) Xanthine oxidase (XO;
mU/mL), (B) superoxide dismutase (SOD; U/mL), (C) catalase (CAT; U/mL) and (D) glutathione peroxidase (GPx; U/mL)
activities; (E) reduced glutathione (GSH; nmol/mL) and (F) malondialdehyde (MDA; nmol/mL) contents. Data are shown
as the mean (horizontal bar) of 17–39 values corresponding to the number of subjects analyzed in each group. Each value is
the mean of duplicate assays. a p < 0.05, aa p < 0.01 and aaa p < 0.001 versus control; b p < 0.05 versus NDD-CKD patients;
c p < 0.05 and cc p < 0.01 versus HD patients.

The pro-oxidant XO activity (Figure 1A) was significantly increased in NDD-CKD
(p < 0.05) and PD (p < 0.01) patients in comparison with healthy controls. Moreover, HD
and PD patients showed lower and higher XO activity (p < 0.05), respectively, compared
with NDD-CKD patients. Interestingly, PD patients had significantly higher XO activity
(p < 0.01) than HD patients.
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Furthermore, we also observed impairment of the circulating antioxidant enzymes
SOD, CAT and GPx (Figure 1B–D), as well as of the GSH content (Figure 1E). In fact, NDD-
CKD, HD and PD patients showed lower CAT and GPx activities and GSH concentration,
as well as higher SOD activities than healthy controls (see p-values in Figure 1). In addition,
PD patients presented higher GPx activity and lower GSH content (p < 0.05) than NDD-
CKD patients. Interestingly, PD patients also exhibited lower and higher CAT and GPx
activities compared with HD patients.

Finally, we also found a marked increase in lipid peroxidation in NDD-CKD, HD and
PD patients (Figure 1F), showing higher MDA content (p < 0.001) than healthy subjects.
Moreover, PD patients also showed higher MDA levels (p < 0.05) than NDD-CKD patients.

3.3. Changes in Oxidative Stress and Lipid Damage Parameters in Isolated Peripheral
Blood Leukocytes

The results regarding oxidative stress and lipid damage parameters in isolated PMNs
and MNs leukocytes from healthy subjects and NDD-CKD, HD and PD patients are shown
in Figures 2 and 3.

First, regarding both oxidant (XO) and antioxidant (CAT, GPx and SOD) enzymes
(Figure 2), we found significant differences in PMNs and MNs from NDD-CKD patients rel-
ative to healthy controls. Thus, in both leukocytes populations, NDD-CKD patients exhib-
ited higher XO activity (Figure 2A,B) and lower CAT (Figure 2C,D) and GPx (Figure 2E,F)
activities than controls (see p-values in Figure 2). Interestingly, a different pattern was
observed in the SOD activity, with NDD-CKD patients showing an increased SOD in PMNs
(p < 0.05; Figure 2G) and a decreased SOD in MNs (p < 0.001; Figure 2H). Similar results
were observed in HD and PD patients as compared with healthy controls. However, these
redox state alterations were much more marked in PD patients, showing in both leukocytes
population an increased XO activity and decreased CAT, GPx and SOD activities (see
p-values in Figure 2). Furthermore, it highlights the redox state differences between NDD-
CKD patients and dialysis patients. Thus, in both leukocytes populations, HD patients
showed lower XO (Figure 2A,B) and CAT (Figure 2C,D) activities than NDD-CKD patients,
also accompanied by decreased GPx activity in PMNs (Figure 2E). By contrast, an increased
GPx and SOD activities (Figure 2F,H) were found in MNs from HD patients compared to
NDD-CKD patients. Interestingly, in PD patients, these redox balance alterations were
only observed in PMNs, showing higher CAT and lower SOD activities (Figure 2C,G) than
NDD-CKD patients (see p-values in Figure 2). In regard to RRT, the PD group presented
higher XO activity (Figure 2A,B) and lower SOD activity (Figure 2G,H) in PMNs and MNs
compared with the HD group. In addition, PD patients also showed increased CAT and
GPx activities in PMNs (Figure 2C,E), whereas in MNs, the GPx activity (Figure 2F) was
significantly decreased in comparison to HD patients.

Secondly, regarding the glutathione balance, we observed significant differences in
both GSH and GSSG contents and GSSG/GSH ratios in leukocytes from NDD-CKD, HD and
PD patients relative to healthy controls (Figure 3). Interestingly, the MNs showed a greater
alteration of glutathione than PMNs in dialysis patients. In general, NDD-CKD patients
showed in both leukocytes populations significantly lower GSH contents (Figure 3A,B), as
well as higher GSSG amounts (Figure 3C) and GSSG/GSH ratios (Figure 3E,F), than healthy
subjects. However, HD and PD patients presented a marked increase of GSSG content and
GSSG/GSH ratios in MNs (Figure 3D,F) compared with controls, also accompanied by
a significant decrease of GSH content (Figure 3B) (see p-values in Figure 3). By contrast,
no significant differences were observed in the glutathione parameters in PMNs between
dialysis patients and healthy controls. In addition, HD and PD patients presented in
PMNs a higher GSH content (Figure 3A) and lower GSSG levels and GSSG/GSH ratios
(Figure 3C,E) than NDD-CKD patients. By contrast, these patients also presented a marked
increase of GSSG content in MNs (Figure 3D) in comparison to NDD-CKD patients (see
p-values in Figure 3). Regarding RRT, PD patients showed in MNs higher GSSG levels
and GSSG/GSH ratio (p < 0.05; Figure 3D,F) compared with HD patients, whereas no
differences were observed in PMNs.
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Figure 2. Oxidative stress parameters in isolated peripheral blood polymorphonuclear (PMNs) and
mononuclear (MNs) leukocytes from healthy subjects (control), non-dialysis-dependent chronic
kidney disease (NDD-CKD), hemodialysis (HD) and peritoneal dialysis (PD) patients. (A) PMNs and
(B) MNs xanthine oxidase activity (XO; mU/mg protein); (C) PMNs and (D) MNs catalase activity
(CAT; U/mg protein); (E) PMNs and (F) MNs glutathione peroxidase activity (GPx; U/mg protein);
(G) PMNs and (H) MNs superoxide dismutase activity (SOD; U/mg protein). Data are shown as
the mean (horizontal bar) of 10–32 values corresponding to the number of subjects analyzed in each
group. Each value is the mean of duplicate assays. a p < 0.05, aa p < 0.01 and aaa p < 0.001 versus
control; b p < 0.05, bb p < 0.01 and bbb p < 0.001 versus NDD-CKD patients; c p < 0.05, cc p < 0.01 and
ccc p < 0.001 versus HD patients.
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Figure 3. Intracellular glutathione balance and lipid damage in isolated peripheral blood poly-
morphonuclear (PMNs) and mononuclear (MNs) leukocytes from healthy subjects (control), non-
dialysis-dependent chronic kidney disease (NDD-CKD), hemodialysis (HD) and peritoneal dialysis
(PD) patients. (A) PMNs and (B) MNs reduced glutathione content (GSH; nmol/mg protein); (C)
PMNs and (D) MNs oxidized glutathione content (GSSG; nmol/mg protein); (E) PMNs and (F) MNs
GSSG/GSH ratio. (G) PMNs and (H) MNs malondialdehyde content (MDA; nmol/mg protein).
Data are shown as the mean (horizontal bar) of 13–39 values corresponding to the number of subjects
analyzed in each group. Each value is the mean of duplicate assays. a p < 0.05, aa p < 0.01 and
aaa p < 0.001 versus control; b p < 0.05, bb p < 0.01 and bbb p < 0.001 versus NDD-CKD patients;
c p < 0.05 versus HD patients.
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Finally, regarding lipid damage (Figure 3G,H), NDD-CKD patients exhibited signif-
icantly higher MDA levels in PMNs and MNs (p < 0.01) than healthy subjects. Similar
results were also observed in leukocytes from HD patients (MDA, p < 0.05) but not in
PD patients. Interestingly, in both leukocyte populations, the PD group showed lower
MDA content (p < 0.05) than NDD-CKD patients, whereas the HD group only showed
this decreased MDA content in MNs (p < 0.01). Regarding RRT, PD patients had in PMNs
significantly lower MDA content than HD patients (p < 0.05), whereas no differences were
observed in MNs.

3.4. Correlations Between Biochemical, Inflammatory and Oxidative Stress Parameters in Plasma

The simple linear correlations between selected biochemical, inflammatory and oxida-
tive stress parameters assessed in plasma from NDD-CKD, HD and PD patients are shown
in Table 3.

Table 3. Pearson´s correlation coefficients (r) between selected biochemical, inflammatory and
oxidative stress parameters in plasma of study participants.

Group Parameters r p-Value

NDD-CKD

XO; IL-1β 0.333 0.048 *
XO; CRP 0.776 0.039 *

IL-1β; MDA 0.511 0.036 *
SOD; GPx −0.579 0.002 **

SOD; LDL-C −0.689 0.040 *
GPx; TG 0.810 0.020 *

GPx; LDL-C 0.775 0.041 *
GSH; HDL-C 0.651 0.022 *
MDA; HbA1c 0.676 0.010 **

HD

BMI; HbA1c 0.357 0.028 *
IL-1β; HbA1c 0.553 0.006 **

XO; GPx 0.598 0.003 **
CAT; HbA1c −0.434 0.043 *

UA; SOD 0.478 0.022 *

PD UA; HDL-C −0.451 0.035 *
Abbreviations: BMI, body mass index; CAT, catalase activity; CRP, C-reactive protein; GPx, glutathione peroxidase
activity; GSH, reduced glutathione levels; HbA1c, glycosylated hemoglobin; HDL-C, high-density lipoprotein
cholesterol; HD, hemodialysis; IL-1β, interleukine-1β release; LDL-C, low-density lipoprotein cholesterol; MDA,
malondialdehyde levels; NDD-CKD, non-dialysis-dependent chronic kidney disease; PD, peritoneal dialysis;
SOD, superoxide dismutase activity; TG, triglycerides; UA, uric acid; XO, xanthine oxidase activity. * p < 0.05 and
** p < 0.01.

In the NDD-CKD group, XO activity was positively associated with the inflammatory
markers, such as IL-1β and CRP levels (p < 0.05). Remarkably, lipid damage (MDA content)
was also positively related with the IL-1β release (p < 0.05) and HbA1c levels (p < 0.01). In
addition, GPx activity was negatively associated with both SOD activity (p < 0.01), whereas
a direct relationship was observed with both TG and LDL-C levels (p < 0.05). Interestingly,
SOD activity was significantly negatively correlated with the LDL-C (p < 0.05), meanwhile
GSH content directly correlated with the HDL-C (p < 0.05).

When the correlations were analyzed in the RRT groups, in HD patients, BMI was
significantly positively correlated with the HbA1C. Interestingly, HbA1C content was
also positively and negatively associated with the IL-1β and CAT (p < 0.05), respectively.
Moreover, a positive correlation was also observed between XO and GPx activities (p < 0.01),
and UA content and SOD activity (p < 0.05). Finally, the UA was positively correlated with
the HDL-C (p < 0.05) in PD patients. No significant differences were found between the
other variables analyzed (data not shown).
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4. Discussion

To our knowledge, this is the first study that analyzed the changes in several redox
state parameters in different types of isolated peripheral blood leukocytes, as well as
in plasma, from advanced NDD-CKD patients, that also analyzed the effect of HD and
PD procedures on redox status. Our results clearly revealed an altered redox state with
a marked increase of oxidative stress and damage in plasma and isolated PMNs and
MNs from NDD-CKD patients, and interestingly, is more exacerbated in HD and PD.
Furthermore, we also found a different pattern of increased oxidative stress and damage
depending on the localization (plasma or leukocytes) and cell type (PMNs and MNs).
Thus, several of these redox state alterations were greatly impaired in PMNs, whereas
others were only observed in MNs. Interestingly, our results also demonstrated differences
between HD and PD procedures, the PD patients showing greater oxidative stress and
damage than the HD patients, especially in MNs. This altered redox balance could be
mediated by the higher inflammation and/or the changes in lymphocytes populations also
observed in NDD-CKD, HD and PD patients.

A chronic oxidative-inflammatory state plays a crucial role in the onset and pro-
gression of CKD [5,12–16]. Indeed, numerous studies have demonstrated a significantly
increased peripheral oxidative-inflammatory state in ESRD patients, being exacerbated by
dialysis treatments [12,13,15,31,48]. Nevertheless, most research has been focused on the
study of redox makers in serum or plasma, but not in immune cells. Since nutrition and
diet significantly influence the extracellular redox status (plasma), and most enzymatic and
non-enzymatic antioxidant mechanisms are intracellular [49], we analyzed the changes in
several redox state parameters, not only in plasma but also in different types of peripheral
leukocytes from advanced CKD patients. Furthermore, an optimal redox status of immune
cells is essential for adequate homeostasis in the physiological systems [49]. In CKD pa-
tients, most studies have focused on lymphocyte populations, but little is known about the
changes in the redox status of PMNs leukocytes along CKD progression. Since phagocytes
have been proposed as the main cells that contribute to the oxidative stress associated with
age-related diseases [9–11], we also assessed several redox markers in PMNs and MNs
leukocytes in order to elucidate possible differences between them.

Regarding the plasma, our study demonstrated increased circulating levels of ox-
idative stress markers (higher XO activity and MDA content) and an impairment of the
antioxidant systems (lower CAT and GPx activities and GSH concentration) in NDD-
CKD, HD and PD patients, compared to healthy subjects. Our results are in consonance
with other studies that have revealed increased oxidative stress markers associated with
CKD [5,8,15,16,44]. This research demonstrated a high production of oxidant compounds
(ROS, GSSG, etc.), lipid and protein oxidative damage markers (MDA, AOPPs, etc.), or
altered levels of antioxidant (CAT, GPx, SOD, GSH, etc.) in plasma or serum of ESRD pa-
tients [5,8,15,16], as well as in HD and PD patients [12–15,28,31,32,48,50]. In this pathophys-
iological context, the possible malnutrition, dietary restrictions and the hypoalbuminemia
state, together with the higher accumulation of non-dialyzable uremic toxins (e.g., indoxyl-
sulphate, etc.) that CKD patients suffer, could contribute to the low availability of GSH and
other antioxidants compounds and also promote higher oxidative-inflammatory stress in
these subjects [5,48]. Indeed, the uremic toxins promote leukocyte activation, stimulating
both ROS overproduction (mainly via XO and NADPH oxidase) and pro-inflammatory
cytokines release [30,48]. The XO is a pro-oxidant enzyme involved in purine metabolism
responsible for UA and ROS production [51]. On the one hand, circulating XO activity
may be dangerous because once in circulation, it has the ability to activated phagocytic
cells and produce O2

•− and H2O2, and it can be distributed to remote tissues [51,52], as
well as internalized into vascular and other cells; therefore, it may further initiate oxidative
damage exerting pathological effects in CKD patients [51,53]. On the other hand, although
in optimal concentrations, UA has strong antioxidant properties, under conditions of ox-
idative stress, high UA concentrations may function as a powerful oxidizing compound,
mainly when antioxidant defenses are diminished [8,27]. Moreover, hyperuricemia has
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been associated with CVDs and morbi-mortality in CKD patients, possibly through ox-
idative stress and endothelial dysfunction [48]. In our study, NDD-CKD patients showed
higher UA levels than controls. Thus, these high UA concentrations, together with the
increased XO activity and impaired antioxidant systems (GSH, GPx, CAT), could explain
the higher plasma lipid damage (MDA content) also observed in NDD-CKD patients. MDA
is a powerful oxidant compound, which can interact with others oxidized compounds,
being potentially mutagenic and atherogenic [44]. Interestingly, it has been found that HD
patients with CVDs had marked elevation of serum MDA compared with those without
CVDs [33,54]. Moreover, Goundoin et al. found a positive correlation between plasma XO
activity and MDA content in CKD and HD patients and proposed that, regardless of UA
levels, plasma XO activity is an important predictor of CVDs in these patients [27]. Indeep,
an increase in the circulating XO content could accelerate vascular oxidation via ROS
generation, contributing to endothelial dysfunctions in CKD patients [55]. In our study, we
also found higher percentages of CVDs in NDD-CKD and HD populations. However, the
higher XO activity in plasma and isolated leukocytes were observed in NDD-CKD and PD
patients, but not in HD patients, as will be discussed later.

Because oxidation and inflammation pathways can promote and exacerbate one an-
other [9–11], we also analyzed the basal inflammation, measuring the IL-1β release and
CRP levels in plasma, which provide higher specificity than other biomarkers (e.g., al-
bumin) [2,56]. We observed increased CRP and IL-1β levels in NDD-CKD, HD and DP
patients, which may contribute to triggering substantial collateral cellular oxidative damage
in these patients. In fact, we also found a positive and significant association between IL-1β
release and MDA content in NDD-CKD patients, as well as between IL-1β and HbA1c
levels in HD patients. Although the studies are controversial, a strong upregulation of
pro-inflammatory cytokines (e.g., IL-1β, IL-6, etc.) has been observed in CKD patients but
also in dialyzed patients [5,15,50]. The increase of IL-1β has been also associated with the
development of insulin resistance and modifications of lipid components, lipoproteins and
proteins, resulting in lipid metabolism disorders in CKD [8]. In our study, a high percentage
of NDD-CKD, HD and PD patients (79.5%, 59.0% and 63.6 %, respectively) suffered dyslipi-
demia, whereas NDD-CKD patients also showed marked hypertriglyceridemia. Because
CRP is a powerful predictor of CVDs-morbidity and mortality in dialysis patients [6], the
high plasma CRP levels observed in HD and PD patients may also contribute to CVDs
in these patients. Moreover, because the outcome of local inflammation may directly
build on the antioxidant ability [10], the impaired antioxidant systems observed in plasma
from NDD-CKD, HD and PD patients may contribute to oxidative tissue damage, and
consequently, to a systemic inflammatory response. Interestingly, although we did not
find a relationship between inflammatory markers (IL-1β and CRP) and lipometabolism
parameters in plasma from CKD patients, we observed a direct correlation between the
GPx activity and both TG and LDL-C levels in NDD-CKD patients and between the GSH
content and HLD-C levels. By contrast, SOD activity was significantly negatively correlated
with LDL-C.

Regarding the isolated peripheral leukocytes, our study revealed enhanced oxidative
stress and damage in PMNs and MNs from NDD-CKD, HD and PD patients, showing a
marked increase of XO activity and lipid damage (MDA), an impairment of the antioxidant
enzymes (higher SOD and lower CAT and GPx activities) and an altered redox GSSG/GSH
balance compared to healthy controls. Interestingly, we observed notable differences in
the redox status between PMNs and MNs in NDD-CKD, as well as between HD and PD
patients. Concerning the pro-oxidant XO enzyme, our results revealed a higher XO activity
in PMNs and MNs from NDD-CKD and PD patients, which can promote ROS overpro-
duction, as well as exert cytotoxicity on the kidney and the vascular endothelium during
CKD progression [16]. Since XO and its products are directly and indirectly implicated
in immunomodulatory activities [52], this excessive increase in XO activity could induce
the activation of PMNs, promoting phagocytic killing, the expression of other pro-oxidant
enzymes (NADPH oxidase, etc.) or the nuclear factor-κB activation and translocation, and
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consequently, a pro-inflammatory cytokines overproduction [51–53]. Moreover, because
the XO gene expression is markedly upregulated by pro-inflammatory cytokines (e.g.,
IL-1β) [51], the higher inflammation observed in NDD-CKD patients could also mediate a
higher expression of XO, explaining the increased XO activity and the positive correlation
observed between XO activity and inflammatory markers (IL-1β and CRP levels) in these
patients. Interestingly, HD patients showed a marked reduction of XO activity in plasma,
PMNs and MNs compared to PD and NDD-CKD patients. Although the research regarding
XO in dialyzed patients is not clear, one study revealed that XO activity was markedly
elevated in HD and PD patients independently of dialysis modality [57], whereas other
authors proposed that the extracellular XO activity differ depending on the nutritional
status of the HD patients [53]. Indeep, serum XO activity decreased during HD procedure
in patients with high nutritional risk index and vice versa [53]. Although the decreased
XO activity in HD patients appears a priori to be beneficial for these subjects, it could also
be indicative of a basically higher content of endothelium-bound XO. Further, circulating
XO has the ability to reversibly bind to the endothelial cell surface via glycosaminoglycan
rich receptors, leading to ROS overproduction [51–53], especially at locations exposed to
mechanical forces [53,58]. Thus, we propose that HD patients could have high circulating
XO binding to the extracellular matrix of endothelial cells. This can promote increased lipid
damage and the inflammatory cascade activation, and therefore, cause vascular dysfunc-
tion in HD patients [53]. In fact, increased XO levels have been documented in the arteries
of HD patients [53]. Further studies are needed to elucidate the endothelium-bound XO
and its effects on oxidative damage in chronic HD and PD patients.

Concerning the SOD, CAT and GPx antioxidant enzymes, which are essential to pre-
vent oxidative damage throughout CKD progression [5,16], we found striking differences.
The SOD catalyzes the conversion of O2

•− into H2O2 and oxygen, while CAT and GPx
mediate the conversion of toxic H2O2 into water. Under normal conditions, H2O2 is prin-
cipally degraded by GPx (due to its higher affinity for H2O2 than CAT), whereas under
severe oxidative stress conditions, H2O2 is mainly degraded by CAT [49]. On the one
hand, NDD-CKD patients showed lower SOD activity in MNs and higher SOD in PMNs
and plasma in comparison with healthy subjects. This increased SOD activity may be a
balancing mechanism to neutralize the excessive O2

•− levels, as has also been observed
in both plasma and PMNs of CKD patients [8,11–13]. Paradoxically, PD patients had a
decreased SOD activity in PMNs compared with NDD-CKD patients, whereas HD patients
presented an enhanced SOD activity in MNs. Most studies have shown higher SOD activity
in the serum of HD patients, being associated with the impaired renal functions [16]. Other
studies have found high SOD gene expression in leukocytes from ESRD patients, which
also correlated with high plasma CRP and O2

•− levels [6,59]. Interestingly, we found a
positive correlation between SOD activity and UA content in HD patients. On the other
hand, we also observed a significant down-regulation of CAT and GPx in PMNs and MNs
from NDD-CKD, HD and PD patients. This is in agreement with several studies that
have shown a gradual decrease in the plasma GPx and CAT activities along with the CKD
progression [8,12,13,16]. Interestingly, HD patients presented the most marked alteration
of these antioxidant enzymes, especially in PMNs. Indeep, HD patients showed lower CAT
and GPx activities in PMNs than NDD-CKD patients, whereas increased GPx activity was
found in MNs, which could be a compensatory mechanism to protect against excessive
oxidative stress. In fact, an increased GPx activity in erythrocytes protects against Hb
oxidation and hemolysis, preventing against CVDs in CKD patients [16]. Interestingly, we
found a negative correlation between GPx and SOD activities in NDD-CKD patients. Mean-
while, in HD patients, GPx activity was positively associated with XO activity, whereas
CAT activity was negatively correlated with HbA1c content. Furthermore, an excess of
SOD, CAT and GPx activities may promote detrimental outcomes as a consequence of a
deficit of vital cell oxidants (optimal ROS concentrations), causing “reductive stress,” which
could contribute to weakening cell dysfunctions [16,49]. GPx not only detoxifies H2O2
but also catalyzes the reduction of lipid peroxides, thus preventing lipid peroxidation [49].
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Therefore, the altered GPx activity observed in leukocytes from NDD-CKD patients may
promote the accumulation of lipoperoxides, explaining the higher MDA content also ob-
served in both PMNs and MNs of these patients. Our results are in agreement with other
studies that also found elevated MDA levels in CKD patients undergoing HD [25,54]. MDA
is a low molecular weight and water-soluble molecule, so it can undergo renal clearance
or be dialyzed as a possible renal elimination pathway [25]. Interestingly, HD and PD
patients had lower MDA content in their leukocytes than NDD-CKD patients. Although
we have not found any study that has evaluated the differences in lipid peroxidation
between PMNs and MNs in both NDD-CKD and dialysis patients, it has been proposed
that MDA markedly decreased during the HD procedure [12–14,31]. Due to the absence of
blood contact with artificial surfaces, PD patients are a particularly interesting population
to study the effect of uremia on lipid peroxidation [12,31,38]. Interestingly, in our study,
PD patients showed lower MDA levels in their leukocytes compared to HD patients. In
this context, it has been described that PD promotes protein oxidation, whereas HD more
intensely impacts lipid peroxidation [50].

The glutathione cycle is one of the main intracellular mechanisms to preserve an
adequate intracellular redox state [11,60]. In fact, GSH is the major antioxidant involving
in cell-signaling regulation, whereas GSSG is highly toxic to cells [60]. Therefore, an
optimal GSSG/GSH balance is essential for the preservation of oxidative damage and
the maintenance of immune functions [11,60]. In our study, NDD-CKD patients showed
in PMNs and MNs lower GSH content, together with higher GSSG and GSSG/GSH
ratios, compared with controls. Interestingly, this altered GSSG/GSH balance was more
exacerbated in PMNs than in MNs leukocytes. Since GSH is essential to neutralize ROS, its
reduction could contribute to higher accumulation of O2

•− and H2O2 (mainly via XO or
NADPH oxidase production), and together with the increased GSSG content, could explain
the marked increase of lipid damage (MDA) also observed in PMNs from NDD-CKD
patients. Interestingly, RRT had a different influence on the GSSG/GSH balance depending
on the cell typed analyzed. Moreover, HD and PD procedures had a positive effect on the
GSSG/GSH status in PMNs, with dialysis patients showing higher GSH content and lower
GSSG levels and GSSG/GSH ratio than NDD-CKD patients. This could be a compensatory
response in PMNs to cope with high exposure to oxidant compounds. By contrast, lower
GSH and higher GSSG content and GSSG/GSH ratios were observed in MNs from HD and
PD patients compared with NDD-CKD patients. These findings are in line with previous
research showing decreased GSH and increased GSSG and GSSG/GSH in lymphocytes or
whole-blood from HD or PD patients [61,62].

In regards to RRT, it is known that HD and PD patients presented both ROS over-
production and mostly compromised antioxidant mechanisms [12–14,31,38]. In fact, HD
therapy per se seems to contribute to the oxidant/antioxidant imbalance due to several
factors (e.g., the biocompatibility of dialysis membrane and dialysates, etc.) [8,14,31,38],
whereas PD does not seem to have a strong benefit over HD procedure, even though the
biocompatibility advantage [38]. Indeed, several studies have indicated that increased ROS
production in peripheral/peritoneal phagocytes is activated during PD, mainly due to the
composition of PD dialysates [12,32]. Interestingly, in our group of PD patients, we found
oxidative stress values significantly higher in plasma and isolated leukocytes compared
to HD patients, especially in MNs. Thus, PD patients showed a higher XO activity and
lower SOD activity in PMNs and MNs than HD patients. However, in MNs, PD patients
had a significant reduction of SOD and GPx activities, together with increased GSSG and
GSSG/GSH ratio, which may contribute to the accumulation of ROS and lipid damage
in these patients. By contrast, PD patients had in PMNs higher CAT and GPx activities
and a preserved GSSG/GSH ratio compared with HD patients, suggesting that these
compensatory antioxidant mechanisms could contribute to the reduced MDA content also
observed in these cells. Overall, based on the limited data reviewed so far, some studies
(mainly in plasma) showed increased oxidative stress and damage in HD compared with
PD, whereas others reported no changes [12–14,31–33,38,44]. By contrast, some authors
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proposed that PD is associated with a higher accumulation of oxidant compounds and
antioxidant depletion [38,57]. Furthermore, a preserved RRF has been related to reduced
oxidative stress and lipid damage in PD patients [12,42,43]. However, although PD patients
showed higher RRF than HD patients, we did not observe significant correlations between
RRF and oxidative-inflammatory parameters analyzed (data not shown) in these patients.
Based on our results, we deduce that PD procedure may contribute to increased oxidative
stress on CKD patients, and especially in MNs leukocytes.

An optimal redox state is essential for the effectiveness of the immune functions, which
can also be influenced by the changes in the leukocyte populations in terms of the cell types
composition, quality and proportions [9,10]. Much evidence indicates that lymphocytes
impairment is also involved in immune dysregulation in ESRD patients [46,63,64]. We
found remarkable changes with respect to MNs populations (mainly lymphocytes), but
not in PMNs (>98% were neutrophils in all groups; data not shown). In several studies,
lymphocyte subgroups were lower in dialysis patients than in healthy controls [63,64].
In our study, T- and B-cells were also influenced by dialysis modality. Thus, HD and
PD patients showed a lower total number of lymphocytes and CD4+/CD8+ ratio than
NDD-CKD patients. Interestingly, HD patients also had a marked reduction of CD4+
T-lymphocytes and NK cells than NDD-CKD patients, whereas PD patients had lower
B-cell counts. Our results are in agreement with other studies in which dialysis patients
exhibited a high incidence of lymphopenia affecting T- and B-cell populations [46,63,64].
The decreased CD4+ T-cells proportion could promote infection and mortality in HD pa-
tients [63]. Moreover, the differences in both uremic toxin accumulation and inflammatory
status between HD and PD patients could play a key role in the distribution of T- and
B-lymphocytes on these subjects [63,65]. Indeed, HD is associated with more sustained
inflammation and lymphocyte activation/exhaustion [65], explaining the results observed
in HD patients. Because of the cross-sectional nature of our study, we have to confirm
these changes in a very large cohort as well as investigate modifications in immunological
parameters after and during HD and PD procedures.

Finally, our study has several limitations: (1) the small patient´s sample size, especially
in the PD group, which may cause not to find significant differences in several of the
parameters analyzed. (2) Our study did not interfere with or evaluate the lifestyle factors
of the CKD patients (nutritional status, diet, etc.) and other non-conventional risks (e.g.,
anemia, etc.), which also contribute to oxidative stress and inflammation. (3) The cross-
sectional design and analysis of data, and the small number of subjects, did not allow us
to integrate and analyze the influences of all potential covariables (age, gender, type of
dialysates, the different dialysis membranes, vascular access, comorbidities, etc.) into the
multivariate models. Therefore, additional prospective and comparative clinical studies
in a larger sample will be required to validate our findings and confirm the use of these
redox state parameters as biomarkers of CKD progression. Moreover, future large studies
addressing potential nutritional interventions to decrease oxidative-inflammatory stress in
leukocytes from CKD patients are also necessary.

5. Conclusions

The major strength of this study is that we analyzed the changes of numerous redox
state markers in both plasma and isolated peripheral blood leukocytes from advanced
CKD patients and also analyzed the effect of RRT on redox status. Taken together, our
study demonstrated that NDD-CKD, HD and PD patients presented significantly higher
oxidative stress and damage in their PMNs and MNs leukocytes than healthy subjects, as
well as in plasma. Interestingly, the oxidative stress and damage were more exacerbated
in HD and PD patients than in NDD-CKD patients. This enhanced oxidative stress could
be mediated by a higher inflammation state, and the changes in lymphocytes populations
were also observed in these patients. Interestingly, we also found notable differences in
the redox state depending on the localization (plasma/leukocytes) and the immune cell
type (PMNs/MNs) analyzed. In fact, several redox state alterations were greatly marked in
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plasma or PMNs, whereas others were only observed in MNs. Thus, dialysis treatments had
a positive effect preserving the GSSG/GSH balance in PMNs, but not in MNs. This study
also demonstrated remarkable differences between HD and PD procedures, the PD patients
showing greater oxidative stress and damage than the HD patients, especially in MNs.
Our results could explain one of the underlying mechanisms of immune dysregulation in
CKD patients. Furthermore, since PMNs and MNs are very easy to obtain and due to the
simplicity of the assays performed, the assessment of several redox state parameters in
these leukocytes, together with the plasma, could be used as potential biomarkers in the
CKD progression, as well as in monitoring HD and PD procedures in a clinical setting.
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Abstract: In stroke patients, the development of acute kidney injury (AKI) is closely linked with
worse outcomes and increased mortality. In this study, the interplay between post-stroke and AKI and
treatment options was investigated in a rodent model of hemorrhagic stroke. Intrastriatal collagenase
injection for 24 h caused neurological deficits, hematoma formation, brain edema, apoptosis, blood–
brain barrier disruption, oxidative stress, and neuroinflammation in Sprague Dawley rats. Elevation
of serum blood urea nitrogen, serum creatinine, urine cytokine-induced neutrophil chemoattractant-1,
and urine Malondialdehyde, as well as moderate histological abnormality in the kidney near the
glomerulus, indicated evidence of kidney dysfunction. The accumulation of podocalyxin DNA in
urine further suggested a detachment of podocytes and structural deterioration of the glomerulus.
Circulating levels of stress hormones, such as epinephrine, norepinephrine, corticosterone, and
angiotensin II were elevated in rats with intracerebral hemorrhage. Osmotic agent glycerol held
promising effects in alleviating post-stroke brain injury and kidney dysfunction. Although the
detailed protective mechanisms of glycerol have yet to be determined, the intrastriatal collagenase
injection hemorrhagic stroke model in rats allowed us to demonstrate the functional and structural
integrity of glomerulus are targets that are vulnerable to post-stroke injury and stress hormones
could be surrogates of remote communications.

Keywords: brain edema; hemorrhagic stroke; intracranial pressure; kidney dysfunction; stress
hormones

1. Introduction

Stroke is a leading cause of neurological disability and mortality worldwide, resulting
in huge public health and socioeconomic burden. There are two main types of stroke, is-
chemic and hemorrhagic stroke, and approximately 87% of stroke patients are ischemic [1].
Chronic kidney disease (CKD) has long been recognized as a risk factor for stroke. Con-
versely, stroke may lead to kidney dysfunction, and acute kidney injury (AKI) adversely
impacts patient outcomes [2–5]. Thus, a better understanding of post-stroke AKI and
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identifying intervention strategies may help provide options for ameliorating post-stroke
disease progression.

AKI is characterized by kidney dysfunction resulting in disturbance of electrolytes,
acid–base, and homeostasis of fluids with a clinical spectrum ranging from mild, asymp-
tomatic injury to severe injury. Serum and urine biomarkers, as well as estimated glomeru-
lar filtration rate (eGFR), have been validated for the early detection of AKI. Serum cystatin
C level, but not creatinine, blood urea nitrogen (BUN), β2-microglobulin, and eGFR in the
intensive care unit have been demonstrated to be important biomarker for predicting AKI
and mortality in stroke patients [3]. Therefore, the identification of alternative biomarkers
for the early detection of stroke-associated AKI is of interest for therapeutic treatments.

Oxidative stress, neuroinflammation, blood–brain barrier (BBB) disruption, and apop-
tosis have substantial roles in secondary brain injury after an ischemic and hemorrhagic
stroke. The latter includes intracerebral hemorrhage (ICH) and subarachnoid hemorrhage
(SAH) [6–9]. Additionally, alteration of the sympathetic nervous system, hypothalamic
pituitary axis, and renin–angiotensin–aldosterone system may occur and impact stroke
disease outcome involving oxidative stress and neuroinflammation [10–12]. The generation
and expansion of hematoma are closely linked to hemorrhagic stroke neurological deficits.
Hematoma and derived products act as neurotoxins and mainly contribute to edema
formation and brain injury [13]. Clinically, brain edema represents a deteriorative compli-
cation after hemorrhagic stroke and may lead to higher intracranial pressure and a worse
outcome [14]. Osmotherapeutic agents are useful adjuncts to reduce neuroinflammation fol-
lowing hemorrhagic stroke [15]. Besides its effects on the brain, over-activation of the sym-
pathetic nerve system, hypothalamic–pituitary axis, and renin–angiotensin–aldosterone
system impairs kidney function, thereby contributing to developing AKI [12,16,17]. This
highlights the possibility that osmotic agents may have an ameliorating effect on stroke-
associated kidney dysfunction.

Osmotic agents have been used to treat brain edema in stroke patients. Although its ef-
fects on the noninfarcted hemisphere and large hemispheric infarction remain controversial,
glycerol possesses the ability to decrease brain edema and intracranial pressure [18–20].
Mannitol and hypertonic saline further reduce ICH brain injury and neuroinflamma-
tion [15]. To investigate whether osmotic agents are potentially capable of alleviating
post-stroke brain injury and associated kidney dysfunction, the effects of glycerol were
evaluated in a rodent model of stroke. Patients with hemorrhagic stroke suffer from a
worse outcome than those with ischemic stroke, and hemorrhagic transformation is a com-
mon complication of ischemic stroke, which is exacerbated by thrombolytic therapy [21].
Therefore, an ICH animal model was established using Sprague-Dawley to investigate the
aforementioned phenomena.

2. Materials and Methods

2.1. Experimental Allocation and ICH Induction

Adult male Sprague-Dawley rats (200–230 g) were purchased from BioLASCO (Taipei,
Taiwan) and were kept in conventional cages with free access to food and water. Rats were
allocated to four groups: sham with saline (n = 32); ICH with saline (n = 32); sham with
glycerol (n = 32); ICH with glycerol (n = 32). Under anesthesia with isoflurane (2–4%), the
rat’s head was fixed in a stereotactic apparatus, and stereotactic surgery was performed
following the relevant study [22]. ICH was induced by injection of type IV collagenase
(0.3 U/2 μL saline) through a Hamilton syringe at the coordinates corresponding to the
striatum (3 mm lateral to the midline, 0.2 mm posterior to bregma, depth 6 mm below the
surface of the skull). After injection, the syringe was remained for an additional 3 min
to minimize the leakage of collagenase. The burr holes were then sealed with bone wax.
Sham-operated rats received the same stereotactic surgical processes and saline injection.
The experimental protocols adhered to the Institute’s guidelines and were approved by
the Institutional Animal Care and Use Committee of Taichung Veterans General Hospital
(IACUC approval code: La-100859, IACUC approval date: 11 November 2011). Glycerol
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at a dose of 6 mL/kg (10% glycerol) or an equal volume of saline was intraperitoneally
injected into rats 30 min after surgery. The dose of glycerol was performed according to a
previously described study with modifications [23]. All rats were euthanized for analyses
24 h after surgery.

2.2. Morphological Examination

After euthanasia, the brains (n = 8 per group) were quickly removed, chilled in cold
phosphate-buffered saline (PBS), and 2 mm coronal slices were cut using a tissue splicer.
Seven sections were photographed, and all visible areas with hematoma were delineated.
The percentage of the marked area was calculated.

2.3. Neurological Evaluation

To evaluate sensorimotor performance (n = 8 per group), a modified six-point neuro-
logical deficit severity scoring criteria was applied according to our previously reported
study [24]. The scoring criteria in the neurological evaluation were as follows: 0, no neuro-
logical deficit; 1, difficulty in fully extending the left forepaw; 2, unable to extend the left
forepaw; 3, mild circling to the left; 4, severe cycling to the left; and 5, falling to the left.

2.4. Brain Edema Evaluation

After euthanasia, the brains (n = 8 per group) were quickly removed and separated into
contralateral and ipsilateral hemispheres to isolate the striatum. The dissected contralateral
and ipsilateral striatal tissues were dried in an oven at 110 ◦C for 24 h. The water content
was calculated by the wet/dry weight method [24]. Data are expressed as the subtraction
of ipsilateral content with contralateral content in the same rat.

2.5. Caspase 3 Activity Assay

After euthanasia, the brains (n = 8 per group) were quickly removed and separated into
contralateral and ipsilateral hemispheres to isolate the striatum. The dissected ipsilateral
striatal tissues were subjected to the measurement of caspase 3 activity using a caspase-3
colorimetric assay kit (BioVision, Mountain View, CA, USA).

2.6. Evans Blue Extravasation Assay

Three hours prior to the end of the study, Evans blue (4%, 1 mL/kg) was injected
into the rats via the tail vein. After euthanasia, rats (n = 8 per group) were perfused with
heparinized saline. The dissected ipsilateral striatal tissues were weighed, homogenized in
PBS (500 μL), and centrifuged. The obtained supernatants were mixed with trichloroacetic
acid (500 μL, 100%) and stand overnight at 4 ◦C. After centrifugation at 12,000 rpm at 4 ◦C
for 10 min, the supernatants were collected and subjected to the measurement of Evans
blue content using a spectrophotometer (absorbance at 620 nm). The contents of Evans
blue were calculated using a standard solution.

2.7. Urine, Blood, and Tissue Sample Collection

Prior to sacrifice for analyses, rats were housed in metabolic cages for 12 h for the
collection of urine samples. At the end of the study, rats were euthanized, and the blood
samples were withdrawn from the left femoral artery. Tissues of the kidney and brain were
rapidly dissected and stored in liquid nitrogen or were soaked in formalin until analyses
could be performed.

2.8. Histological Examination

After euthanasia, the left kidney (n = 8 per group) was quickly removed, fixed in 4%
buffered formaldehyde, and embedded in paraffin. Sections (4 μm) were then deparaf-
finized, rehydrated, and stained with Hematoxylin/Eosin (H&E) according to standard
procedures. Digitalized images were captured at 200X and 400X magnification using a
light microscope equipped with a digital camera (Nikon, ECLIPSE, 50i, Tokyo, Japan).
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2.9. Biochemical Analyses

The serum levels of BUN and creatinine were measured using automated, standard-
ized procedures (Roche Hitachi 917/747, Mannheim, Germany). The levels of kidney
injury molecule-1 (KIM-1; R&D Systems, Minneapolis, MN, USA), cytokine-induced neu-
trophil chemoattractant-1 (CINC-1; R&D Systems, Minneapolis, MN, USA), neutrophil
gelatinase-associated lipocalin (NGAL, R&D Systems, Minneapolis, MN, USA), corticos-
terone (BioVendor, Germany), norepinephrine (LDN, Nordhorn, Germany), epinephrine
(LDN, Nordhorn, Germany), and angiotensin II (Ang II, R&D Systems, Minneapolis,
MN, USA) were determined through enzyme-linked immunosorbent assay (ELISA) kits
according to the manufacturer’s instructions.

2.10. Lipid Peroxidation Product Measurement

Levels of lipid peroxidation product (n = 8 per group) were measured using a TBARS
assay kit (Cayman Chemical, Ann Arbor, MI, USA) according to the manufacturer’s
instructions. Data are expressed as Malondialdehyde (MDA) equivalents.

2.11. Measurement of Glutathione (GSH)

Levels of GSH (n = 8 per group) in dissected ipsilateral striatal tissues and kidney cor-
tical tissues were measured using a Glutathione Assay Kit (Cayman Chemical, Ann Arbor,
MI, USA) according to the manufacturer’s instructions.

2.12. Measurement of Tumor Necrosis Factor-α (TNF-α) and Interleukin-1β (IL-1β)

After euthanasia, the brains (n = 8 per group) were quickly removed and separated into
contralateral and ipsilateral hemispheres to isolate the striatum. The dissected ipsilateral
striatal tissues were subjected to the measurement of TNF-α and IL-1β content using ELISA
(R&D Systems, Minneapolis, MN, USA).

2.13. Western Blot

After euthanasia, the brains (n = 8 per group) were quickly removed and separated
into contralateral and ipsilateral hemispheres to isolate the striatum. The dissected ipsilat-
eral striatal tissues were subjected to the extraction of proteins (tissue protein extraction
reagents, Pierce Biotechnology, Rockford, IL, USA) and conduction of a standardized
SDS–PAGE and PVDF membrane transfer. After incubation with 5% skim milk for 30 min,
the specific proteins on the membranes were recognized with the corresponding antibod-
ies, including Matrix Metalloproteinase-9 (MMP-9, mouse monoclonal antibody, 1:1000),
MMP-2 (mouse monoclonal antibody, 1:1000), Zonula Occludens-1 (ZO-1, rat monoclonal
antibody, 1:1000), cluster of differentiation 68 (CD68, mouse monoclonal antibody, 1:1000),
myeloperoxidase (MPO, mouse monoclonal antibody, 1:500), p65 (rabbit polyclonal an-
tibody, 1:1000), phospho-p65 (mouse monoclonal antibody, 1:500), and glyceraldehyde
3-phosphate dehydrogenase (GAPDH, mouse monoclonal antibody, 1:3000) (Santa Cruz
Biotechnology, Santa Cruz, CA, USA). Proteins on the membranes were visualized by the
sequential incubation with horseradish peroxidase-conjugated IgG and enhanced chemilu-
minescence Western blotting reagents. The chemiluminescent blots were scanned using
the G:BOX mini multi fluorescence and chemiluminescence imaging system (Syngene,
Frederick, MD, USA). The intensity of immunoreactive signals was quantitated by ImageJ
software (National Institute of Health, Bethesda, MD, USA).

2.14. Zymography Assay

After euthanasia, the brains (n = 8 per group) were quickly removed and separated
into contralateral and ipsilateral hemispheres to isolate the striatum. The dissected ipsilat-
eral striatal tissues were subjected to the extraction of proteins (tissue protein extraction
reagents, Pierce Biotechnology, Rockford, IL, USA) and conduction of a standardized
SDS–PAGE (8%). After separation, the gels were washed twice for 30 min with 2.5% Triton
X-100 and then incubated in buffer (25 mM Tris, 150 mM NaCl, 10 mM CaCl2, 0.2% Brij-35,
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pH 7.5) overnight at 37 ◦C. Afterward, the gels were stained with Coomassie brilliant blue
R-250 (0.2%). The intensities of visualized bands were quantitated by ImageJ software
(National Institute of Health, Bethesda, MD, USA).

2.15. Electrophoretic Mobility Shift Assay (EMSA)

After euthanasia, the brains (n = 8 per group) were quickly removed and separated into
contralateral and ipsilateral hemispheres to isolate the striatum. The dissected ipsilateral
striatal tissues were subjected to the extraction of nuclear proteins (NE-PER nuclear and
cytoplasmic extraction kit, Thermo Fisher Scientific, Waltham, MA, USA) and conduction of
EMSA (LightShiftTM chemiluminescent EMSA Kit, Thermo Fisher Scientific, Waltham, MA,
USA) according to the manufacturer’s instructions. The sequences of oligonucleotide were:
NF-κB, 5′-AGTTGAGGGGACTTTCCCAGGC. The intensity of the bands was analyzed by
ImageJ software (National Institute of Health, Bethesda, MD, USA).

2.16. Semi-Quantitative Polymerase Chain Reaction (PCR)

The pooled urine samples (n = 8 per group) were centrifuged at 2000 rpm for 5 min
at 4 ◦C. Total DNA was extracted from the cell pellets using a DNA isolation kit (Abcam,
Cambridge, UK). The PCR consisted of 30 cycles of reaction (denaturation at 95 ◦C for 45 s,
annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 1 min) and a final extension at 72 ◦C for
10 min. The amplified DNA products were separated by 1.5% agarose gel electrophoresis
and stained with ethidium bromide. The intensity of the bands was analyzed by ImageJ
software (National Institute of Health, Bethesda, MD, USA). The oligonucleotides for
PCR were: 5′-GCAGGGCTTTGAACCTCTTG and 5′-GCTCTGTGACACTCGGATTT for
podocalyxin; 5′-AGATCCACAACGGATACATT and 5′-TCCCTCAAGATTGTCAGCAA
for GAPDH.

2.17. Statistical Analysis

Experimental data were analyzed by SPSS software and expressed as mean values
± standard deviation. All data were first analyzed by one-way or two-way analysis of
variance (ANOVA), and the statistical differences were determined by Dunnett post hoc
analysis. The level of significance was set at p < 0.05.

3. Results

3.1. Glycerol Alleviated Hemorrhagic Stroke Brain Injury

Intrastriatal collagenase injection for 24 h caused neurological deficits (Figure 1A),
brain hematoma formation (Figure 1B,C), brain edema (Figure 1D), and caspase 3 activa-
tions (Figure 1E) in rats. A dose of intraperitoneal glycerol injection alleviated brain injury
in hemorrhagic stroke rats (Figure 1). The findings suggest a beneficial effect of glycerol
against hemorrhagic stroke brain injury.

Figure 1. Cont.
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Figure 1. Glycerol alleviated hemorrhagic stroke brain injury. ICH and sham rats were intraperitoneally injected with
saline or glycerol and housed for an additional 24 h. (A) Neurological deficits were evaluated by neurological score.
(B) Representative photographs show histological examination of hematoma. (C) The percentage of hematoma in the
ipsilateral striatum is depicted. (D) The water content differences between ipsilateral and contralateral striatum were
measured. (E) Proteins were extracted from the ipsilateral striatal tissues and subjected to the measurement of caspase 3
activity. * p < 0.05 vs. sham/saline and # p < 0.05 vs. ICH/saline, n = 8.

3.2. Glycerol Alleviated Hemorrhagic Stroke BBB Disruption

ICH is associated with the disruption of BBB [7,8,25]. Parameters of BBB integrity
were examined. An apparent Evans blue extravasation (Figure 2A) was observed in the
ipsilateral striatal tissues of hemorrhagic stroke rats, and the elevation was paralleled with
enhanced MMP-9 activity (Figure 2B), increased MMP-9 protein expression (Figure 2C),
and reduced tight junction ZO-1 protein expression (Figure 2C). However, the change of
MMP-2 was not of significance (Figure 2C). Glycerol injection alleviated all the changes in
hemorrhagic stroke rats (Figure 2). In other words, ICH rats display increased cerebrovas-
cular permeability, and the disruption of the BBB could be alleviated by glycerol.

Figure 2. Glycerol alleviated hemorrhagic stroke BBB disruption. ICH and sham rats were intraperi-
toneally injected with saline or glycerol and housed for an additional 24 h. (A) The contents of Evans
blue in the ipsilateral striatal tissues were measured. (B) Proteins were extracted from the ipsilateral
striatal tissues and subjected to zymography assay. Representative gels and the quantitative data
are shown. (C) Proteins were extracted from the ipsilateral striatal tissues and subjected to Western
blot assay with indicated antibodies. Representative blots and the quantitative data are shown.
Specific protein content was normalized with GAPDH. * p < 0.05 vs. sham/saline and # p < 0.05 vs.
ICH/saline, n = 8.
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3.3. Glycerol Alleviated Hemorrhagic Stroke Oxidative Stress and Neuroinflammation

Oxidative stress and neuroinflammation are pivotal to the pathogenesis of hemor-
rhagic stroke. Agents show antioxidant and/or anti-inflammatory potential displaying
neuroprotective effects against hemorrhagic stroke [8,26,27]. ICH caused a decreased
content of GSH (Figure 3A) and increased content of lipid peroxidation product MDA
(Figure 3B), TNF-α and IL-1β inflammatory cytokine (Figure 3C), macrophage/microglia-
related CD68 protein, neutrophil-related MPO protein, NF-κB p65 protein phosphorylation
(Figure 3D), and NF-κB DNA-binding activity (Figure 3E) in ipsilateral striatal tissues.
ICH-induced alterations could be reversed by glycerol (Figure 3). The findings indicate a
resolution of oxidative stress and neuroinflammation in hemorrhagic stroke rats by glycerol.

Figure 3. Glycerol alleviated hemorrhagic stroke oxidative stress and neuroinflammation. ICH and sham rats were
intraperitoneally injected with saline or glycerol and housed for an additional 24 h. The contents of GSH (A) and MDA
(B) in the ipsilateral striatal tissues were measured. (C) Proteins were extracted from the ipsilateral striatal tissues and
subjected to ELISA for the measurement of TNF-α and IL-1β. (D) Proteins were extracted from the ipsilateral striatal tissues
and subjected to Western blot assay with indicated antibodies. (E) Nuclear proteins were extracted from the ipsilateral
striatal tissues and subjected to EMSA for the measurement of NF-κB DNA-binding activity. Representative blots and the
quantitative data are shown. Specific protein content was normalized with the corresponding total protein or GAPDH.
* p < 0.05 vs. sham/saline and # p < 0.05 vs. ICH/saline, n = 8.

3.4. Glycerol Alleviated Hemorrhagic Stroke-Associated Kidney Dysfunction

To identify any kidney dysfunction in hemorrhagic stroke rats, several biochemical
and histological examinations centered on kidney structural and functional integrity were
conducted. Hemorrhagic stroke rats had an increased level of serum BUN (Figure 4A) and
creatinine (Figure 4B), as well as a level of urinary GAPDH (Figure 4C) and podocalyxin
(Figure 4D) DNA content. Moreover, histological examination with H&E further revealed a
mild dilation of the Bowman’s capsule, tubular dilation, and cast formation (Figure 4E). The
biochemical and histological changes in the hemorrhagic stroke rats could be alleviated by
glycerol injection (Figure 4). Hemorrhagic stroke-associated kidney dysfunction was further
validated by serum and urinary KIM-1, NGAL, CINC-1, and MDA, early biomarkers of
AKI [3]. There was no remarkable change in the measurements except urinary CINC-1
and urinary MDA. Hemorrhagic stroke rats had increased urine levels of CINC-1 and
MDA, and the increments could be alleviated by glycerol injection (Figure 5). Moreover,
an increase in MDA content (Figure 6A) and a reduction in GSH content (Figure 6B) were
found in kidney cortical tissues of hemorrhagic stroke rats. The changes could be alleviated
by glycerol injection (Figure 6). Current findings indicate a concurrent kidney dysfunction
in hemorrhagic stroke rats and an alleviating effect of glycerol.
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Figure 4. Glycerol alleviated hemorrhagic stroke-associated kidney dysfunction. ICH and sham rats were intraperitoneally
injected with saline or glycerol and housed for an additional 24 h. Serum samples were subjected to the measurement of
BUN (A) and creatinine (B). Urine samples were subjected to DNA isolation and PCR for the measurement of GAPDH (C)
and podocalyxin (D) DNA content. Paraffin sections of kidney tissues were subjected to histological staining with H&E
(E). Representative photomicrographs showed one of eight independent rats. * p < 0.05 vs. sham/saline and # p < 0.05 vs.
ICH/saline, n = 8.

Figure 5. Glycerol alleviated urine biomarkers in hemorrhagic stroke rats. ICH and sham rats were intraperitoneally
injected with saline or glycerol and housed for an additional 24 h. Serum (A) and urine (B) samples were subjected to ELISA
for the measurement of KIM-1, NGAL, and CINC-1 as well as to TBARS assay for the measurement of MDA. * p < 0.05 vs.
sham/saline and # p < 0.05 vs. ICH/saline, n = 8.
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Figure 6. Glycerol alleviated kidney oxidative stress in hemorrhagic stroke rats. ICH and sham rats
were intraperitoneally injected with saline or glycerol and housed for an additional 24 h. Kidney
cortical tissues were isolated and subjected to the measurement of MDA (A) and GSH (B) * p < 0.05
vs. sham/saline and # p < 0.05 vs. ICH/saline, n = 8.

3.5. Glycerol Alleviated Stress Hormones in Hemorrhagic Stroke Rats

Stress hormones are adaptive molecules functioning in tissue homeostasis, while they
also cause tissue/organ injury [10–12,16,17]. Hemorrhagic stroke rats exhibited increased
levels of serum epinephrine, norepinephrine, corticosterone, and Ang II. Glycerol injection
alleviated elevated stress hormones in hemorrhagic stroke rats (Figure 7). The findings
suggest that ICH could increase stress hormone production, and the increments could be
alleviated by glycerol.

Figure 7. Glycerol alleviated stress hormones in hemorrhagic stroke rats. ICH and sham rats were
intraperitoneally injected with saline or glycerol and housed for an additional 24 h. Serum samples
were subjected to ELISA for the measurement of epinephrine, norepinephrine, corticosterone, and
Ang II. * p < 0.05 vs. sham/saline and # p < 0.05 vs. ICH/saline, n = 8.

4. Discussion

CKD is recognized as a risk factor for stroke with deteriorative effects by itself and is
commonly accompanied by hypertension, hypercholesterolemia, and diabetes mellitus [2].
Having an episode of AKI after stroke is associated with worse outcomes and increased
in-hospital mortality. Clinically, the reported rate of AKI after stroke varies widely with a
range of 0.82% to 30.18% [2,3,5,28–30]. Khatri et al. [29] report that stroke patients with ICH
in intensive care units and wards are more likely than patients with ischemia to develop
AKI. In an intrastriatal collagenase injection hemorrhagic stroke model, we demonstrated
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that hemorrhagic stroke rats developed kidney dysfunction, as evidenced by elevated
serum levels of BUN and creatinine. The elevations reached a peak at 24 h after collagenase
injection and returned to normal ranges 72 h later (data not shown). Although the worst
effects of AKI on stroke brain injury have not been investigated, the current data clearly
demonstrate an occurrence of kidney dysfunction after a hemorrhagic stroke. However,
the effects of an AKI in a rat model of ischemic stroke were not evaluated in this study.

To date, several serum and urine biomarkers have been validated to detect kidney
injury at various stages. KIM-1, NGAL, CINC-1, lipid peroxidation product, cystatin C,
BUN, creatinine, IL-18, β2-microglobulin, and eGFR are common biomarkers [3,31–33].
Among stroke patients in intensive care units, serum cystatin C is an important biomarker
for predicting AKI and in-hospital mortality [3]. Elevated levels of serum BUN, serum crea-
tinine, urinary CINC-1, and urinary MDA were found in intrastriatal collagenase injection
hemorrhagic stroke rats. KIM-1, NGAL, serum CINC-1, and serum MDA appeared to be
less strongly correlated. CINC-1 is a counterpart of human IL-8 family members, mediating
inflammatory reactions by attracting neutrophils. Disease progression of AKI is associated
well with renal neutrophil infiltration, cytokine expression, and oxidative stress [34]. The
current study suggests that urinary CINC-1 and MDA are sensitive biomarkers than their
serum counterparts in hemorrhagic stroke rats.

Besides serum and urinary biomarkers, the hemorrhagic stroke affected kidney struc-
tural integrity, particularly near the glomerulus. The glomerulus is a globular structure,
and the filtering unit of the kidney is surrounded by the Bowman’s capsule. Podocytes are
specialized epithelial cells located outside the glomerular basement membrane, wrapping
glomerular capillaries to form the filtration barrier. Podocyte detachment and its urine
accumulation represent alternative biomarkers of kidney injury [35]. The presence of
GAPDH DNA in urine samples of intrastriatal collagenase injection hemorrhagic stroke
rats reflected a leakage of cells from the kidneys. Our data further indicated the detached
cells could be podocytes due to the successful detection of podocalyxin DNA, a sialoglyco-
protein of podocytes [35]. The alteration of hemodynamics or kidney oxidative stress is
considered a possible cause of podocyte detachment [31,35]. The elevation of renal and
urinary MDA and reduction of renal GSH found in this study may highlight a potential
involvement of oxidative stress in kidney structural changes.

Following a stroke, various changes and deterioration in function, structure, and
remote communications occur. Among the remote communications, the sympathetic ner-
vous system, hypothalamic pituitary axis, and renin–angiotensin–aldosterone system are
pivotal in regulating renal blood flow, free radical generation, inflammatory response, and
glomerular filtration [12,16,17,31]. Intrastriatal collagenase injection hemorrhagic stroke
rats showed an elevated circulating level of epinephrine, norepinephrine, corticosterone,
and Ang II. Therefore, prolonged elevation of stress hormones after stroke may lead to
kidney dysfunction observed in this study. The roles and importance of epinephrine,
norepinephrine, corticosterone and Ang II in hemorrhagic stroke-associated kidney dys-
function can be investigated by introducing pharmacological antagonists. However, their
involvements were not addressed in the current study. Collagenase has been implicated in
the deterioration of blood vessels and kidney glomerulus [36]. Despite the small dose and
intrastriatal injection, the remote effects of collagenase on kidney dysfunction could not be
totally excluded.

Usually, hemorrhagic stroke causes primary and secondary brain injury as well as
the above-mentioned remote organ dysfunction. The mass effect of hematoma is the main
cause of primary brain injury. In contrast, the extravasated blood components induce
a wave of inflammatory and oxidative change leading to BBB disruption, edema, neu-
ronal cell dysfunction/destruction, and other events of secondary brain injury. Agents
or strategies intervening in hematoma expansion, oxidative stress, inflammation, BBB
disruption, edema, apoptosis, or associated hemorrhagic stroke changes have promising
effects in the prevention and treatment of hemorrhagic stroke brain injury and compli-
cations [6–9,13,15,25–27,37]. Brain edema and increased intracranial pressure severely
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threaten the disease progression and outcome of stroke patients [14]. In rodent models,
short hypothermia was found to be effective at decreasing intracranial pressure after is-
chemic stroke [38]. Clinically, osmotic agents, such as mannitol and glycerol, are commonly
used to treat increased intracranial pressure. Reduction of brain water content, enhance-
ment of cerebrospinal fluid absorption, and increased cerebral blood flow are proposed
beneficial mechanisms of osmotic agents [2,18,20]. Mannitol and hypertonic saline further
reveal beneficial outcomes against hemorrhagic stroke brain injury and neuroinflamma-
tion [15]. The neurological deficit, hematoma formation, brain edema, BBB disruption,
apoptosis, oxidative stress, and inflammation were demonstrated in the ipsilateral stri-
atal tissues of ICH rats. A dose of intraperitoneal glycerol injection after stroke not only
protected the brain from hemorrhagic injury but also improved accompanying kidney
dysfunction. An NF-κB-dominant axis has been implicated in the expression and activation
of macrophages/microglia, neutrophils, an inflammatory cytokine, and MMP after hemor-
rhagic stroke [7,8,25,27]. Consistent with the findings, data of NF-κB DNA-binding activity,
p65 protein phosphorylation, CD68, MPO, and MMP-9 protein expression, and TNF-α and
IL-1β production demonstrated the occurrence of NF-κB axis in ICH rats and could be in-
tervened by glycerol. We further identified a concurrent change in BBB disruption, MMP-9
activation, and ZO-1 degradation in ICH rats, implying a contribution of the MMP-9/ZO-1
pathway in hemorrhagic stroke cerebrovascular permeability change. Although using
glycerol in treating brain edema remains controversial, the current rodent study provides
evidence demonstrating its beneficial effects again post-stroke brain injury and kidney
dysfunction. Despite the encouraging findings, there are some limitations in interpreting
experimental data. Clinically, stroke patients have been prescribed glycerol as an infusion
dose of 250 mL (10%) at intervals of 4–6 h [18,20]. Rats show no significant kidney injury
upon treatment with intraperitoneal hypertonic glycerol solution injection (10 mL/kg, 50%)
followed by 24 h water deprivation. However, there are signs of oxidative stress observed
in plasma and the kidney [23]. In this study, glycerol at a dose of 6 mL/kg (10%) was
administrated intraperitoneally 30 min after surgery. Therefore, further investigation is
needed to determine the optimal therapeutic regimen and to monitor the criteria for the
application of glycerol.

5. Conclusions

CKD has long been considered a risk factor for stroke, while AKI after stroke wors-
ens patient outcomes. Although the deteriorative correlation has yet to be determined,
the intrastriatal collagenase injection hemorrhagic stroke model in rats presented herein
demonstrated the occurrence of kidney dysfunction after stroke onset. Data from histologi-
cal, biochemical, and molecular studies identified the functional and structural integrity of
the glomerulus are targets vulnerable to post-stroke injury, and stress hormones could be
surrogates of remote communications. Although the osmotic agent glycerol held promising
effects in alleviating post-stroke brain injury and kidney dysfunction demonstrated by
this study, its specific targets of action and protective mechanisms had not been fully
investigated. Therefore, the clinical translation of current rodent model studies warrants
further investigation.
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Abstract: Accumulating evidence implicates the histone acetylation-based epigenetic mechanisms
in the pathoetiology of diabetes-associated micro-/macrovascular complications. Diabetic kidney
disease (DKD) is a progressive chronic inflammatory microvascular disorder ultimately leading to
glomerulosclerosis and kidney failure. We hypothesized that histone acetyltransferase p300/CBP
may be involved in mediating diabetes-accelerated renal damage. In this study, we aimed at investi-
gating the potential role of p300/CBP in the up-regulation of renal NADPH oxidase (Nox), reactive
oxygen species (ROS) production, inflammation, and fibrosis in diabetic mice. Diabetic C57BL/6J
mice were randomized to receive 10 mg/kg C646, a selective p300/CBP inhibitor, or its vehicle
for 4 weeks. We found that in the kidney of C646-treated diabetic mice, the level of H3K27ac, an
epigenetic mark of active gene expression, was significantly reduced. Pharmacological inhibition of
p300/CBP significantly down-regulated the diabetes-induced enhanced expression of Nox subtypes,
pro-inflammatory, and pro-fibrotic molecules in the kidney of mice, and the glomerular ROS overpro-
duction. Our study provides evidence that the activation of p300/CBP enhances ROS production,
potentially generated by up-regulated Nox, inflammation, and the production of extracellular matrix
proteins in the diabetic kidney. The data suggest that p300/CBP-pharmacological inhibitors may
be attractive tools to modulate diabetes-associated pathological processes to efficiently reduce the
burden of DKD.

Keywords: diabetes; nephropathy; epigenetics; histone acetylation; p300/CBP; NADPH oxidase;
oxidative stress

1. Introduction

Diabetic kidney disease (DKD), the major microvascular complication of both type I
and type II diabetes, is a complex multifactorial renal disorder having a detrimental impact
on the patient’s quality of life and life-span expectation [1–3]. Dysfunction of glomerular en-
dothelial cells and podocytes, thickening of the glomerular basement membrane, mesangial
cells hypertrophy and proliferation, progressive accumulation of mesangial extracellular
matrix (ECM) components, podocyte damage, and disruption of glomerular endothelium
fenestrations are the main structural alterations ultimately leading to glomerulosclerosis;
a pathological condition that is further responsible for increased intraglomerular capillary
pressure, hyperfiltration, and eventually kidney failure [4–6].

Regardless of major achievements in DKD therapeutics, the current pharmacological
strategies that include blood glucose, lipids, and blood pressure control can only delay the
progression of renal damage. Consequently, dialysis, and ultimately kidney transplanta-
tion, remain the main therapeutic options for kidney failure in end-stage DKD [7,8]. Thus,
the development of additional or supportive, glomerular cell-oriented pharmacological in-
terventions acting in conjunction with standard anti-hyperglycaemic and anti-hypertensive
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drugs may contribute to formulating novel treatment algorithms to efficiently reduce the
burden of DKD than is currently possible.

Hyperglycaemia, the main metabolic abnormality in diabetes, induces glomerular
structural-functional dysfunction via multiple mechanisms that broadly include the forma-
tion of advanced glycation end products (AGEs), overproduction of detrimental reactive
oxygen species (ROS), hemodynamic alterations, metabolic dysfunction, inflammation,
phenotypic changes of the glomerular cells, excess synthesis, and accumulation of ECM
components [7,9–11].

Studies on human diabetic kidney biopsies and experimental models of diabetes
provide reliable evidence that ROS overproduction, typically driven by the up-regulated
NADPH oxidase (Nox) family, are the major triggers of the proinflammatory and profibrotic
signalling pathways [12–18]. Noteworthy, hyperglycaemia-induced metabolic memory
via Nox-enhanced ROS production provides a possible explanation of the limitations
of the current glucose-lowering therapeutic strategies in diabetic patients [19]. Conse-
quently, Nox subtypes, and their upstream regulators, may become important candidates
as pharmacological targets in DKD.

Accumulating evidence demonstrates that the dysregulation of epigenetic mecha-
nisms, namely, DNA methylation, post-translational modifications of histones, and non-
coding RNA, plays a major role in the pathology of cardiovascular disorders (CVD), and
potentially in DKD [20–23]. Among other epigenetic modifiers, histone acetylation-based
mechanisms have emerged as attractive therapeutic targets in experimental CVD. Lysine-
specific acetylation of nucleosomal histones is tightly regulated by the coordinated activities
of two major enzymatic systems, namely, histone acetyltransferases (HAT) and histone
deacetylases (HDAC). Canonically, HAT-mediated histone acetylation induces chromatin
relaxation due to electric charge neutralization of the histone tails, a condition that enables
DNA-transcription factors interactions and activation of gene expression. Other than
histones, several HAT subtypes regulate the function of a range of transcription factors to
induce or repress the gene expression [24].

Abnormal expression levels of both HAT and HDAC subtypes and lysine-specific
histone acetylation patterns have been mechanistically implicated in an increasing num-
ber of human and experimental models of CVD. Histone acetyltransferase p300/CBP is
a ubiquitously expressed transcriptional co-activator and regulates the expression of genes
by several interconnected mechanisms comprising histone acetylation-induced chromatin
relaxation owing to the intrinsic HAT activity of p300, recruitment of RNA polymerase II,
and also serves as a scaffold protein to form active transcriptional complexes within gene
promoter and enhancer regions. Moreover, p300 directly regulates the function of several
transcription factors (e.g., NF-kB) to enhance the expression of the target genes [25–27].

Histone acetyltransferase p300/CBP is an important transcriptional co-activator reg-
ulating the expression of oxidative stress- and inflammation-related genes. Previously,
we have demonstrated a mechanistic connection among activated histone-acetylation
pathways and Nox-derived ROS overproduction in experimental models of diabetes and
atherosclerosis [28–30]. Yet, the role of p300/CBP in DKD remains elusive. Based on
the important functions of the dysregulated histone acetylation-related mechanisms in
vascular pathology, we hypothesized that in DKD, p300/CBP may act as an upstream
regulator of Nox expression, ROS production, inflammation, and fibrosis. We provide
here evidence that activation of p300/CBP mediates the up-regulation of Nox subtypes,
ROS overproduction, and increases the expression of proinflammatory molecules and
extracellular matrix proteins in the mouse diabetic kidney.

Our data propose p300/CBP-pharmacological inhibitors as attractive tools to modu-
late molecular and cellular processes mechanistically linked to the pathology of DKD.
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2. Materials and Methods

2.1. Materials

Unless specifically mentioned, standard chemicals and reagents were obtained from
Sigma-Aldrich (Darmstadt, Germany). C646 {4-[4-[[5-(4,5-Dimethyl-2-nitrophenyl)-2-
furanyl]methylene]-4,5-dihydro-3-methyl-5-oxo-1H-pyrazol-1-yl] benzoic acid}, a cell-
permeable, highly selective, reversible inhibitor of histone acetyltransferase p300/CBP
(purity ≥ 98%, high-performance liquid chromatography analysis) was obtained from
Sigma-Aldrich/Calbiochem (Darmstadt, Germany). Primary and secondary antibodies
were from Santa Cruz Biotechnology (Heidelberg, Germany), Thermo Fisher Scientific
(Vienna, Austria), Abcam (Cambridge, UK), and Diagenode (Seraing, Belgium). The pNF-
κB-Luc (#219078), pC/EBP-Luc (#240112), pGAS-Luc (#219091), and pISRE-Luc (#219089)
cis-reporter plasmids were purchased from Stratagene (La Jolla, San Diego, CA, USA). The
American Type Culture Collection (ATCC) (Manassas, VA, USA) derived human embryonic
kidney 293 (HEK293) cell line was used.

2.2. Procedure for Induction of Experimental Diabetes and Treatment Strategy in Mice

Male C57BL/6J (Stock No: 000664) mice obtained from The Jackson Laboratory were
used. The mice reproduced in our SPF animal facility, were exposed to 12-h of light/dark
cycles and had access to a standard rodent chow diet and water ad libitum. At 8 weeks
of age, the mice were intraperitoneally (i.p.) injected with 55 mg/kg streptozotocin (STZ),
for 5 successive days to induce experimental diabetes [9,31,32]. Age-matched C57BL/6J
mice injected with citrate buffer (pH 4.5) were employed as non-diabetic controls. The
installation of hyperglycaemia in the diabetic animal group was confirmed by measuring
the glucose level in the blood collected by tail puncture, one week after the last STZ injection.
The animals were further randomized into three experimental groups to receive (i.p.)
10 mg/kg C646 or its vehicle (5% DMSO + 95% PBS, pH 7.4), every other day for 4 weeks:
(i) non-diabetic mice + vehicle (n = 10/group), (ii) diabetic mice + vehicle (n = 10/group),
and (iii) diabetic mice + C646 (n = 10/group). The chosen dose and the procedure of
C646 administration to mice were in good agreement with previous reports [33,34]. At the
end of the treatment procedure, the animals were sacrificed and the blood was collected
by cardiac puncture. After perfusion of mice with calcium-containing PBS (pH 7.4), the
kidneys were surgically harvested. The animal studies were conducted in accordance
with the guidelines of EU Directive 2010/63/EU and the experimental protocols were
approved by the ethical committee of the Institute of Cellular Biology and Pathology
“Nicolae Simionescu” (#11/29.06.2016, #384/09.02.2018, #6/07.04.2021).

2.3. Quantitative Real-Time Polymerase Chain Reaction (Real Time-PCR) Assay

The kidneys were suspended in RNase inhibitor-containing lysis buffer (Sigma)
and subjected to glass bead-based (1.0 mm diameter) tissue homogenization (BioSpec,
Bartlesville, OK, USA). Total RNA was extracted from the tissue homogenates using
a column-based purification kit (Sigma). The synthesis of complementary DNA (cDNA)
was performed by reverse transcribing 0.5 μg of total RNA using the MMLV reverse tran-
scriptase enzyme (Thermo Fisher). The relative mRNA transcript levels corresponding to
specific Nox subtypes, inflammatory, and fibrotic markers were determined by amplifica-
tion of the cDNA employing a real-time PCR machine (LightCycler TM 480 II, Roche, Basel,
Switzerland) and quantified by the CT comparative method [35]. The β-actin mRNA ex-
pression level was used for internal normalization. The oligonucleotide primer sequences
are shown in Table S1 in the Supplementary Materials file.

2.4. Western Blot Assay

Kidneys derived from each animal were suspended in RIPA lysis buffer containing
a protease inhibitor cocktail (Sigma) and subjected to homogenization as indicated above.
Protein denaturation was performed in Laemmli electrophoresis sample buffer (Serva) at
95 ◦C for 20 min. Protein samples (30 μg/lane) were separated by SDS-PAGE and trans-
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ferred onto nitrocellulose membranes (Bio-Rad). The membranes were incubated for 12 h
(4 ◦C) with primary antibodies against H3K27ac (rabbit polyclonal, C15410174, dilution
1:1000), H3pan (mouse monoclonal, C15200011, dilution 1:1000), Nox1 (rabbit polyclonal,
ab131088, concentration 0.5 μg/mL), Nox2 (rabbit polyclonal, PA5-79118, concentration
0.5 μg/mL), Nox4 (rabbit polyclonal, sc-30141, 1:200), or β-actin (mouse monoclonal, sc-
47778, 1:500) followed by one-hour exposure (room temperature) to anti-rabbit IgG-HRP
(sc-2370, 1:2000) or anti-mouse IgG-HRP (sc-2031, dilution 1:2000) secondary antibodies.
Protein bands were detected by chemiluminescence imaging (ImageQuant LAS 4000 sys-
tem, Fujifilm, Tokyo, Japan). TotalLab TM (Newcastle upon Tyne, UK)-based densitometric
analysis of the protein levels was carried out using the expression level of β-actin protein
as internal normalization.

2.5. Histochemistry and Immunofluorescence Microscopy

After harvesting, the kidneys were fixed overnight at 4 ◦C in paraformaldehyde 4%
solution in phosphate buffer 0.1 M, pH 7.4, cryoprotected in 5%, 10%, 20%, and 50% glycerol
solutions in phosphate buffer 0.1 M, pH 7.4, and embedded in optimal cutting temperature
compound. Kidney cryosections (5 μm-thick) were mounted onto SuperFrost Plus TM

microscope slides (Thermo Scientific) and stained with hematoxylin-eosin solution or
subjected to fluorescence immunolabeling for Nox1 (rabbit polyclonal, ab131088, dilution
1:250), Nox2 (rabbit polyclonal, PA5-79118, dilution 1:250), Nox4 (rabbit polyclonal, sc-
30141, dilution 1:50), collagen IV (rabbit polyclonal, ab6586, dilution 1:80), fibronectin
(rabbit polyclonal, ab2413, dilution 1:250) or laminin (rabbit polyclonal, PA5-16287, dilution
1:250). As a secondary antibody, Alexa Fluor TM 594 goat anti-rabbit IgG (A11037, dilution
1:500) was used. In these experiments, 4′,6-diamidino-2-phenylindole (DAPI) stain was
used to detect the cell nuclei in the specimens. Sections were examined and photographed
with an inverted fluorescence microscope (Zeiss Axio Observer). Quantitative analysis of
the staining was carried out using ImageJ software (NIH Image, Bethesda, MD, USA).

2.6. Detection of ROS In Situ

The redox-sensitive probe, dihydroethidium (DHE)/hydroethidine, was used for in
situ detection of ROS on fresh-frozen 5 μm-thick kidney cryosections as previously de-
scribed [17]. Briefly, the sections were rinsed for 30 min in PBS (pH 7.4) at room temperature
(to remove the OCT) and then incubated with 5 μM DHE in PBS (pH 7.4) at 37 ◦C for 30 min
in a dark humidified chamber slide. After washing in PBS (pH 7.4) to remove the residual
DHE, the fluorescence images were taken with an inverted fluorescence microscope (Zeiss
Axio Observer). Quantitative analysis of the DHE staining was performed employing
ImageJ software (NIH Image, USA).

2.7. Luciferase Reporter Assay

HEK293 cells were employed as the luciferase expression system due to their high effi-
ciency of transfection. Twenty-four hours prior to transfection, HEK293 cells were seeded
at 1 × 105 cells/well into 12-well tissue culture plates. The Superfect TM reagent was used
for transient transfection of the cells in accordance with the manufacturer’s protocol (Qia-
gen). The enhancer element configuration and sequence of the cis-reporter plasmids were
as follows: pNF-κB-Luc [(NF-κB (5×), (TGGGGACTTTCCGC)5], pC/EBP-Luc [C/EBP
(3×), (ATTGCGCAAT)3], pGAS-Luc [GAS (4×), (AGTTTCATATTACTCTAAATC)4], and
pISRE-Luc [ISRE (5×), (TAGTTTCACTTTCCC)5]. The optimized plasmid concentrations
were: 0.9 μg/mL of cis-reporter plasmid and 0.1 μg/mL pSV-β-galactosidase expression
vector (Promega, Walldorf, Germany). The transcription factor/luciferase activity was
calculated from the ratio of firefly luciferase (luciferase assay system/Promega) to β-
galactosidase level (o-nitrophenyl-β-D-galactopyranoside-based β-galactosidase enzyme
assay/Promega).
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2.8. Statistical Analysis

Data obtained from at least three independent experiments were expressed as the
mean ± standard deviation. Statistical analysis was performed by two-tailed t-test and
one-way analysis of variance (ANOVA) followed by Tukey’s post hoc test; p < 0.05 was
considered statistically significant.

3. Results

3.1. In Diabetic Mice Long-Term Pharmacological Inhibition of p300/CBP Has No Effect on Plasma
Level of Glucose and Body Weight

STZ-induced diabetic C57BL/6J mice were employed as an experimental model to find
out whether p300/CBP has a role in the up-regulation of oxidative stress-, inflammation-,
and fibrosis-related gene or protein expression levels in the kidney. As schematically
depicted in Figure 1A, the animals (n = 30) were distributed into experimental groups to
receive either C646 pharmacological inhibitor or its vehicle for 4 weeks. We found that
after 4 weeks of diabetes, the plasma glucose level was significantly increased
(≈4-fold) and the bodyweight reduced (≈20%) in vehicle-treated diabetic mice as compared
with vehicle-treated non-diabetic control counterparts. As compared with vehicle-treated
diabetic animals, no significant changes in blood glucose levels and body weights were
detected following long-term pharmacological blockade of p300/CBP in diabetic mice
(Figure 1B,C).

Figure 1. (A) Schematic depiction of the experimental set-up to induce diabetes in C57BL/6J mice
and the duration of C646/vehicle administration to mice. (B,C) Plasma glucose levels and body
weights were assessed for each animal group at the end of the treatment procedure. n = 5–7,
*** p < 0.001. p-values were taken in relation to non-diabetic + vehicle condition.

3.2. Histone Acetyltransferase p300/CBP Mediates the Up-Regulation of H3K27ac Level in the
Diabetic Kidney

To investigate the impact of diabetic conditions on p300/CBP-induced histone acety-
lation in the kidney, we examined the relative level of H3K27ac, an important substrate of
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p300 biochemical activity and an epigenetic marker of active gene expression [29]. Western
blot analysis of the whole kidney protein extracts revealed a significant increase (≈1.5-fold)
in H3K27ac levels in the diabetic mice group as compared with non-diabetic animals.
Importantly, the diabetes-induced increase in the H3K27ac level was suppressed by 4-week
administration of C646 pharmacological inhibitor to diabetic mice. The relative expression
of the total H3 protein level in the kidney, analyzed in parallel experiments, remained
steady in all experimental groups (Figure 2).

Figure 2. Pharmacological inhibition of histone acetyltransferase p300/CBP suppresses the up-regulation of H3K27ac level
in the kidney of diabetic mice. n = 3–4, * p < 0.05, p-value taken in relation to non-diabetic + vehicle condition; ## p < 0.01,
p-value taken in relation to diabetic + vehicle condition. (A,B) Densitometric analysis of the Western blot data showing
the modulation of overall renal H3K27ac and H3 protein expression levels in each animal group. (C,D) Representative
immunoblots depicting the relative expression levels of H3K27ac and H3 in the whole kidney protein extracts.

3.3. Diabetes-Activated p300/CBP Signalling Pathways Mediate the Up-Regulation of Renal
Nox Expression

ROS overproduction driven by up-regulated Nox enzymes is acknowledged as the
main trigger of oxidative stress-induced renal injury in DKD [12]. To determine whether
p300/CBP is implicated in the regulation of the overall Nox expression, the gene and
protein expression levels of the Nox1, Nox2, and Nox4 subtypes, the catalytic subunits of
the Nox complex, were assessed in the whole kidney extracts. A significant increase
in the mRNA and protein levels of Nox1 (mRNA ≈ 3-fold; protein ≈ 2-fold), Nox2
(mRNA ≈ 2-fold; protein ≈ 2.7-fold), and Nox4 (mRNA ≈ 4-fold; protein ≈ 1.85-fold)
isoforms were determined in the kidney of diabetic mice after 4 weeks of hyperglycaemia.
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Long-term blockade of p300/CBP by C646 suppressed the up-regulation of Nox1, Nox2,
and Nox4 transcript levels in the diabetic kidney. Furthermore, the protein expression
levels of Nox1 and Nox4 subtypes, except the Nox2 isoform, were significantly diminished
in response to C646 administration to diabetic mice as compared to non-treated diabetic
animals (Figure 3).

Figure 3. Histone acetyltransferase p300/CBP mediates the up-regulation of Nox expression in the kidney of diabetic mice.
(A–C) Quantitative real-time PCR analysis indicating the suppressive effects of p300/CBP blockade on diabetes-induced
enhanced mRNA levels of Nox1, Nox2, and Nox4 subtypes. (D–F) Densitometric analysis of the Western blot data showing
the relative expression levels of Nox1, Nox2, and Nox4 proteins in each experimental condition. (G–I) Representative
immunoblots depicting the modulation of Nox proteins expression. n = 3–4, * p < 0.05, ** p < 0.01, *** p < 0.001, p-values
taken in relation to non-diabetic + vehicle condition; # p < 0.05, ## p < 0.01, p-values taken in relation to diabetic + vehicle condition.

Previous comprehensive studies provided compelling evidence that the up-regulation
of Nox enzymes is a key pathogenic mechanism associated with glomerulosclerosis [14,15].
Hitherto, the role of p300/CBP in the regulation of glomerular Nox expression in dia-
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betic conditions remains elusive. Thus, we further examined the relative expression of
Nox catalytic subunits in the glomeruli by immunofluorescence (IF) microscopy. Com-
pared to controls (non-diabetic animals), enhanced glomerular immunolabeling of Nox1
(≈1.65-fold), Nox2 (≈1.9-fold), and Nox4 (≈1.95-fold) proteins was detected in diabetic
mice. Blockade of p300/CBP resulted in a significant decrease in Nox1, Nox2, and Nox4
protein levels in the renal glomeruli of diabetic mice. Noteworthy, there was an apparent
increase in Nox4 immunodetection, suggesting that the Nox4 subtype, rather than Nox1
and Nox2, is abundant in the glomeruli. These data are consistent and extend a previous
study demonstrating that Nox4-containing Nox, rather than Nox1 or Nox2, is a major
source of ROS in the glomeruli and contributes to oxidative stress-induced renal damage
in experimental diabetes [15]. However, the superior antibody-recognition performance
of Nox4 protein as well as the accessibility of the antibody to its specific epitopes in IF
microscopy assays should be considered (Figure 4).

Figure 4. Pharmacological inhibition of histone acetyltransferase p300/CBP by C646 mitigates the glomerular expres-
sion of Nox subtypes in diabetic mice. (A,C,E) Quantification of fluorescence immunolabeling for glomerular Nox1,
Nox2, and Nox4 subtypes. (B,D,F) Representative IF microscopy images taken at 40× magnification depicting the
immunofluorescence staining (red) for Nox subtypes. Sections were counterstained with DAPI (blue) stain to de-
tect the cell nuclei in the specimens. Note that the up-regulation of glomerular Nox1, Nox2, and Nox4 protein lev-
els in diabetic mice is blunted following C646 treatment. n = 14–19/condition quantified glomeruli, *** p < 0.001,
p-values taken in relation to non-diabetic + vehicle condition; ### p < 0.001, p-values taken in relation to diabetic
+ vehicle condition.

To further examine the possible association of Nox upregulation with ROS overproduc-
tion, the glomerular formation of ROS was assessed by in situ labelling employing the DHE
redox-sensitive probe. The results showed that pharmacological blockade of p300/CBP
significantly reduced the glomerular ROS production in diabetic mice as compared with
vehicle-treated diabetic mice (Figure 5).
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Figure 5. Histone acetyltransferase p300/CBP-dependent induction of in situ glomerular production of ROS in diabetic
mice. (A) Quantification of glomerular intensity of ROS-induced DHE specific fluorescence signal. (B) Representative
fluorescence microscopy images (40× magnification) depicting the down-regulatory effects of p300/CBP pharmacological
blockade on glomerular ROS formation. n = 17–21/condition quantified glomeruli, *** p < 0.001, p-values taken in relation
to non-diabetic + vehicle condition; ### p < 0.001, p-values taken in relation to diabetic + vehicle condition.

3.4. Pharmacological Inhibition of p300/CBP Suppresses the Diabetes-Induced Enhanced
Expression of Pro-Inflammatory and Pro-Fibrotic Molecules in the Kidney

Multiple pathogenic mechanisms, including Nox-activated redox-sensitive signalling
pathways, leading to augmented expression of pro-inflammatory and pro-fibrotic medi-
ators, have been shown to promote and accelerate renal injury in DKD [16–18]. Thus,
our next query was to uncover the function of histone acetyltransferase p300/CBP as
a co-transcriptional regulator of both inflammation- and fibrosis-related genes in the
diabetic kidney. To this purpose, we examined the mRNA levels of selective molecules
mediating glomerular monocyte/macrophage infiltration and inflammation, as well as ECM
components whose enhanced accumulation contributes to glomerulosclerosis in diabetes.

Compared to controls (non-diabetic animals), whole kidney gene expression anal-
ysis demonstrated a significant increase in mRNA levels of pro-inflammatory media-
tors. These are: monocyte chemotactic protein 1/MCP-1 (≈45-fold), tumour necrosis
factor α/TNFα (≈12-fold), nitric oxide synthase 2/NOS2 (≈8-fold), intercellular adhe-
sion molecule 1/ICAM-1 (≈4-fold), vascular cell adhesion molecule 1/VCAM-1 (≈8-fold),
E-selectin (≈12-fold). In addition, significant augmented mRNA levels of pro-fibrotic
mediators [collagen IV (≈4-fold), fibronectin (≈6-fold), and laminin (≈8-fold)] was de-
tected. Interestingly, the latter diabetes-induced up-regulatory gene expression effects were
significantly diminished in C646-treated diabetic mice (Figure 6).

3.5. Pharmacological Inhibition of p300/CBP Attenuates the Activity of NF-kB and STAT
Transcription Factors

Reportedly, p300 plays a key role in regulating the expression of pro-inflammatory
molecules by modulating the function of the NF-kB transcription factor [36,37]. Hence, we
questioned the involvement of other transcription factors known to regulate both Nox sub-
types and selective diabetes-relevant pro-inflammatory and pro-fibrotic molecules [38–43].
To this purpose, we analyzed the role of p300/CBP in mediating C/EBP and STAT tran-
scription factor activities employing transient transfection of HEK293 reporter cells, with
pNF-κB-Luc, pC/EBP-Luc, pGAS-Luc, and pISRE-Luc cis-reporter plasmids containing
highly conserved NF-kB, C/EBP, GAS, or ISRE cis-acting elements. Twenty-four hours after
transfection, the cells were exposed for an additional 24 h to 5 μM C646, vehicle (DMSO), or
culture medium alone and then subjected to luciferase level detection as described above.
The pharmacological blockade of p300/CBP resulted in a significant down-regulation of
luciferase level directed by NF-kB, GAS or ISRE elements, except C/EBP. Interestingly,
the blockade of p300/CBP virtually abolished the luciferase level directed by GAS ele-
ments, the typically bind STAT1/STAT3 heterodimer as compared with ISRE elements
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that characteristically mediate the transcriptional response of STAT1/STAT2 complex
(Figure 7).

3.6. Activation of p300/CBP-Related Signalling Pathways Mediates Diabetes-Induced Glomerular
Hypertrophy and Accumulation of Extracellular Matrix Proteins

Glomerular hypertrophy typically induced by mesangial cell hypertrophy and prolif-
eration, and accumulation of the ECM proteins is the main structural feature associated
with the pathology of DKD. Morphometric analysis of the kidney specimens demonstrated
that blockade of p300/CBP significantly reduces diabetes-induced (≈1.7-fold) glomerular
hypertrophy (Figure 8).

Considering the aforementioned findings highlighting that pharmacological blockade
of p300/CBP prevents the up-regulation of collagen IV, fibronectin, and laminin transcript
levels in the kidney of diabetic mice, we next examined the effect of p300/CBP blockade on
the glomerular protein levels. As revealed by IF microscopy, in the diabetic kidney, a signif-
icant increase in the glomerular collagen IV/COL4A (≈2-fold), fibronectin/FN (≈1.5-fold),
and laminin/LM (≈2.5-fold) was detected. The level of ECM proteins, namely, collagen IV,
fibronectin, and laminin was significantly lower in the glomeruli of C646-treated diabetic
mice as compared with vehicle-injected diabetic animals (Figure 9). Altogether, these
data point to p300/CBP as an important component of a complex transcriptional hub
that integrates and transduces signals of diabetic factors to induce renal structural and
functional alterations in DKD.

Figure 6. Quantitative real-time PCR analysis indicating the down-regulatory effects of C646-induced p300/CBP inhibition
on diabetes-induced augmented mRNA levels of (A) MCP-1, (B) TNFα, (C) NOS2, (D) ICAM-1, (E) VCAM-1, (F) E-selectin,
(G) collagen IV/COL4A, (H) fibronectin/FN, and (I) laminin/LM. n = 3–4, *** p < 0.001, p-values taken in relation to
vehicle-treated non-diabetic mice condition; ## p < 0.01, ### p < 0.001, p-values taken in relation to vehicle-treated diabetic
mice condition.
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Figure 7. P300/CBP-dependent regulation of the luciferase level directed by the activation of (A) NF-kB, (B) C/EBP,
(C) GAS, and (D) ISRE enhancer elements in HEK293 cells transfected with the corresponding transcription factor cis-
reporter plasmids. n = 3–6, ** p < 0.01, *** p < 0.001, p-values taken in relation to vehicle (DMSO)-treated cells condition.

Figure 8. Long-term administration of C646 pharmacological inhibitor of p300/CBP prevents glomerular hypertrophy in
diabetic mice. (A) Quantification of the relative glomerular area in each experimental animal group. (B) Representative
hematoxylin-eosin phase-contrast microscopy images taken at 40× magnification depicting the staining of glomeruli. Note
that C646 treatment of diabetic mice reduced significantly the relative glomerular hypertrophy to the level of control
non-diabetic mice. n = 23/condition quantified glomeruli, *** p < 0.001, p-values taken in relation to non-diabetic + vehicle
condition; ## p < 0.01, p-values taken in relation to diabetic + vehicle condition.
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Figure 9. Blockade of histone acetyltransferase p300/CBP reduces the glomerular expression of extracellular matrix proteins
collagen IV, fibronectin, and laminin in diabetic mice. (A,C,E) Quantification of fluorescence immunolabeling for glomerular
collagen IV/COL4A, fibronectin/FN, and laminin/LM. (B,D,F) Representative immunofluorescence (IF) microscopy images
taken at 40× magnification depicting the IF staining (red) for COL4A, FN, and LM. Sections were counterstained with
the DAPI stain (blue) to detect the cell nuclei in the specimens. n = 18–23/condition quantified glomeruli, *** p < 0.001,
p-values taken in relation to non-diabetic + vehicle condition; # p < 0.05, ### p < 0.001, p-values taken in relation to diabetic
+ vehicle condition.

4. Discussion

The importance of the complex functional networking among oxidative stress, inflam-
mation, and fibrosis in diabetes-induced renal disorders cannot be overemphasized. Over
the past two decades, multiple molecular triggers and signalling pathways of glomeru-
lar capillary dysfunction contributing to kidney failure have been determined [1–3]. Yet,
despite the significant advances in clinical and experimental research in diabetes and its
complications, the diagnosis and effective treatment of DKD remains challenging [4–8].
Noteworthy, due to the metabolic memory in diabetes (an emergent and rapidly evolving
epigenetic-related mechanistic concept) and in spite of the therapeutic control of hyper-
glycaemia, diabetes pathological long-lasting effects persist and continue to promote
systemic cellular detrimental effects [44–47]. Consequently, in order to efficiently counter-
act/attenuate the diabetes-accelerated renal failure, other intrinsic glomerular cell-specific
signalling pathways should be considered for drug targeting.

Emerging evidence demonstrates that the diabetes-associated histone acetylation-
based epigenetic alterations induce specific transcriptomic instructions in the aorta of
mice that regulate important pathological aspects of diabetes-related vascular disorders,
including inflammation and oxidative stress [30]. To further uncover potential culprit
epigenetic-based pathways underlying renal damage in DKD, we design experiments to
find out whether the transcriptional co-activator p300/CBP is mechanistically implicated
in the process of oxidative stress, inflammation, and fibrosis in the kidney of diabetic mice.
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The novel findings generated by this study on the diabetic kidney disease are:
(i) pharmacological inhibition of p300/CBP reduces the level of H3K27ac, an epigenetic
mark of active gene expression; (ii) histone acetyltransferase p300/CBP mediates the
diabetes-induced mRNA and protein level of Nox subtypes; (iii) blockade of p300/CBP
suppresses diabetes-induced glomerular ROS production in situ; (iv) pharmacological inhi-
bition of p300/CBP reduces the transcript levels of pro-inflammatory (MCP-1, TNFα, NOS2,
ICAM-1, VCAM-1, E-selectin) and pro-fibrotic molecules (collagen IV, fibronectin, laminin);
(v) blockade of p300/CBP reduces the activity of NF-kB and STAT pro-inflammatory tran-
scription factors in vitro; (vi) diabetes-activated p300/CBP-related signalling pathways
induce glomerular hypertrophy and an enhanced level of ECM proteins, key pathological
features of mesangial expansion leading to kidney failure in diabetes.

Previous comprehensive studies demonstrated that renal Nox subtypes are up-
regulated in the human and STZ-induced diabetic mice, a clinically relevant experimen-
tal model of DKD and that pharmacological targeting or genetic manipulation of the
expression of different Nox subtypes reduces oxidative stress-mediated renal injury in
diabetes [15,16]. Yet, other than direct targeting of individual Nox subtype function,
reducing the up-regulated Nox expression and the ensuing oxidative stress as well as
down-regulating the expression of proinflammatory and profibrotic molecules by selec-
tive pharmacological targeting of common up-stream regulators may represent attractive
therapeutic strategies in reducing the burden of DKD.

Pharmacological blockade of p300/CBP co-transcriptional activator emerged as
a potential way to intervene in several human malignancies [34,48]; however, its pos-
sible role in DKD is yet to be determined. Evidence indicates that in addition to his-
tone acetylation-induced chromatin relaxation, p300 activates the function of the NF-kB
proinflammatory transcription factor, and consequently may induce the expression of a
large number of genes potentially contributing to multiple pathological aspects of CVD
such as inflammation and Nox-derived excessive production of ROS [29,37]. Thus, com-
plex co-operative mechanisms involving epigenetic changes in chromatin conformation
and lysine-acetylation of transcription factors are likely to be involved in p300-mediated
gene transcription.

Our experiments were intended to uncover new mechanisms responsible for the
diabetes-induced renal disease such as the role of p300/CBP in mediating renal oxida-
tive stress, inflammation, and fibrosis. To this purpose, we employed C646, a reversible,
cell-permeable pyrazolone-based inhibitor that competes with acetyl-CoA for the histone
acetyltransferase p300/CBP-containing Lys-CoA binding pocket. In addition, in accor-
dance with the manufacturer’s specifications (Calbiochem), C646 exhibits high selectivity
for p300/CBP activity and less inhibitory effects against other HAT subtypes including
aralkylamine N-acetyltransferase, p300/CBP-associated factor (PCAF), GCN5, Rtt109, Sas,
and MOZ histone acetyltransferases.

Apart from beneficial effects demonstrated in different experimental models of can-
cer [49], it has been increasingly shown that pharmacological targeting of the up-regulated
p300/CBP activity with C646 inhibitor represents a promising way to intervene in the
progression of metabolic and cardiovascular disorders. Reportedly, C646 reduced skeletal
muscle atrophy in db/db mice, an experimental model of type 2 diabetes [50]. In addition,
C646-mediated blockade of p300 improved coronary flow in an experimental model of
heart failure [33] and reduced cardiac fibrosis in hypertensive mice [51].

Considering the fact that the level of H3K27ac was found significantly elevated in
diabetic kidneys, indicative of p300/CBP overactivity, the diabetic mice were subjected to
C646 treatment in order to attenuate the p300/CBP-induced renal epigenomic alterations
and transcription factor activation potentially contributing to up-regulation of pro-oxidant,
pro-inflammatory, and profibrotic genes in response to diabetic insults. Noteworthy, whole-
kidney analysis revealed that C646-induced pharmacological inhibition of p300/CBP
suppresses the up-regulation of global histone acetylation level, namely, H3K27ac, an
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epigenetic mark of active gene expression, indicating the implication of p300/CBP in
mediating these effects.

Previously, we reported that under pro-inflammatory conditions, p300/CBP medi-
ates the up-regulation of Nox1, Nox2, Nox4, and Nox5 expression in cultured human
macrophages [29]. In addition, we demonstrated that the p300 protein physically interacts
with Nox1-5 gene promoters at the sites of active transcription and that a high concentra-
tion of glucose induces H3K27ac enrichment at the level of Nox1, Nox4, and Nox5 gene
promoters correlated with the up-regulation of both mRNA and protein levels in cultured
human aortic smooth muscle cells [30]. Considering the fact that p300/CBP mediates
the induction of Nox expression in response to pro-inflammatory or diabetic factors, we
hypothesized that p300/CBP could become an additional therapeutic target in DKD to
attenuate oxidative stress-induced kidney damage.

Whole renal tissue gene and protein expression analysis revealed that p300/CBP-
activated signalling pathways contribute to the overall up-regulation of Nox1, Nox2,
and Nox4 mRNA expression and protein levels in the diabetic kidney. Consistent with
these findings, pharmacological blockade of p300/CBP suppressed the diabetes-induced
glomerular ROS production in situ. Regarding the functional significance of Nox subtypes
up-regulation, in a previous comprehensive study, it was demonstrated that the induction
of Nox4 rather than Nox1 or Nox2 is implicated in ROS overproduction and oxidative
stress-induced kidney failure [15]. Our data are in good agreement and extend this study,
and further demonstrate that Nox4, rather than Nox1 and Nox2 subtypes is abundantly
expressed in the mouse glomeruli. Yet, as revealed by several in vitro and in vivo studies,
the expression of all Nox subtypes and the ensuing ROS overproduction are induced
in various cell types in the kidney (i.e., endothelial cells, mesangial cells, podocytes) in
response to diabetic conditions by molecular mechanisms that broadly implicate the acti-
vation of pro-inflammatory signalling pathways [52–56]. Consistent with this evidence,
it was recently demonstrated that ROS overproduction driven by both Nox1 and Nox2
contribute to oxidative stress and kidney injury in diabetic mice [18]. Collectively, the data
of our study suggest that the activation of p300/CBP in response to diabetic conditions
induces oxidative stress in the kidney via multiple, Nox subtype-dependent, excessive
production of ROS. Moreover, pharmacological blockade of p300/CBP significantly re-
duced the diabetes-associated inflammatory response in the kidney, as demonstrated by the
knock-down effects on MCP-1, TNFα, NOS2, ICAM-1, VCAM-1, and E-selectin transcript
levels. We also found that in addition to NF-kB, the function of STAT pro-inflammatory
transcription factors is reduced in response to p300/CBP inhibition. Noteworthy, NF-kB
and STAT are important transcriptional regulators of Nox expression, a condition that
may partially explain the down-regulatory effects of p300/CBP pharmacological blockade
on Nox1, Nox2, and Nox4 gene expression and protein levels in the diabetic mice kid-
ney [42,43]. This evidence further supports and expands the potential role of p300/CBP as
a key modulator of both oxidative stress- and inflammation-related gene expression levels
in DKD.

Glomerular hypertrophy generally caused by mesangial cell proliferation and accumu-
lation of ECM proteins is a reliable index of mesangial expansion and subsequent glomeru-
losclerosis, the main structural abnormality inducing kidney failure in
diabetes [1–3]. Evidence exists that ROS overproduction, typically generated by activated
Nox, and excess production of inflammatory mediators are involved in the mesangial cell
phenotypic alterations and increased synthesis of matrix proteins [14]. We provide evidence
that in the diabetic kidney, glomeruli enlargement correlates with increased expression
of collagen IV, fibronectin, and laminin at both mRNA and protein levels. Importantly,
pharmacological inhibition of p300/CBP significantly reduced the diabetes-associated
glomerular enlargement and the expression of profibrotic markers of mesangial expansion.
Our data are in good agreement and extend a previous study demonstrating that p300/CBP
mediates the function of TGFβ1, an important profibrotic factor in mesangial cells [57].
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There is evidence that HDAC-dependent epigenetic mechanisms are functionally
involved in multiple pathological aspects linked to DKD. It was demonstrated that pharma-
cological inhibition of HDAC attenuates renal oxidative stress, inflammation, and fibrosis,
and improves kidney function in experimental diabetes [58–63]. In line with these stud-
ies, we have previously reported that HDAC-related signalling pathways mediate the
up-regulation of vascular Nox expression and markers of oxidative stress both in vitro
and in vivo experimental models of diabetes [30]. Interestingly, the pan-HDAC inhibitor
trichostatin A activates the ubiquitin-proteasome pathway to induce p300 protein degrada-
tion, thus preventing the formation of transcriptional activation complexes [64]. In sum,
these findings could explain the occurrence of similar pharmacological effects driven by
HAT or HDAC inhibitors; considering the fact that these enzymatic systems have opposite
biochemical functions.

5. Conclusions

In conclusion, we provide here evidence that, in the diabetic kidney, the activation of
histone acetyltransferase p300/CBP enhances ROS production (most probable generated by
the up-regulated Nox), inflammation, and the production of extracellular matrix proteins.
Based on the fact that p300/CBP is an important co-transcriptional activator regulating
the expression of a wide range of pro-oxidant, pro-inflammatory, and pro-fibrotic genes,
we postulate that pharmacological targeting of p300/CBP could become a promising
supportive therapeutic option in DKD. Further preclinical and clinical studies should
address the relevance of p300/CBP in the pathophysiological context of human DKD in
order to translate these findings to human pathology.
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Abstract: The p47phox is a key regulatory subunit of Nox2-containing NADPH oxidase (Nox2) that by
generating reactive oxygen species (ROS) plays an important role in Angiotensin II (AngII)-induced
cardiac hypertrophy and heart failure. However, the signalling pathways of p47phox in the heart
remains unclear. In this study, we used wild-type (WT) and p47phox knockout (KO) mice (C57BL/6,
male, 7-month-old, n = 9) to investigate p47phox-dependent oxidant-signalling in AngII infusion
(0.8 mg/kg/day, 14 days)-induced cardiac hypertrophy and cardiomyocyte apoptosis. AngII infusion
resulted in remarkable high blood pressure and cardiac hypertrophy in WT mice. However, these
AngII-induced pathological changes were significantly reduced in p47phox KO mice. In WT hearts,
AngII infusion increased significantly the levels of superoxide production, the expressions of Nox
subunits, the expression of PKCα and C-Src and the activation of ASK1 (apoptosis signal-regulating
kinase 1), MKK3/6, ERK1/2, p38 MAPK and JNK signalling pathways together with an elevated
expression of apoptotic markers, i.e., γH2AX and p53 in the cardiomyocytes. However, in the
absence of p47phox, although PKCα expression was increased in the hearts after AngII infusion,
there was no significant activation of ASK1, MKK3/6 and MAPKs signalling pathways and no
increase in apoptosis biomarker expression in cardiomyocytes. In conclusion, p47phox-dependent
redox-signalling through ASK1, MKK3/6 and MAPKs plays a crucial role in AngII-induced cardiac
hypertrophy and cardiomyocyte apoptosis.

Keywords: redox-signalling; p47phox; knockout mice; Angiotensin II; cardiac hypertrophy; apoptosis

1. Introduction

Nicotinamide adenine dinucleotide phosphate oxidase (NADPH oxidase, or Nox)
is a membrane-bound enzyme that by generating reactive oxygen species (ROS) plays
important role in the regulation of cellular function. So far, seven isoforms of the catalytic
component of Nox have been identified namely Nox1–5, and durox 1–2 [1]. Angiotensin II
is a vasoconstricting peptide (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe) of the renin-angiotensin-
aldosterone system involved in the regulation of blood pressure and other aspects of organ
functions [2]. Oxidative stress and inflammation due to the activation of a Nox2-contaninig
NADPH oxidase (Nox2) has been found to play an essential role in mediating AngII-
induced cardiac hypertrophy and failure [1–5]. Nox2 is a multi-subunit enzyme consisting
of two membrane-bound subunits, p22phox and Nox2 (also named gp91phox), and four
cytosolic regulatory subunits, i.e., p40phox, p47phox, p67phox and rac1. The p47phox is a
key regulatory subunit of Nox2 enzyme [2,6,7]. The phosphorylation of p47phox initiates
the process of coordination and association of regulatory subunits with membrane-bound
p22phox/Nox2 complex, and the subsequent O2

•− production [2,6].
In the mammalian heart, the p47phox is expressed in the myocardium, epicardium

and coronary vessels [1]. In cardiomyocytes p47phox had been reported to co-localise with
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F-actin and cortactin in order to facilitate the translocation of the cytosolic regulatory
subunits to the p22phox/Nox2 complex [8,9]. Under pathological conditions, p47phox

was suggested to link oxidative stress with the hypertrophic growth of cardiomyocytes
through the activation of mitogen-activated protein kinases (MAPKs), i.e., extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 mitogen-activated
protein kinase (p38MAPK) [10,11]. In response to oxidative stress, the redox-sensitive
MAPK kinase (MKK) to MAPKs signalling pathways are activated, which in turn promote
the activities of pro-apoptotic signalling molecules such as p53, γH2AX and apoptosis
signal-regulating kinase 1 (ASK1) leading to cardiac damage [12–14]. Genetic ablation of
p47phox attenuated AngII-induced abdominal aortic aneurysm formation in apolipoprotein
E-deficient mice [15], and reduced the level of cardiac hypertrophy after experimental
myocardial infarction [16].

Despite the importance of p47phox as a key regulator of Nox2-derived ROS production
in the heart, its signalling pathways and functional complexity in AngII-induced cardiac
hypertrophy and cardiomyocyte damage remained unclear. There was insufficient informa-
tion about the upstream and downstream signalling pathways of p47phox in the hearts. In
the current study, we investigated the role of p47phox and its oxidant-signalling pathways
in the hearts using a murine model of AngII-infusion-induced cardiac hypertrophy and
cardiomyocyte apoptosis in WT and p47phox KO mice. The complex role of p47phox in the
myocardium was investigated by examining AngII-induced cardiac oxidative stress, the
expressions of Nox subunits, the expression of PKCα and C-Src (both were involved in
p47phox phosphorylation). We also examined the levels of AngII-induced p47phox phospho-
rylation, the activation of redox-sensitive ASK1, MKK3/6 and MAPKs and the expression
of pro-apoptotic markers, i.e., γH2AX and p53 in the cardiomyocytes. Our results sug-
gested that p47phox oxidant-signalling through ASK1, MKK3/6 and MAPKs played a vital
role in mediating cardiac hypertrophic response and the expression of apoptotic markers
in cardiomyocytes in response to AngII challenge. Knockout of p47phox inhibited the
activation of these stress signalling pathways and protected hearts from AngII-induced
oxidative damages.

2. Materials and Methods

2.1. Chemicals and Reagents

AngII was purchased from Sigma-Aldrich (Amersham, UK); NADPH was purchased
from Fisher Scientific (Loughborough, UK); dihydroethidium (DHE) was purchased
from Invitrogen (Loughborough, UK); FITC-labelled wheat germ agglutinin (WGA, Cat-
alogue No. L-4895) was from Sigma-Aldrich. Primary antibodies to p47phox, p22phox,
Nox1, Nox2, Nox4, p38-MAPK, ERK1/2, phos-JNK (Thr183/Tyr185) and total JNK, phos-
Akt (Ser473) and total Akt were purchased from Santa Cruz Biotechnology (Dallas, TX,
USA); antibodies to β-actin, phos-MKK3(Ser189)/6(Ser207) and phos-ASK1 (Thr845), to-
tal MKK3/6, γH2AX (Ser139/Tyr142) were purchased from Cell Signalling Technology
(London, UK); Antibodies to phos-p47phox (Ser359), phos-p38-MAPK (Thr180/Tyr182) and
phos-ERK1/2 (Thr202/Tyr204) were purchased from Sigma-Aldrich. Nox2-ds-tat (Nox2tat,
[H]-RKKRRQRRRCSTRVRRQL-[NH2]) were provided by PeptideSynthetics (PPR Ltd.,
Fareham, UK). Other reagents, chemicals and antibodies, unless specified, were purchased
from Sigma-Aldrich.

2.2. Animals

All studies were performed following protocols approved by the Ethics Committees
of the Surrey and Reading Universities and the Home Office under the Animals (Scientific
Procedures) Act 1986 UK. The p47phox KO mice on a 129sv background were initially
obtained from the European mouse mutant archive, and backcrossed to C57BL/6 for ten
generations at the animal units in the University of Surrey [17]. Littermates of wild-type
and p47phox KO mice at the age of 7-months were randomly grouped into control and
AngII groups (n = 9 per group). The dose of AngII (0.8 mg/kg/day) was chosen based on
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the literature and our own pilot experiments to produce significant cardiac hypertrophy
effectively. AngII was delivered to mice through osmotic minipumps (ALZET osmotic
pumps, DURECT Corporation, Cupertino, CA, USA) for 14 days. The control group was
infused with saline. Systolic and diastolic blood pressure (BP) were measured using a
computerised tail-cuff system (CODA, Kent Scientific, Torrington, CT, USA) on conscious
mice following one week of training with the instrument [18]. Mice were used at the end
of two weeks of AngII infusion. Bodyweight and heart weight were measured, and the
tissues were harvested and stored in −80 ◦C freezer for experimental use.

2.3. Measurement of Cross-Sectional Cardiomyocyte Sizes

Left ventricular cryosections (8 μm) were prepared and fixed in freshly prepared 1%
formaldehyde phosphate-buffered solution. Cardiomyocytes in the cardiac sections were
outlined by FITC-conjugated wheat germ agglutinin (WGA) that binds to glycoproteins of
the cell membrane, and is routinely used for the staining of cardiac sarcolemma to deter-
mine cross sectional area or myocyte density [19]. Staining was visualised under the A1R
confocal microscope (Nikon, Chiyoda, Japan) (20–40× magnification, 1024 × 1024 pixels)).
Cross-sectional cardiomyocyte sizes were measured according to the method published
previously [19,20] using software of ImageJ 1.50i (NIH, Bethesda, MD, USA). For statistical
analyses, cardiomyocyte sizes were obtained from at least three microscopic areas per
section, three cross sections per heart and nine mice per group.

2.4. Measurement of ROS Production

ROS production was measured using the homogenates of left ventricular tissues. The
homogenates were used immediately for the ROS measurement as described previously
using three independent methods [4]. Lucigenin (5 μM)-chemiluminescence was used for
measuring real-time NADPH-dependent O2

•− production in heart homogenates detected
using a 96-well microplate luminometer (Molecular Devices, Wokingham, UK). Catalase
(300 U/mL)-inhibitable amplex red (6.25 μM) assay was used for measuring the H2O2 pro-
duction in heart homogenates detected using FluoStar OPTIMA (BMG LabTech, Aylesbury,
UK). DHE (2 μM)-fluorescence was used to measure in situ ROS production by cardiac
sections, and images were captured using Nikon Eclipse Ti2-E inverted microscope and
the DHE fluorescence intensities were quantified. The specificity of the lucigenin and DHE
assays for the detection of O2

•− was confirmed by using tiron (10 mM), a non-enzymatic
O2

•− scavenger, and superoxide dismutase (SOD) (200 U/mL). The enzymatic sources
of O2

•− production were investigated using different enzyme inhibitors, i.e., L-NAME
(N-nitroarginine methyl ester, 100 μM, nitric oxide synthase inhibitor), rotenone (100 μM,
mitochondrial complex-1 enzyme inhibitor), diphenyleneiodonium (DPI) (20 μM, flavo-
protein inhibitor), oxypurinol (100 μM, xanthine oxidase inhibitor) and Nox2tat (a specific
peptide Nox2 inhibitor, 10 μM) [21]. Individual inhibitor was added into the wells loaded
with homogenates and incubated for 10 min at room temperature before the measurement
of ROS production.

2.5. Immunoblotting

Immunoblotting was performed exactly as described previously [4,18] using the left
ventricular tissue homogenates. β-actin detected in the same sample was used as a loading
control. For the quantification of phosphorylation of MAPKs, the total levels of the same
protein in the same sample were pre-tested and justified for equal loading and used
as loading controls for the quantification of phosphorylated proteins. The results were
captured by BioSpectrum AC imaging system (UVP, Upland, CA, USA). The optical density
of the bands was quantified and normalised to the relevant loading controls.

2.6. Immunofluorescence Microscopy

These experiments were performed as described previously [18]. The left ventricular
tissue cryosections (8 μm) were fixed with 1:1 methanol: acetone solution for 10 min at
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−20 degree. All buffers and reagents were freshly prepared and kept on ice before use.
Sections were then blocked using 2% bovine albumin serum (BSA) in PBS with 0.1% Triton
X-100. BSA (2%) was used in the place of primary antibodies as a negative control. Primary
antibodies were used at 1:100 dilutions in 0.2% BSA/PBS. Biotin-conjugated secondary
antibodies were used at 1:1000 dilution in 0.2% BSA/PBS and detected using streptavidin-
FITC or streptavidin-Cy3. Images were captured by Nikon A1R confocal microscope, and
the fluorescent intensities (Fluo-intensity) were quantified. For statistical analysis, at least
five random fields per section with three sections per heart were used per animal and nine
animals were used per group. The control background fluorescence captured from sections
without primary antibody was deducted and the results were expressed as Fluo-intensity.

2.7. Statistics

The Statistical analysis was performed using GraphPad Prism 7.0. Two-way ANOVA
plus Tukey’s multiple comparison test were used for multiple-group significance testing
and for testing repeated measures of blood pressure. One-way ANOVA followed by a
Bonferroni post-hoc test was employed for other data analyses where it was appropriate.
p ≤ 0.05 was denoted as statistically significant. Nine mice per group were used for statisti-
cal analysis. Results were presented as mean ± SD unless specified in the figure legends.

3. Results

3.1. Knockout p47phox Attenuated AngII Infusion-Induced High Blood Pressure and
Cardiac Hypertrophy

The mice used in this study were middle-aged (7-months) which were more suscepti-
ble to AngII-induced cardiovascular damages than mice at younger ages. At day 0 (before
AngII challenge), there was no significant difference in BP between WT and p47phox KO
mice. AngII infusion (14 days) of WT mice markedly increased the systolic BP to an average
of 180.3 ± 7.5 mmHg and the diastolic BP to an average of 142.6 ± 10.8 mmHg as compared
to saline-infused controls (Figure 1A,B). However, in the absence of p47phox, AngII infusion
only caused mild but significant increases in the systolic BP to an average of 150 ± 6 mmHg
and the diastolic blood pressure to an average of 118.6 ± 9.7 mmHg (Figure 1A,B). The lev-
els of AngII-induced cardiac hypertrophy were expressed as the increases in heart weight
(HW) and the HW/body weight (BW) ratios. In WT mice, AngII infusion significantly
increased the heart weights (Figure 1C) and the HW/BW ratios (Figure 1D). However, in
the p47phox KO mice, AngII induced cardiac hypertrophy was significantly reduced in
comparison to WT mice. Although there were increases in HW/BW ratio in AngII-infused
p47phox KO mice, these were not statistically significant (Figure 1D). AngII-induced cardiac
hypertrophy was further examined by measuring cardiomyocyte cross sectional area in the
left ventricular tissue sections. The cardiomyocytes were labelled with FITC-WGA, which
binds to glycoproteins of the cardiomyocyte membrane and outlines the cardiomyocytes
on cross sections [19]. In comparison to saline-infused controls, there were significant
increases in the cross-sectional areas of cardiomyocytes in AngII-infused WT hearts, which
were significantly reduced in p47phox KO hearts (Figure 1E).

3.2. Knockout p47phox Inhibited AngII-Induced Cardiac Oxidative Stress

The effect of genetic ablation of p47phox on AngII-induced cardiac oxidative stress were
first examined by measuring NADPH-dependent O2

•− production in heart homogenates
using lucigenin chemiluminescence. A representative example of real-time measurements
of O2

•− production by heart homogenates is shown in the left panel of Figure 2A. Tiron
(an O2

•− scavenger) was used to confirm the assay specificity. The statistical analyses
were shown in the right panel of Figure 2A. Compared to saline-infused WT controls,
AngII infusion resulted in 2.6-folds increases in the levels of O2

•− production in the WT
hearts. However, this was significantly inhibited by knockout of p47phox. Although
there were some increases in the levels of O2

•− production in AngII infused p47phox KO
hearts, they were not statistically significant. The enzymatic sources of AngII-induced
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O2
•− production found in WT hearts were examined using different enzyme inhibitors

including L-NAME (nitric oxide synthase inhibitor), rotenone (mitochondrial respiratory
chain inhibitor), oxypurinol (xanthine oxidase inhibitor), apocynin (NADPH oxidase
inhibitor), DPI (flavoprotein inhibitor) and Nox2tat (a specific peptide inhibitor of Nox2)
(Figure 2B). The O2

•− production detected in AngII-infused WT hearts was not affected
by rotenone and oxypuronol, but was significantly inhibited by apocynin, Nox2tat or DPI
suggesting Nox2 as a major enzymatic source of AngII-induced O2

•− production. There
was some inhibition of AngII-induced O2

•− production by L-NAME, indicating nitric
oxide synthase disfunction. SOD (superoxide dismutase) was used to double confirm the
detection of O2

•−.
O2

•− is not stable and can be quickly converted to H2O2 in cells. Therefore, we
examined cardiac H2O2 production using catalase-inhibitable amplex red assay (Figure 2C).
There was no significant difference in the basal (without AngII) levels of H2O2 production
between WT and p47phox KO hearts. Compared to saline infused controls, the level of
H2O2 production was significantly increased in AngII-infused WT hearts, which might
link to the high level of O2

•− production. However, in the p47phox KO hearts, although the
level of O2

•− production showed no change in response to AngII challenge, there was a
significant increase in the levels of H2O2 production in AngII-infused p47phox KO hearts as
compared to saline controls.

The levels of AngII-induced O2
•− production in the hearts were further examined

by in situ DHE fluorescence on cardiac cryosections (Figure 2D). There were significant
high levels of O2

•− production in AngII-infused WT hearts in comparison to saline-infused
WT controls. However, there was no significant difference in DHE fluorescence intensities
between AngII-infused and saline-infused p47phox KO hearts.

3.3. AngII-Induced Upregulation of Nox Subunits, PKCα and C-Src Protein Kinases and p47phox

Phosphorylation in Murine Hearts

The levels of expression of p47phox, p22phox, p67phox, rac1, Nox1, Nox2 and Nox4 in
response to AngII infusion were examined in WT and p47phox KO hearts by immunoblot-
ting (Figure 3). The levels of β-actin detected in the same sample were used as loading
controls. The p47phox was highly expressed in the WT hearts, but was barely detectable
in the p47phox KO hearts. AngII infusion resulted in a great upregulation of the levels
of p22phox expression in both WT and p47phox KO hearts without significant difference
between the two groups. In comparison to saline infused WT controls, AngII-infusion
increased significantly the levels of expression of p47phox, p67phox, rac1 and Nox2 in the
WT hearts. However, in the absence of p47phox KO, AngII infusion had no significant effect
on the levels of expression of p67phox and Nox2, but increased significantly the levels of
p22phox, Nox4 and rac1 expression. Nox1 expression remained the same without significant
difference between WT and p47phoxKO hearts.

Protein kinase C alpha (PKCα) is highly expressed in the myocardium [22], and
phosphorylates p47phox at multiple serine sites in response to AngII stimulation. [23]. C-Src
had been proposed to be an upstream tyrosine kinase that phosphorylates p47phox in
response to AngII stimulation [24]. Therefore, we examined the levels of expressions of
(PKCα) and C-Src together with the levels of p47phox phosphorylation in WT and p47phox

KO hearts by immunoblotting (Figure 4A). Compared to saline-infused controls, AngII
infusion increased the levels of PKCα expression in both WT and p47phox KO hearts without
significant difference between these two groups. However, AngII-induced C-Src expression
was only found in WT hearts, but not in p47phox KO hearts suggesting a key role of
oxidative stress in cardiac C-Src activation (Figure 4A). Accompanied with increased PKCα

expression, there were significant increases in p47phox serine phosphorylation detected
using specific antibodies to phos-p47phox.
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Figure 1. Development of hypertension and cardiac hypertrophy in AngII-infused WT and p47phox

KO mice. (A) Systolic blood pressure. (B) Diastolic blood pressure. Day 0: day of minipump
implantation. Day 14: day of minipump removal. (C) Heart weights. (D) Heart weight (HW,
mg)/body weight (BW, g) ratio. (E) Left panels: Representative images of cardiomyocyte sizes on
the cross-sections of left ventricular tissues. The cardiomyocytes membranes were labelled with
WGA-FITC (green). Right panel: Statistical analysis of cardiomyocyte cross-sectional areas (μm2).
n = 9 mice per group. Statistical analyses were performed using two-way ANOVA. * p < 0.05 for
AngII values versus saline values in the same genetic group; † p < 0.05, for p47phox KO AngII values
versus WT AngII values.
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Figure 2. Cardiac ROS production. (A) Levels of O2
•− production measured by lucigenin-

chemiluminescence. Left panel: Representative examples of kinetic measurements of O2
•− pro-

duction by WT heart homogenates. NADPH (0.1 mM) was added at 10 min. Tiron (10 mM) was
added at 30 min to scavenge O2

•−. Right panel: Differences in NADPH-dependent O2
•− production

measured between 10–30 min shown in the left panel. (B) The effects of different enzyme inhibitors
on the levels of O2

•− by AngII-infused WT heart homogenates. L-NAME: (NG-nitroarginine methyl
ester), NOS inhibitor; Rotenone: mitochondrial respiratory chain inhibitor; Oxypurinol, xanthine
oxidase inhibitor; DPI: (diphenyleneiodonium), flavoprotein inhibitor; SOD: (superoxide dismutase).
(C) Cardiac H2O2 production detected by amplex red assay. (D) In situ detection of reactive oxygen
species production by DHE fluorescence. Left panel: Representative images of DHE staining on
cardiac sections; right panel: Quantification of DHE fluorescence intensity. n = 9 per group. Statistical
comparisons were done using one-way ANOVA for inhibitor assay, and two-way ANOVA for the
rests (panels A, C, D). * p < 0.05 for indicated AngII values versus saline values in the same genetic
group; † p < 0.05 for p47phox KO AngII values versus WT AngII values.
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Figure 3. Expressions of isoforms of the catalytic subunit of Nox (i.e., Nox1. Nox2, Nox4) and other subunits of Nox
(p47phox, p22phox, p67phox and rac1) in murine hearts. Left panels: Representative Western blot images. β-actin detected in
the same samples were used as loading controls. Right panels: Optical densities (OD) of Western blot bands were quantified
and normalised to the levels of β-actin detected in the same samples. n = 9 per group. Statistical comparisons were made
using two-way ANOVA. * p < 0.05 for AngII values versus saline values in the same genetic group; † p < 0.05 for p47phox

KO AngII values versus WT AngII values.

Figure 4. Expressions of protein kinase C alpha (PKCα), Proto-oncogene tyrosine-protein kinase Src (C-Src) and p47phox

phosphorylation in AngII-infused murine hearts. (A) Western blots. Left panels: Representative images. β-actin detected in the
same samples were used as loading controls. Right panels: Optical densities (OD) of Western blot bands were quantified and
normalised to the levels of β-actin detected in the same samples. (B) Confocal immunofluorescence of cardiac sections. Left panel:
Representative immunofluorescence images. Cardiomyocyte cell membrane was labelled by WGA-FITC (green) and p47phox

phosphorylation was identified using phos-p47phox specific antibody (Cy3, red). Nuclei were labelled by DAPI (blue). Right panel:
Quantification of phos-p47phox fluorescence intensity. n = 9 hearts per group. Data were presented as Mean ± SD. Statistical
comparisons were made using two-way ANOVA. * p < 0.05 for AngII values versus saline values in the same genetic group.
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AngII-induced p47phox phosphorylation in the myocardium was further examined by
confocal immunofluorescence (Figure 4B). The sarcolemma membranes of cardiomyocytes
were labelled with FITC-WGA (green), and the nuclei were labelled with 4′,6-diamidino-2-
phenylindole (DAPI, blue) to visualise cardiomyocytes. The phospho-p47phox was labelled
by Cy3 (red), and was only detected in WT hearts. AngII infusion significantly increased the
levels of p47phox phosphorylation (red) mainly located at the cardiomyocyte gap junctions or at
the cell membranes overlapped with FITC-WGA as indicated by the yellow colour (Figure 4B).

3.4. p47phox-Dependent Redox-Signalling through MKK3/6, MAPKs and AKT in AngII-Induced
and Cardiac Hypertrophy and Apoptosis

The role of p47phox in modulating AngII signalling in the hearts was examined for
the activations of stress-signalling pathways, i.e., mitogen-activated protein kinase kinase
(MKK3/6) and down-stream ERK1/2; p38MAPK, JNK and Akt (Figure 5). The total
levels of the same protein in the same samples were pre-tested and used as loading
controls. In saline-infused control hearts, there was no significant difference in the levels
of phosphorylation of these signalling molecules between WT and p47phoxKO hearts.
Compared to saline-infused controls, AngII-infusion resulted in significant increases in the
levels of phosphorylation of MKK3/6, ERK1/2, p38 MAPK, JNK and Akt in WT hearts.
However, in the absence of p47phox, AngII failed to induce the phosphorylation of these
signalling molecules in the hearts (Figure 5).

Figure 5. AngII-induced activation of mitogen-activated protein kinase kinase 3/6 (MKK3/6), mitogen-activated protein
kinases (i.e., ERK1/2, p38MAPK and JNK) and Akt (also called protein kinase B) in murine hearts. Left panels: Represen-
tative immunoblotting images. The total protein bands of each molecule in heart homogenates were pre-tested for equal
loading. Right panels: Quantification of the optical densities (OD) of phos-protein bands expressed as phosphorylated/total
(P/T) protein ratio. n = 9 mice per group. Data were presented as Mean ± SD. Statistical comparisons were made using
two-way ANOVA. * p < 0.05 for AngII values versus saline values in the same genetic group. † p < 0.05 for p47phox KO
AngII values versus WT AngII values.

The effects of genetic knockout of p47phox on AngII-induced oxidative damage of
cardiomyocytes and apoptotic death was examine by immunoblotting of apoptosis signal-
regulating kinase 1 (ASK1) and biomarkers for DNA double-strand breaks (γH2AX), and
apoptosis (p53) (Figure 6A). The levels of β-actin detected in the same sample were used as
loading controls. Compared to saline-infused controls, there were remarkable significant
increases in the level of expression of phos-ASK1, γH2AX and p53 in AngII-infused WT
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mice. However, in the absence of p47phox, there was no significant increase in the expression
of these markers of cell DNA damage and apoptosis in after two weeks of AngII-infusion.

Figure 6. Activation of apoptosis signal-regulating kinase 1 (ASK1), p53 and phosphorylation of H2A histone family
member X (γH2AX) in murine hearts. (A) Western blots for the expressions of phos-ASK1, p53 and γH2AX. Optical
densities of protein bands were quantified and normalised to the levels of β-actin detected in the same samples. (B) Confocal
immunofluorescence detection of Nox2 (Cy3 labelled, red) and phos-ASK1 expressions (FITC labelled, green) in the cardiac
sections. (C) Confocal immunofluorescence detection of γH2AX expression (Cy3-labelled, red) in the cardiac sections. The
cardiomyocyte membrane was labelled by WGA-FITC (green), and the nuclei were labelled by DAPI (blue). The specific
fluorescent densities were quantified. n = 9 mice per group. Data were presented as Mean ± SD. Statistical comparisons
were made using two-way ANOVA. * p < 0.05, for AngII values versus saline values in the same genetic group. † p < 0.05
for p47phox KO AngII values versus WT AngII values.

The crucial role of p47phox in regulating AngII-induced Nox2 activation and ASK1
activation in the cardiomyocytes were examined using immunofluorescence confocal mi-
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croscopy (Figure 6B). Low levels of Nox2 expression (red) could be detected in the control
hearts (infused with saline) without significant difference between WT and p47phoxKO
groups. AngII infusion significantly increased Nox2 expression together with great in-
creases in ASK1 phosphorylation in the WT hearts. AngII-induced Nox2 expression was
inhibited in p47phoxKO hearts and there was no change in the levels of ASK1 phosphoryla-
tion in response to AngII infusion in p47phoxKO hearts.

The role of p47phox in modulating AngII-induced DNA damage in cardiomyocytes
was further demonstrated using immunofluorescence confocal microscopy (Figure 6C).
The cardiomyocyte membranes were labelled with FITC-WAG (green), the nuclei were
labelled by DAPI. In saline-infused hearts, there was very low level of γH2AX positive
staining. However, in AngII-infused WT hearts, there were clear visible γH2AX foci (red)
formation detected in the nuclei (blue) of cardiomyocytes as indicated by the pink colour.
AngII-induced nuclear expression of γH2A, seen in WT hearts, was significantly inhibited
in p47phoxKO hearts. Putting together, our results indicated clearly a key role of p47phox

in mediating AngII-induced oxidative stress, activation of stress signalling pathways and
oxidative damage of cardiomyocyte DNAs and cell apoptosis.

4. Discussion

AngII is a potent activator of Nox2 enzyme, which by generating ROS is involved
in AngII-induced cardiovascular oxidative stress, hypertension, remodelling and organ
damage [2,3]. The p47phox is a primary regulatory subunit of Nox2 enzyme, and the
phosphorylation of p47phox at multiple serines in the C-terminus is a key step for Nox2
O2

•− production [6,17]. However, the signalling pathways of p47phox in the heart remains
unclear. The current study by using a disease model of AngII infusion-induced hyper-
tension and cardiac hypertrophy in WT versus p47phoxKO mice, provided novel insights
of p47phox-dependent signalling pathways in modulating AngII-induced cardiac hyper-
trophy and cardiomyocyte apoptosis. We discovered that p47phox-dependent regulation
of redox-sensitive signalling cascade through ASK1, MKK3/6 and MAPKs is essential
in mediating AngII-induced cardiac hypertrophy and DNA damage in cardiomyocytes.
Genetic knockout of p47phox inhibited AngII-induced cardiac ROS production, attenuated
ASK1, MKK3/6 and MAPK activation and protected cardiomyocyte from AngII-induced
hypertrophic growth, DNA damage and apoptosis.

The mice used in this study were 7-month-old, equivalent to humans at the middle-age,
and were more susceptible to AngII-induced cardiovascular damages than mice at younger
ages. The crucial role of p47phox in mediating AngII-induced cardiac hypertrophy was
properly controlled using age-matched littermates of p47phoxKO mice subjected to the same
experimental procedures. Despite a mild increase in BP found in p47phoxKO mice after
two weeks of AngII-infusion, there was no significant cardiac hypertrophy as evaluated
using two separate methods, i.e., the changes in HW/BW ratio and cardiomyocyte cross-
sectional areas.

NADPH oxidase family contains at least 7 members (Nox1–5 and duox 1–2) [1].
Individual Nox enzyme has distinctive mechanism of activation and functions differ-
ently [25,26]. So far, Nox1–2 and Nox4–5 have been found in the hearts [27]. Nox2 relies
on p47phox to be active and generates O2

•− involved in many diseased conditions [6].
Whereas, Nox4 is autoactivated and plays a protective role in cardiovascular function [27].
In the current study, we found that AngII-infusion induced a great increase in cardiac
Nox2 expression together with increased level of O2

•− production in the WT hearts. O2
•−

is short lived and can be quickly converted to H2O2 by SOD as a cellular self-protective
mechanism [28]. This explained the mild elevation of H2O2 production observed in AngII-
infused WT hearts. However, AngII-infusion of p47phoxKO mice induced a great increase
in cardiac Nox4 expression together with a high level of H2O2 production indicating Nox4
was the enzymatic source of AngII-induced H2O2 production in p47phoxKO hearts.

PKCα has been reported to be highly expressed in the hearts [20] and phosphorylates
p47phox at multiple serine sites in response to AngII stimulation [21]. C-Src had also been
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proposed to be an upstream tyrosine kinase of p47phox phosphorylation in response to
AngII stimulation [22]. However, a recent study found that C-Src, rather than an upstream
kinase of p47phox phosphorylation, was a downstream molecule of p47phox-dependent ROS
production in lung inflammation [29]. In the current study, we found that AngII-induced
cardiac C-Src activation was oxidant-dependent and was abolished by the knockout of p47phox.

MAPKs belong to a highly conserved family of Ser-Thr protein kinases and have
diverse regulatory roles in normal heart development as well as in pathological cardiac
hypertrophic growth and remodelling [30]. MAPK activation in response to Nox2-derived
oxidative stress is a crucial signalling pathway involved in the development of cardiovas-
cular abnormalities. Akt is also a redox-sensitive Ser-Thr kinase involved in cardiomyocyte
hypertrophic growth and survival. In the current study, we showed that knockout of
p47phox attenuated Nox2-derived ROS production, inhibited MKK3/6, MAPK and Akt
activation in response to AngII challenge and protected murine hearts from AngII-induced
cardiac hypertrophy. However, p47phox redox-signalling is a complicated mechanism and
we do not know if p47phox is physically a component of these signalling pathways, and
how it promotes both the pro- and anti-apoptotic signalling pathways in response to AngII
infusion. Further detailed investigation is needed.

ASK1 is a member of the mitogen-activated protein kinase kinase kinase (MAPKKK)
family that activates downstream MAPKs, JNKs and p38 MAPKs in response to various
stresses, such as ROS [13,31]. H2AX is a variant of the H2A protein family and is a com-
ponent of the histone octamer in nucleosomes [32]. When DNA is damaged and double
stranded DNA breaks, H2AX is phosphorylated to form γH2AX. Therefore, γH2AX has
been used as a biomarker of DNA damage [32]. The p53 plays an important role in the reg-
ulation of cardiomyocyte hypertrophic growth and apoptosis [33]. An important discovery
from this study is that ASK1 links p47phox with the activation of MAPKs and the expres-
sion of apoptotic markers, i.e., γH2AX and p53, in AngII-induced cardiac hypertrophy
and apoptosis. We showed that ASK1 was phosphorylated in response to AngII-induced
oxidative stress in the WT hearts. Knockout of p47phox, inhibited AngII-induced ASK1
phosphorylation and its down-stream signalling pathways. There was no obvious car-
diomyocyte hypertrophic growth and no increase in the expression of apoptosis markers in
AngII-infused p47phoxKO hearts. A schematic illustration of AngII-induced p47phox redox
signalling pathways examined in this study is shown in Figure 7.

Figure 7. Schematic illustration of p47phox redox-signalling pathways examined.
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5. Conclusions

In conclusion, we have reported that p47phox is a key player in mediating AngII-
induced oxidative stress signalling cascade from the phosphorylation of ASK1, MKK3/6
and MAPKs to the activation of H2AX and p53 involved in DNA damage and apoptosis of
cardiomyocytes. Genetic ablation of p47phox inhibited the cardiac Nox2-derived O2

•− pro-
duction, attenuated the activation of ASK1 and MAPK signalling pathways and protected
hearts from AngII-induced hypertrophic growth and DNA damage. Targeting p47phox has
great therapeutic potential in preventing or treating AngII-induced cardiac dysfunction
and damages.
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Abstract: Opioids, a kind of peptide hormone involved in the development of hypertension, cause
systemic and cerebral inflammation, and affects regions of the brain that are important for blood
pressure (BP) control. A cause-and-effect relationship exists between hypertension and inflammation;
however, the role of blood pressure in cerebral inflammation is not clear. Evidence showed that AT1R
and μOR heterodimers’ formation in the NTS might lead to the progression of hypertension. In this
study, we investigated the formation of the μOR/AT1R heterodimer, determined its correlation with
μORs level in the NTS, and explored the role of TLR4-dependent inflammation in the development
of hypertension. Results showed that Ang II increased superoxide and Iba-1 (microgliosis marker:
ionized calcium-binding adaptor molecule (1) levels in the NTS of spontaneously hypertensive
rats (SHRs). The AT1R II inhibitor, losartan, significantly decreased BP and abolished superoxide,
Iba-1, TLR4 expression induced by Ang II. Furthermore, losartan significantly increased nNsOSS1416

phosphorylation. Administration of a μOR agonist or antagonist in the NTS of WKY and SHRs
increased endogenous μ-opioids, triggered the formation of μOR/AT1R heterodimers and the TLR4-
dependent inflammatory pathway, and attenuated the effect of depressor nitric oxide (NO). These
results imply an important link between neurotoxicity and superoxides wherein abnormal increases
in NTS endogenous μ-opioids promote the interaction between Ang II and μOR, the binding of Ang
II to AT1R, and the activation of microglia. In addition, the interaction between Ang II and μOR
enhanced the formation of the AT1R and μOR heterodimers, and inactivated nNOS-derived NO,
leading to the development of progressive hypertension.

Keywords: angiotensin II type 1 receptor (AT1R); hypertension; heterodimer; toll like receptor 4;
nucleus tractus solitarii; opioids

1. Introduction

Hypertension poses a significant health problem and intensive efforts have been
made to elucidate its underlying mechanisms [1]. Approximately one-third of adults have
hypertension in the United States and 50% of hypertensive patients show satisfactory
results after treatment [2]. The major reason is that most of the existing anti-hypertensive
therapies target peripheral mechanisms and are not effective for treating hypertension
driven in the central nervous system (CNS) [2]. A better understanding of the CNS
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mechanisms underpinning the pathogenesis of hypertension can lead to the discovery of
novel strategies for the prevention and treatment of hypertension.

The nucleus tractus solitarius (NTS), located in the dorsal medulla of the brainstem,
is primarily responsible for integration of cardiovascular (CV) regulation and other auto-
nomic functions of the central nervous system (CNS). In the presence of noxious stimuli,
a phenomenon known as “hypertensive hypoalgesia” [3], which is related to decreased
pain sensitivity [4], occurs as a result of a homeostatic feedback loop caused by BP sta-
bilization. Numerous neuropeptides such as opioids and angiotensin are implicated in
the CV system [5,6]. The renin–angiotensin system (RAS) is an enzyme neuropeptide
system in the brain and periphery that has been well-studied, and has served as a neuronal
model for peptide regulation. Angiotensin II (Ang II) is a primary effector peptide of
the renin–angiotensin–aldosterone system (RAAS) which binds to the G-protein-coupled
receptor subtypes AT1R and AT2R with similar affinity in multiple cell and tissue types [7].
Elevated circulating Ang II in the brain was reported to be associated with the genesis
of arterial hypertension [8], whereas the overactivation of RAAS is crucially involved in
the pathogenesis of hypertension and hypertension-related cardiovascular disorders [9].
Moreover, the beneficial effects of previous studies have shown that RAS blockers can
reduce the development of hypertension and its associated neuropathic pain, cognitive
impairment and cerebral injury [6,10,11]. By understanding role of the neuropeptides,
opioids and angiotensin in CV function, we hope to trace the molecular origin of heart
failure during the development of hypertension.

Other experimental evidence has demonstrated significant functional overlapping
of RAS components and endogenous opioids (alongside their receptors) in the brain and
periphery regions, showing synergistic interaction between angiotensin and opioids [12].
Angiotensin increases opioid levels to induce polydipsia, analgesia, LH secretion and
hypertension, which are abolished in the presence of an opioid antagonist, namely nalox-
one. On the other hand, opioids increase angiotensin II levels by activating renin and
angiotensin-converting enzyme (ACE) either directly or indirectly [12]. Furthermore,
opioid-induced increases in ACE activity may trigger a negative feedback mechanism that
affects the influence of opioids, thereby enhancing the metabolism of endogenous opioids
through neutral endopeptidases and dipeptidylcarboxypeptidase [13].

Previous experiments suggest that hypertension is characterized by pro- and an-
tioxidant mechanisms [14], inflammatory disorders [15], GPCR heterodimers [16], and
sympathetic/parasympathetic tone imbalances [17]. Accumulating evidence suggests
that the Ang II-AT1R axis stimulates innate and adaptive immune systems [18–20]. The
blockade or knockdown of toll-like 4 receptor (TLR4), which is required for integral sensing
and signaling of the innate system, attenuates Ang II-dependent hypertension, as well
as renal and cardiac injury [19]. Nair et al., proposed that Ang II stimulates the AT1R
to release high-mobility group protein 1 (HMBG1), a ligand required for TLR4 to evoke
inflammation [21]. Direct stimulation of the MD2-TLR4 complex by Ang II is clinically
important as Ang II receptor blockers (ARBs) are capable of increasing Ang II through the
inhibition of renin release [22]. Thus, the concern is that ARB treatment may cause the
unintended consequence of stimulating TLR4-dependent inflammation. This mechanism
may potentially diminish the optimal effects of ARBs in the treatment of cardiovascular
disease (CVD) [23]. Horvath et al. previously reported that morphine administration
results in changes in the microglia and astrocytes, as well as increased cellular hyper-
trophy, microglial CD11b, Iba1 expression and astrocytic GFAP expression in vitro [24]
and in vivo [25]. On the contrary, the inhibition of microglial P2X4 receptors attenuates
morphine tolerance, and Iba1, GFAP and μ opioid receptor protein expression [26].

SHRs were used because they show high Ang II and AT1R levels compared tok
WKY [27]. During Ang II-induced hypertension, peripheral Ang II infusion increased ROS
production and brain inflammation [28]. Evidence indicates that Ang II stimulates the
innate system by direct activation of TLR4 through an AT1R-independent mechanism [29].
Opioids increase angiotensin II levels, either directly or indirectly, by activating renin and
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ACE [12], and opioids are known to interact with RAS components. A previous report
showed that WKY infused with AngII showed increases in BP, and increased AT1R and
μOR heterodimers, in the NTS [6], prompting the need to understand the role of μOR
in the formation of AT1R-μOR heterodimers and the mechanism of microglial and TLR4
activation. However, the molecular mechanism of this process remains unclear. This
study aimed to determine: (1) the interplay between μORs and AT1R in the formation of
heterodimers in the NTS when endogeneous opioids are present; (2) the function of Ang II
in TLR4-dependent inflammation during high BP in the NTS; and (3) the major factor that
leads to the formation of μOR/AT1R heterodimers in the NTS. Our results demonstrated
that an increase in endogenous μ-opioids in the NTS induced the formation of μOR/AT1R
heterodimers and the TLR4-dependent inflammatory pathway, which attenuated the NO-
dependent depressor effect. In summary, endogenous increases in μ-opioid are most likely
factor to contribute to the pathogenesis of hypertension through the AT1R–TLR4 axis.

2. Materials and Methods

2.1. Animals

Animal studies were conducted in compliance with the Animal Research: Reporting
of In Vivo Experiments (ARRIVE) guidelines as described previously [30,31]. All protocols
were approved by Animal Research Committee and the institutional review board at
VGHKS (VGHKS-2021-2023-A009; VGHKS-2020-2022-A046) and an affidavit of approval
was obtained in with the animal care protocol of Kaohsiung Medical University (109087).
Wistar-Kyoto rats (WKY) and SHRs were obtained from the National Science Council
Animal Facility (NSCAF; Taipei, Taiwan), and housed in an animal facility at Kaohsiung
Veterans General Hospital (VGHKS; Kaohsiung, Taiwan). NSCAF and VGHKS were
approved by the Association for Assessment and Accreditation of Laboratory Animal Care
(AAALAC). WKY were caged under specific pathogen-free (SPF) conditions at VGHKS,
and were free of infectious and pathogenic organisms capable of interfering with research
subjects. The WKY were caged in individual cages, provided 12-h light-and-dark cycle,
and kept at a temperature between 23 and 24 ◦C. Animals were provided with normal rat
chow (Purina, St. Louis, MO, USA) and tap water ad libitum. The animals were settled
in the housing environment for one week for adjustment before being habituated to the
indirect blood pressure measurement for another week. The highest and lowest datum
were excluded, the remaining six data were averaged for each group (n = 6). The SBP of
the rats was measured before the start of the WKY, SHR, and losartan treatments (week 0)
using a tail-cuff monitor (Noninvasive Blood Pressure System, SINGA, Taipei, Taiwan).
The rats were placed in the fixer for 30 min at a constant temperature of 37 ◦C. During
measurement, six individual readings were obtained. The highest and lowest readings
were discarded, and the averages of the remaining eight readings were obtained. The SBP
was measured at the same time on a daily basis. The rats were randomly assigned to five
groups, with six in each group—(1) WKY: 6 wo WKY; (2) SHR: 6 wo SHR; (3) WKY: 20 wo
WKY; (4) SHR: 20 wo SHR (saline); (5) SHR + losartan: 20 wo SHR + losartan (week-old
abbreviated as wo). Losartan (30 mg/kg per day) was administered by gavage to 20 wo
SHRs for 2 weeks. Animals were euthanized using 100% CO2, a procedure that was in
accordance with the 2013 American Veterinary Medical Association (AVMA) guidelines.

2.2. Intra-NTS Microinjection

Twenty-week-old WKY were anesthetized using urethane (1.0 g kg−1 intraperitoneally
(i.p.), supplemented with 300 mg kg−1 intravenously (i.v.) when required). Blood pressure
and heart rate were measured via femoral-artery cannula using a pressure transducer and
polygraph (Gould, Cleveland, OH, USA), and a tachograph preamplifier (Gould, Cleveland,
OH, USA), respectively. Tracheostomy was performed to maintain airway patency. For
brainstem nuclei microinjection, animals were placed in a stereotaxic instrument (Kopf,
Tujunga, CA, USA), with the head positioned 45◦downward to expose dorsal surface of
the medulla with limited craniotomy, followed by a 1h resting period. Single-barrel glass
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catheters (0.031-inch outer diameter (OD), 0.006-inch internal diameter (ID); Richland
Glass Co, Vineland, NJ, USA) with external tips of 40 μm in diameter were used. L-
glutamate (0.154 nmol 60 nL−1) was microinjected to induce the characteristic decrease
in BP (BP ≥ −35 mmHg), in order to verify that needle tip was located in the medial
site, in one-third of the NTS. The precise coordinates were as follows: anteroposterior,
0.0 mm; mediolateral, 0.5 mm; and vertical, 0.4 mm (with the obex as a reference) [32]. For
microinjections, 0.3 nmol of the DAMGO μ opioid agonist (Sigma, St. Louis, MO, USA), or
0.3 nmol of the guanfacine α2A agonist (Sigma, St. Louis, MO, USA), were prepared in
0.9% saline for use.

2.3. In Situ Detection of Superoxide in the NTS

Endogenous in vivo superoxide production in the NTS was determined via dihy-
droethidium staining (DHE; Invitrogen, Carlsbad, CA, USA). The NTS was dissected,
quickly frozen, embedded in OCT, and immersed in liquid nitrogen. Cryostat slices (30 μm)
were stained with 1 μM DHE in the dark for 30 min at 37 ◦C. The samples were analyzed
using a confocal microscope (Carl Zeiss LSM 5 PASCAL, Göttingen, Germany).

2.4. Immunofluorescence Staining Analysis

The rats were perfused using 0.9% saline and 4% formaldehyde, followed by 30% sucrose
solution. Brainstems were cut into 20 μm-thick sections, incubated in anti-endomorphin-2,
anti-IBA1, anti-AT1R (ab124505) and anti-nNOSS1416 primary antibodies at a dilution ratio of
1:100. After washing with PBS, sections were incubated in Alexa Fluor 488 or 588-conjugated
donkey anti-rabbit IgG (1:200; Invitrogen, Carlsbad, CA, USA) at 25 ◦C for 2 h, and analyzed
using a fluorescence microscope and Zeiss LSM Image software (Carl Zeiss MicroImaging).

2.5. Proximity Ligation Assay (PLA)

The Duolink in situ proximity ligation assay (PLA; OLINK Bioscience, Uppsala, Swe-
den) was utilized to detect the formation of AT1R/μOR heterodimers. The NTSs of SHRs
and WKY were examined to detect the formation of AT1R (sc-515884) and μOR (bs-3623R)
heterodimers in situ. The rats were first perfused in saline, then 4% formaldehyde, and
finally 30% sucrose solution. Brainstem’s microsections of 5 μm thickness were obtained.
Primary antibody diluent (OLINK Bioscience), containing two primary antibodies (1:100
for goat anti-μ receptor antibodies and 1:100 rabbit anti-AT1R antibodies), was added to
the sections, and incubated overnight at 4 ◦C. Next, PLA secondary antibody with specific
oligonucleotides, anti-rabbit plus and anti-goat minus (OLINK Bioscience), were applied
to the sections and incubated for 2 h at 37 ◦C. Samples underwent ligation to allow nearby
oligonucleotide probe pairs to form closed circles, and signals were amplified in the ampli-
fication solution. Images were acquired using a confocal laser scanning microscope (Carl
Zeiss LSM 5 PASCAL), and were further processed by LSM 5 PASCAL software (Version
3.5, Carl Zeiss), which automatically counted the number of spots per unit of surface area.

2.6. Measurement of NO in the NTS

The NTS (10 mg) was deproteinized using Microcon YM-30 centrifugal filter units
(Millipore, Bedford, MA, USA). The total content of NO in the samples was determined
through a procedure that is based on the purge system, using the Sievers Nitric Oxide
Analyzer (NOA 280i) (Sievers Instruments, Boulder, CO, USA) to assess chemiluminescence.
The samples (10 μL) were injected into a reflux column containing 0.1 mol/L VCl3 in
1 mol/L HCl at 90 ◦C to reduce any existing nitrate and nitrite (NOx) to NO. NO reacted
with the O3 produced by the analyzer to form NO2. The resulting emission from the excited
NO2 was detected by a photomultiplier tube and recorded digitally (mV). The standard
curve was determined for the NaNO3 concentrations, and NO levels were corrected for the
rats’ NTS.
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2.7. Immunoblotting Analysis

Proteins (20 μg per sample) were quantified using a BCA protein assay (Pierce Chem-
ical Co., Rockford, IL, USA), resolved in 6% polyacrylamide gel, and transferred to the
PVDF membrane (GE Healthcare, Buckinghamshire, UK). The membranes were incubated
at 4 ◦C overnight using the following primary antibodies: mouse anti-P-eNOSS1177, mouse
anti-DDAH1, and mouse anti-eNOS (BD Biosciences, San Jose, CA, USA); mouse anti-actin
and mouse anti-nNOS (Millipore); and mouse anti-P-nNOS (Abcam, Cambridge, UK)
(dilution at 1:1000).

2.8. Statistical Analysis

All measurements were repeated at least three times under independent conditions.
The results shown are the mean ± the standard error of the mean (SEM). Statistics were
analyzed using the Mann–Whitney U-test. One-way analysis of variance (ANOVA) with
Scheffé post-hoc comparison was used to compare differences between groups. SPSS
version 20.0 (SPSS Inc, Chicago, IL, USA) was applied for analyzing the raw data. * p < 0.05
and ** p <0.01 indicate significance.

3. Results

3.1. Ang II Elevates the ROS-Microglial Activation and Reduces the Systemic Vasodepressor Effect
of NO by Impairing the nNOS Pathway in the NTS of Spontaneously Hypertensive Rats

To determine the effect of ROS-dependent NO release on systemic BP (SBP) in the NTS,
we examined the SBP, nitrate, IBA1 level, and ROS production in the NTS of WKY controls,
prehypertensive 6 wo SHRs, and hypertensive 20 wo SHRs. A significant age-dependent
increase in BP occurred in SHRs between 6 and 20 wo, and NTS NO levels were significantly
decreased (p < 0.05, n = 6; Figure 1A,B). Superoxide levels in the NTS were significantly
high in the SHRs between 6 and 20 wo (p < 0.05, n = 6; Figure 1C). Immunoblotting analyses
demonstrated that the phosphorylation of nNOSS1416 was significantly decreased in 20 wo
SHRs (p < 0.05, n = 6; Figure 1D). The α2A-AR and μOR heterodimers were determined
using PLA. At 6 wo, SHRs and WKY exhibited normal systolic BP, and no differences in the
levels of the α2A-AR and μOR heterodimers were observed. Interestingly, the levels of NTS
AT1R and IBA1 were significantly elevated in adult SHRs compared to WKY (Figure 1E),
indicating that Ang II enhanced ROS production and microglial activation, which impaired
the nNOS pathway in the NTS of spontaneously hypertensive rats.

Figure 1. Cont.
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Figure 1. Ang II supports superoxide generation, increases the activation of microglia and restores the nNOS pathway
in the NTS of spontaneously hypertensive rats. (A,B) Graph showing systemic blood pressure (SBP) and nitric oxide
(NO) concentrations in the nucleus tractus solitarius (NTS) of normotensive Wistar Kyoto rats (WKY; 6-, 20-week-old) and
spontaneously hypertensive rats (SHRs; 6-, 20-week-old). The bar graph shows the NO concentration as μM nitrate per μg
of total protein. (C) Representative images of DHE-treated brain sections, images photographed at ×280 magnification.
ROS index in the NTS of the SHRs groups (20 weeks old) was compared to SHRs (6 weeks old). The ROS index is the
relative mean fluorescence intensity for dihydroethidium. Sections including the NTS of SHRs rats displayed significant
increase in DHE fluorescence compared with the SHRs (6 weeks old) group sections. (D) Quantitative immunoblotting
analysis of nNOSS1416 phosphorylation in the NTS of 6-week-old WKY, SHRs and 20-week-old SHRs. One-way analysis of
variance (ANOVA) with Scheffé post-hoc was performed for statistical analysis in Figure 1A–D. (E) Representative images
for immunofluorescence staining of AT1R-positive cells (green) and microglial marker IBA-1 (red) in NTS sections of WKY
and SHRs, counterstained with 4′,6-diamidino-2-phenylindole (DAPI for blue color). The images were photographed at
×400 and 1000 magnification. The Mann–Whitney U-test was performed for statistical analysis in Figure 1E. The values are
presented as mean ± SEM. * p < 0.05 indicates significant difference from 6-week-old SHRs (n = 6~8 per group).
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3.2. AT1R Inhibitors Decrease BP via Inhibition of AT1R-Induced Superoxide to Enhance
Microglia Activity in the NTS

In this section, we show that the activation of AT1R increased microglia and ROS
production in the NTS, which further reduced nNOSS1416 phosphorylation during the
development of ANG II-induced hypertension. Therefore, we investigated the progression
of hypertension after the activation of the microglia and TLR4 resulted from the increase
in AT1R, further studied the effects of the AT1R inhibitor losartan on SBP, superoxide
production, and activity of the microglia. SBP was found to be significantly lower, and
superoxide levels in the NTS were significantly lower in the losartan-treated SHRs as
compared to the untreated SHRs (Figure 2A and Figure 4B, lane 2 and lane 3, respectively;
# p < 0.05, n = 6). Immunofluorescence staining demonstrated that losartan-treated SHRs
showed significantly reduced AT1R and TLR4 activation of microglial cells in the NTS
(Figure 2C,D, lane 2 and lane 3, respectively; #p < 0.05, n = 6). These results indicated that
AT1R-induced superoxide generation led to an increase in the activation of microglia and
microglial TLR4, thereby inducing progressive hypertension.

Figure 2. The downregulation of AT1R-induced superoxide generation is associated with the activation of microglia and
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the expression of TLR4 in the NTS of spontaneously hypertensive rats. (A) SBP after losartan administration for 2 weeks.
(B) Representative images of DHE-treated brain sections, photographed at ×280 magnification. Bar graph representation
of ROS index in the NTS of WKY, SHRs, and SHRs treated with losartan. (C,D) Representative fluorescence images for
AT1R (green), TLR4 (red) and microglial marker IBA-1 (white)-positive cells in the NTS sections of WKY, SHRs, and
SHRs treated with losartan. The images were photographed at ×400 and 1000 magnification. The Mann–Whitney U-test
was performed for statistical analysis in Figure 1E. One-way analysis of variance (ANOVA) with Scheffé post-hoc was
performed for statistical analysis. The values are presented as mean ± SEM. * p < 0.05 indicates significant difference
from 20-week-old WKY. # p < 0.05 versus SHR. All data are presented as means ± SEM (n = 6 per group).

3.3. The Potential Role of μOR in AT1R-Induced Microglia Activation and TLR4 Expression in the
NTS Explains Its Function in Cardiovascular Regulation

Figure 3A shows that the unilateral microinjection of DAMGO, a μOR-specific agonist,
into the NTS elicited a depressor effect as compared to the control (73.9 ± 2.03 mmHg and
93.3 ± 1.42 bpm, p < 0.05, paired t test; n = 3, Figure 3C). In addition, the endomorphin-2
level in the NTS of WKY was significantly increased (Figure 3E,F). Hypertensive SHRs had
the highest endomorphin-1/2 level in their NTSs. Endogenous μ-opioids were blocked
by a μOR-specific antagonist [D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2] (CTAP). In
Figure 3B, the BP of the hypertensive SHRs began to gradually decrease, reaching a mini-
mum at approximately 30 min after intra-NTS CTAP microinjection (105.97 ± 5.05 mmHg
and 59.77 ± 4.67 bpm, p < 0.05, paired t test; n = 4, Figure 3D) and showed significantly
lower endomorphin-2 levels in the NTS of SHRs after CTAP injection (Figure 3E,F).

Figure 3. Cont.
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Figure 3. Activation of μOR in the NTS and cardiovascular regulation of WKY rats and SHRs. (A) Representative tracings
demonstrating the cardiovascular effects of [D-Ala2, MePhe4, Gly5-ol]-enkephalin (DAMGO) (0.3 nmol) injected into the
unilateral NTS of anesthetized WKY (� time of injection). (B) Representative BP recordings of an intra-NTS microinjection
of the μOR antagonist CTAP in hypertensive SHRs (� time of injection). (C) Bar graphs showing the effects of 10-min
treatment with DAMGO on the mean blood pressure (MBP) of anesthetized WKY. (D) Bar graphs showing the effects
of 10-min treatment with DAMGO on the mean blood pressure (MBP) of anesthetized SHRs. (E,F) Representative red
fluorescence images and the statistical analysis for Endomorphin-2-positive cells after DAMGO or CTAP treatment. The
images were photographed at ×400 and 1000 magnification. The Mann–Whitney U-test was used for statistical analysis.
Bar values are shown as mean ± SEM (n = 6); * p < 0.05 versus control.

The regulation of BP by AT1R/μOR heterodimers was further investigated. The
DAMGO-induced formation of AT1R/μOR heterodimers peaked at 10 min after DAMGO
microinjection, and a reduction in CTAP was observed in the AT1R/μOR heterodimers
(Figure 4A, n = 6). Furthermore, we found that AT1R, TLR4, activated microglial cells and
nNOSS1416 phosphorylation were significantly increased in the DAMGO group compared
to the control group. However, AT1R and TLR4 levels, activated microglial cells and
nNOSS1416 phosphorylation were significantly lower in the CTAP group compared to the
control group (Figure 4B,E, * p < 0.05, n = 6). These results indicate that the activation of μOR
in the NTS may elevate AT1R to increase the activation of microglia and microglial TLR4.

Figure 4. Cont.
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Figure 4. μOR elevates the formation of AT1R and μOR heterodimers, and induces the activation of microglia and
the expression of TLR4 to impair the nNOS pathway in the NTS. (A) The in situ PLA (Proximity Ligation Assay) was
used to confirm the formation of AT1R and μOR (μ-opioid receptors) heterodimers after intra-NTS DAMGO or CTAP
microinjection. Green color indicates AT1R and μOR heterodimers; the nuclei were counterstained with DAPI. The images
were photographed at 1000 magnification. (B–E) Representative fluorescence images of AT1R (green), TLR4 (red) microglial
marker IBA-1 (white) and nNOSS1416 (green)-positive cells after intra-NTS DAMGO or CTAP microinjection. The images
were photographed at ×400 and 1000 magnification. The Mann–Whitney U-test was used for statistical analysis. Bar values
are shown as mean ± SEM (n = 6); * p < 0.05 versus control.

4. Discussion

Despite recent advances in treatment options, approximately one-third of the adult
population are affected by hypertension in the United States [33]. Essential hypertension,
which is a rise in BP due to undetermined causes, includes 90% of all hypertensive cases
and is estimated to cause 13% of all deaths [2]. Most patients with essential hypertension
are obese and suffer from increased RAAS and AT1R activity, which exacerbates their risk
for cardiovascular disease. A century of discoveries has established the importance of
the RAAS in maintaining BP, fluid volume and electrolyte homeostasis through autocrine,
paracrine and endocrine signaling. While research continues to yield novel functions for
Ang II, angiotensin (1–7), angiotensin-converting enzyme inhibitors and Ang II recep-
tor blockers, the gap between basic research and actual clinical application is yet to be
solved [23].

Microglia is the major player in the brain innate immune system. Recent studies
indicate that microglia and astrocytes in the brainstem and hypothalamus are involved in
cardiovascular and metabolic events [34]. Our previous studies found that C-X3-C motif
chemokine receptor 1 (CX3CR1) functions as a microglia biomarker, and that microglia
suppresses the nNOS signaling pathway and promotes chronic inflammation in fructose-
induced hypertension [15]. Recent studies also demonstrated that microglial activation in
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the paraventricular hypothalamic nucleus (PVN) and elevated proinflammatory cytokines
(PICs) are found in Ang II-induced hypertension and SHR with high BP [35]. Previous
reports showed that the blockade of brain microglia or the targeted depletion of activated
microglia in the PVN attenuated Ang II-induced hypertension, decreased PVN cytokines
and reduced cardiac hypertrophy, strongly demonstrating the important role of Ang II in
microglial activation and the release of PICs in the pathogenesis of hypertension. Previous
findings demonstrated that TLR4s modulated inflammatory responses implicated in the
development of hypertension. As a prototypic TLR4 ligand, the acute administration of
LPS activates microglia in the brain, and this response is attenuated by the blockade of
AT1R [19]. In addition, Okechukwu et al. investigated the ability of Ang II to induce the
release of the TLR4 ligand and high-mobility group protein 1 (HMBG1), and to augment
TLR4 expression, which represents an alternative mechanism for Ang II stimulation of
the innate system in the renal cells [20]. Therefore, we investigated the progression of
hypertension after the activation of microglia and TLR4, the effects of TLR4 inhibitor
TAK242 on SBP, the phosphorylation of nNOSS1416, and the activity of the microglia
(Supplementary Figure S1). The present result showed that TAK-242-treated SHRs’ SBP
was found to be significantly lower and the phosphorylation of nNOSS1416 was significantly
higher in the NTS (Supplementary Figure S1A,B). Furthermore, TAK242-treated SHRs
showed significantly reduced AT1R and TLR4 activation of microglial cells in the NTS
(Supplementary Figure S1C,D). NO, the gas involved in sympathetic activity and blood
pressure regulation in the NTS, was elevated through the inhibition of TLR4 microglia.
Our results demonstrated that the increase in endogenous μ-opioid in the NTS induced the
formation of μOR/AT1R heterodimers and the TLR4-dependent inflammatory pathway,
which attenuated the NO-dependent depressor effect.

Oxidative stress and inflammation are essential for hypertension-induced renal in-
jury. Toll-like receptors (TLR) are key regulators of the innate immune system, and TLR-4
deficiency reduces Ang-II-induced real injury and fibrosis via the attenuation of reactive
oxygen species (ROS) production and inflammation in hypertensive kidneys [36]. Here,
we show that AT1R-induced superoxide generation led to the activation of microglia and
an increase in microglial TLR4, which were abolished by losartan treatment (Figure 2B–D).
As previously noted, the regulation of Ang II and TLR4 involves the body–brain commu-
nication between afferent neural and humoral pathways that activate the central neural
network to control cardiovascular function [36]. Neither RAS nor inflammatory mediators
can contribute individually to the pathogenesis of hypertension; thus, the interactions
between RAS components and inflammation mediators are likely synergistic [37]. Our
findings concluded that the downregulation of AT1R-induced superoxide generation is
associated with the activation of microglia and the expression of TLR4 in the NTS of SHR.

Opioids have been widely applied in clinics for centuries as one of the most potent pain
relievers, but their abuse has deleterious physiological effects that are difficult to predict. In
earlier studies, hypertension was characterized by pro- and antioxidant mechanisms [14],
inflammatory disorders [15], GPCR heterodimers [16], and sympathetic/-parasympathetic
tone imbalances [17]. Nevertheless, the mechanisms of the GPCRs involved in essential
hypertension are not fully understood. A previous study showed that the formation of
μOR/α2A-AR heterodimers in the NTS contributed to hypertension by disrupting the
BP-lowering function of α2A-ARs [16]. Our previous results revealed that Ang II-induced
stimulation generated the formation of AT1R and μOR heterodimers in the NTS, and
downregulated the activity of the ERK1/2-RSK-nNOS pathway and the production of NO.
In addition, opioids were previously shown to activate renin and ACE to increase the level
of angiotensin II through either direct or indirect pathways [12]. A previous report showed
that WKY that were ICV-infused with AngII showed increased BP, and that the AT1R and
μOR heterodimers were also increased in the NTS [6].

Microglia cells express the three subtypes of opioid receptors, μ, δ and κ [38]. Studies
have shown that glial and neuronal μ opioid receptors have similar morphine binding
affinities; however, glial cells express five times lower μ opioid receptors compared to
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neurons [39]. Wong et al. indicated that TLR9, not TLR2 or TLR4, plays a role in the mor-
phine inhibition of S. pneumoniae-induced NF-κB activity in the early stage of infection [40].
He et al. also showed that TLR9 was required for the morphine-induced apoptosis of
microglia through the p38 MAPK signaling pathway; in addition, he suggested that the
inhibition of TLR9 and/or the blockage of μOR prevented opioid-induced brain dam-
age [41]. Surprisingly, we observed that unilateral microinjection of a μOR-specific agonist,
DAMGO, in the NTS led to the formation of the AT1R/μOR heterodimer, and that TLR4
expression was involved in the progression of hypertension. However, μOR specific an-
tagonists [D-Phe-Cys-Tyr-D-Trp-Arg-Thr-Pen-Thr-NH2] (CTAP) have the reverse effect
(Figure 4A,C). The μOR activated the AT1R, increased the number of microglial cells, and
downregulated the phosphorylation of nNOSS1416 in the NTS (Figure 4B,D,E). These results
indicate that μOR activation elevated AT1R to augment the activation of microglia and
cause an increase in microglial TLR4, thereby leading to the progression of hypertension.
These results also suggest that a reduction in GPCR stimulation through μOR is required to
impair the formation of GPCR heterodimers and the depressor’s response. Given the role
of Ang II in the maintenance of renal homeostasis, any novel inhibitor ought to possess
improved selectivity for the targeting of pathogenic Ang II signaling to enable better hy-
pertension treatment. Most importantly, we observed that the upregulation of endogenous
μ-opioids in the NTS led to the interaction of Ang II and μOR, which promoted the binding
of Ang II to AT1R, thereby activating the microglia and triggering superoxide production,
and finally leading to neurotoxicity (Figure 5).

This study provides novel evidence that: (1) TLR4-dependent inflammatory levels
were upregulated in the NTS of hypertensive SHRs; (2) AT1R inhibitors decreased BP
and abolished TLR4-dependent inflammation in the NTS; (3) high μ-opioids levels trig-
gered the formation of μOR/AT1R heterodimers in the NTS, which contributed to the
development of hypertension; (4) the formation of the μOR/AT1R heterodimers enhanced
TLR4-dependent inflammation, which impaired the NO-dependent depressor effect in
the NTS; and (5) the TLR4-dependent inflammatory pathway also attenuated the NO-
dependent depressor effect. Previous reports support these findings, indicating that μORs
tend to form heterodimers with the formation of the α2A-ARs [42], and that μOR/α2A-
AR heterodimers impair the function of α2A-ARs, which is consistent with our previous
study [43]. G protein-coupled receptors (GPCRs) play an important role in drug therapy
and are one of the largest families for drug targets. Similarly to other GPCRs, the μ-opioid
receptor (μOR) carries out its function by stimulating the heterotrimeric G protein [44]. The
formation of—or changes in—these ligands can alter dimer binding and receptor activation,
and cause desensitization and trafficking, leading to pathophysiological processes. Further
studies of these heterodimers, including AT1R and μOR or α2A-AR and μOR, will provide
new insights into therapies against hypertensive conditions.
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Figure 5. Proposed pathogenic mechanism for neurogenic hypertension. (A) The interaction of Ang II and μOR enhances
the binding of Ang II to the AT1R receptor, activates the microglia and promotes the formation of AT1R-μOR heterodimers
in the NTS, leading to superoxide production. This inactivates nNOS-derived NO, causing systemic elevations in blood
pressure. (B) AT1R inhibitors (such as losartan) decrease superoxide production, abolish the activation of microglia and
AT1R, and decrease TLR4 expression, which ultimately leads to improved hypertension (red line). Interestingly, μOR
inhibitors (such as CTAP) decrease BP and abolish μOR-induced formation of AT1R and μOR heterodimers. CTAP also
significantly inactivates the activation of microglia and AT1R, and reduces TLR4 expression, which can lead to an increase
nNOS-derived NO levels, thereby improving hypertension (black line). In summary, this study shows how the interaction
between Ang II and μOR enhances the binding of Ang II to AT1R, thereby causing microglia activation and inducing
superoxide production, which, in turn, leads to neurotoxicity. Furthermore, the interaction of Ang II and μOR also enhances
the formation of the AT1R and μOR heterodimers and inactivates nNOS-derived NO, leading to the development of
progressive hypertension.

5. Conclusions

In conclusion, an abnormal increase in endogenous μ-opioid in the NTS not only
induces a neurotoxicity cascade with enhanced Ang II binding to the AT1R receptor, and
activates the microglia (which induces superoxide production), but also induces the forma-
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tion of μOR/AT1R heterodimers and the TLR4-dependent inflammatory response, which
attenuate the NO-dependent depressor effect. These findings deepen our understanding of
μOR as a novel candidate for intervention in hypertensive conditions.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/antiox10111784/s1, Figure S1: Downregulation of TLR4-induced neurotoxicity is associated
with nNOSS1416 phosphorylation in the NTS of spontaneously hypertensive rats.
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Abstract: Oleuropein, the major compound found in olive leaves, has been reported to exert numer-
ous pharmacological properties, including anti-inflammatory, anti-diabetic and anti-cancer effects.
The purpose of this study was to evaluate, for the first time, the effect of oleuropein-rich leaf extracts
(ORLE) in already-developed colon tumours arising in Apc (adenomatous polyposis coli) mutated
PIRC rats (F344/NTac-Apcam1137). Here, we were able to investigate in parallel the anti-cancer effect
of ORLE, both in vivo and in vitro, and its anti-inflammatory effect on macrophages, representing a
critical and abundant population in most solid tumour microenvironment. We found that in vivo
ORLE treatment promoted apoptosis and attenuated iNOS activity both in colon tumours as in
peritoneal macrophages of PIRC rats. We this confirmed in vitro using primary RAW264.7 cells:
ORLE reduced iNOS activity in parallel with COX-2 and pro-inflammatory cytokines, such as IL-1β,
IL-6 and TGF-β. These findings suggest that ORLE possess a strong anti-inflammatory activity, which
could be crucial for dampening the pro-tumourigenic activity elicited by a chronic inflammatory
state generated by either tumour cells or tumour-associated macrophages.

Keywords: oleuropein; colon tumours; PIRC rats; activated macrophages; chronic inflammation;
inducible nitric oxide synthetase (iNOS); cyclooxygenase-2 (COX-2); nitric oxide (NO)

1. Introduction

Cancer is currently the second leading cause of death worldwide and highly efficient
anti-cancer drugs are currently used to counteract the uncontrolled proliferative activity
of neoplastic cells. The effectiveness of most chemotherapeutic agents is accompanied
by systemic toxicity, since anti-cancer agents discriminate poorly between normal and
cancerous cells. In addition, the efficacy of these treatments is still limited, due to the
adverse side effects and the frequent development of resistance.

Among alternative therapies for cancer treatment, there is a growing interest in the
anti-cancer action of natural substances, that are non-toxic, affordable, readily accessible,
and, some of which, present in large amounts in byproducts from agro-food chains [1].
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Natural products are well-established to have pharmacological or biological activities
that can be of therapeutic benefits for cancer therapy. Accumulating evidence has revealed
that natural products can modulate a series of key signalling pathways displaying thera-
peutic effects, such as pro-apoptotic, anti-proliferative, anti-angiogenic effects, in different
types of human cancers [2]. More recently the use of natural compounds as differentiation
inducing agents leading maturation of low differentiated cancer cells rendering them less
aggressive and more sensitive to conventional treatments has emerged [3].

The beneficial effects of olive leaves or different preparations (e.g., infusions, extracts)
have a several-century-long tradition and have been used for the treatment or to alleviate
the symptoms of many diseases (such as diabetes mellitus, arterial hypertension, and
bronchial asthma), and are currently contemplated in the Ph. Eur. 5 pharmacopoeia [4].

In particular, Olea europaea L. leaves are rich in oleuropein (Ole), a secoiridoid com-
pound that exhibits a wide range of anti-oxidant, anti-inflammatory, anti-diabetic, neuro-
and cardio-protective, anti-microbic and immunomodulatory activities [5–8]. Recently, pre-
clinical studies have provided convincing evidence that Ole has, also, peculiar properties
as autophagic, and pro-apoptotic inducer and amyloid fibril growth inhibitor [9–13]. In
our experience, we found that Ole might exert an anti-cancer activity, alone or in com-
bination with conventional treatments, through different mechanism in different cancer
cell lines [13,14].

Colorectal cancer (CRC), one of most common type of cancer in the Western world
of both men and women [15], is one of the solid tumours that may take advantage of a
nutritional intervention. Indeed, in addition to a complex genetic susceptibility, the key
environmental factors for colon cancer include the diet. Preclinical evidences have demon-
strated that olive oil-derived substances have a beneficial effect against colorectal cancer
through the modulation of gut microbiota composition or activity [16]. In particular, Ole
was able to reduce crypt dysplasia in a rat short-term colon carcinogenesis experiment [17]
and to show protective effects in colitis-associated CRC in mice, suggesting, together with
the results obtained in cancer cells in vitro, that this molecule may decrease colon tumori-
genesis. Whether these protective effects can be extended also to already-developed colon
tumours is not known.

Based on these considerations, the aim of the present study is to explore, for the
first time, whether oleuropein-rich leaf extracts (ORLE), exerts anti-tumoural and anti-
inflammatory activity in colon tumours and peritoneal activated macrophages of PIRC
rats carrying a heterozygous germline mutation in the Apc gene. The APC mutation is the
first event triggering colon carcinogenesis both in the majority of sporadic cases and in
familial adenomatous polyposis (FAP) syndrome, a hereditary form of colon cancer [18].
Accordingly, PIRC rat spontaneously develops multiple tumours in the colon and small
intestine, thus standing as a robust model to study the protective effect of ORLE, derived
from olive leaves, on colon cancer progression.

We found that an ORLE enriched diet reduces cell proliferation and increases cell
apoptosis in tumours and reduces nitric oxide synthase (iNOS) in colon tumour lesions and
peritoneal macrophages of PIRC rats. We confirm that ORLE inhibits the pro-inflammatory
features of activated murine macrophages through the reduction of iNOS, cyclooxygenase-
2 (COX-2), interleukin (IL)-1β, IL-6 and TGF-β expression, both in acute as in a chronic
exposure. We suggest that an ORLE-enriched diet contributes to switching-off the pro-
inflammatory signal released either by tumour cells or by inflammatory cells of tumour
microenvironment critical for colon cancer progression.

2. Materials and Methods

2.1. Olive Leaf Extract’s Preparation and Toxicity

Organic olive (Leccino cultivar) leaves were harvested in Tuscany (Vinci, Florence, Italy)
and immediately processed to obtain a powder extract rich in active compounds, as
previously described in Romani et al. [19]. The characterization of the minor polar com-
pounds and the phenolic profile of olive leaves extract was carried out by HPLC-DAD-MS
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(high-performance liquid chromatography coupled with diode-array detection and mass
spectrometry). The total polyphenol content of dry extract is about 400 mg/g, of which
oleuropein was about 379 mg/g. For in vitro experiments ORLE was reconstituted to a
final concentration of 14 mM in PBS.

2.2. Cell Lines and Culture Conditions

HCT-116, colorectal carcinoma cells were purchased from European Collection of
Authenticated Cell Cultures (ECACC, Porton Down, SP4 0JG Salisbury, UK). The murine
macrophage RAW 264.7 cell line was purchased from the American Type Culture Collection
(ATCC, Manassas, VA, USA. Cells were cultured in Dulbecco’s Modified Eagle Medium
high glucose (DMEM 4500, EuroClone, Milan, Italy) supplemented with 10% fetal bovine
serum (FBS, EuroClone) and maintained at 37 ◦C in humidified atmosphere containing
90% air and 10% CO2 and they harvested from subconfluent cultures by incubation with
a trypsin-EDTA solution (EuroClone) and propagated every three days. Viability of the
cells was determined by trypan blue exclusion test. Cultures were periodically monitored
for mycoplasma contamination using Chen’s fluorochrome test. HCT116 or RAW cells
were exposed for 24 h or 72 h to 50μM ORLE in complete medium according to different
experimental procedures. This concentration was tested on colon and macrophage cell
lines in preliminary experiments and chosen because resulted non-toxic (see Figure 3a).

2.3. MTT Assay

HCT116 cell viability was assessed using MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) tetrazolium reduction assay (Sigma Aldrich, Milan, Italy)
as described in [13]. Cells (2.5 × 103) were plated into 96-multiwell plates in complete
medium without red phenol. The ORLE treatment was added to the medium culture at
different dose for 72 h. Then the MTT reagent was added to the medium, and plates were
incubated at 37 ◦C. After 2 h, MTT was removed and the blue MTT–formazan product
was solubilized with dimethyl sulfoxide (DMSO, Sigma Aldrich). The absorbance of the
formazan solution was read at 595 nm using the microplate reader (Bio-Rad, Milan, Italy).

2.4. Animal Maintenance and Ex-Vivo Analysis

PIRC rats (F344/NTac-Apcam1137) and wild type (wt) (Fisher F344) rats were orig-
inally obtained by the National Institutes of Health (NIH), Rat Resource and Research
Center (RRRC) (University of Missouri, Columbia, MO, USA) and bred in Ce.S.A.L. (Hous-
ing Center for Experimental Animals of the University of Florence, Florence, Italy) in
accordance with the Commission for Animal Experimentation of the Italian Ministry of
Health (EU Directive 2010/63/EU for animal experiments), as described [20]; rats were
maintained in polyethylene cages and fed with a standard AIN-76 diet (Laboratorio Dottori
Piccioni, s.r.l., Gessate MI, Italy). Eight PIRC rats aged 12 months were randomly assigned
to the AIN-76 diet (Control group: two males, two females) or to the same diet containing
ORLE (2.7 g/kg of diet) (ORLE group: one male, three females) as reported [13]. The
number of rats in each treatment was based on the expected number of tumours/animal
in which to carry out our analyses (considering tumour apoptosis as primary endpoint).
Accordingly, to observe a significant increase in apoptosis (expected increase of at least 60%,
as we previously documented for other cancer-preventive plant compounds [21]), we con-
sidered that 6–7 tumours/group, as we actually found, would be sufficient, as calculated
with an “a priori “analysis [22]. Considering that rats eat about 11 g of diet/day, and a
mean body-weight of 300 g, we administered a dose of ORLE of about 100 mg/kg b.w [13].
Rats were euthanized by CO2 asphyxia after one week of treatment, in line with the experi-
mental protocol approved by the Commission for Animal Experimentation of the Italian
Ministry of Health. The entire colon and small intestine were flushed with saline solution
and opened to check for the presence of tumours which were collected and processed for
histological procedure and RNA-extraction as reported [20].
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Expression of CD68, as a measure of macrophage infiltration, and expression of prolif-
erating cell nuclear antigen (PCNA), as a measure of proliferative activity, were determined
in the tumour lesions of PIRC rats fed with different diets. Longitudinal colon sections
(4 μm) were mounted on electrostatic-treated slides (Superfrost® Plus, Medite, Wollenwe-
berstrasse 12 31303 Burgdorf Germany) and processed as described [23] using as primary
antibodies: mouse monoclonal antibodies against PCNA (PC-10, Santa Cruz, CA, USA)
and rat CD68 (AbD Serotec, Oxford, UK). Both antibodies were diluted in PBS 1:200.
CD68 reactivity was quantified as number of labeled cells/areas scored evaluated with the
ACT-2U software program (Nikon, Instruments Europe, Badhoevedorp, The Netherlands)
connected via a camera to the microscope (Optiphot-2, Nikon, Tokyo, Japan). Evaluation
was performed at 400× magnification.

2.5. Peritoneal Macrophages Isolation

Macrophage cultures were established from peritoneal exudates collected from rats
fed with different diets. Briefly, 20 mL of ice-cold PBS were injected in the peritoneal cavity
of the rats and collected immediately. Peritoneal exudates were washed by centrifugation
and macrophage monolayers allowed to adhere to plastic dishes in DMEM4500 medium
(without phenol red) containing 250 μg/mL bovine serum albumin (BSA), at the density
of 125 × 103 cells/cm2 in a 24-well dishes. After adhesion, macrophages cultures were
washed with PBS and then incubated in DMEM 4500 (w BSA, w/o PhR), at 37 ◦C in
a 10% CO2 humidified atmosphere and exposed to rIFNγ (50 U/mL) (Immunotools,
Friesoythe, Germany) and LPS (10 ng/mL) (Sigma) [24] for 48 h.

2.6. Mucosal Samples Collection and RT-PCR Analysis

Mucosal samples were collected in RNAlater and stored at −80 ◦C until extraction of
nucleic acids. DNA quality was assessed by gel electrophoresis and spectrophotometry,
measuring OD 260/280.

2.7. Determination of Apoptosis

Apoptosis was evaluated in histological sections (4μm thick) of tumours stained
with hematoxylin eosin as recommended by Femia et al. [25], determining cells with the
following characteristics of apoptosis: cell shrinkage, loss of normal contact with the
adjacent cells of the crypt, chromatin condensation, or formation of round or oval nuclear
fragments. Apoptosis was quantified as the number of apoptotic cells/area measured using
the ACT-2U software program (Nikon, Instruments Europe) connected via a camera to a
microscope (Nikon Optiphot-2). The evaluation was performed at 1000× magnification.

2.8. Nitric Oxide Assay

NO concentration was measured in the culture medium of rat peritoneal macrophages
or RAW cells using the Griess reaction. Namely, NO production was measured in rat
peritoneal macrophages cultures after 48 h of an in vitro treatment with IFNγ and LPS,
while in RAW264.7 cells (1.6× 105 cells/well) was measured after 24 h treatment with
1 μg/mL LPS [26]. In particular, RAW264.7 cells were exposed for 24 h to a co-treatment
with LPS and 50 μM ORLE, or for 72 h to 50 μM ORLE pre-treatment and a sequential
24 h treatment with LPS. Briefly, 100 μL of cell culture medium from RAW264.7 cells
or 250 μL from peritoneal macrophages cultures were mixed with an equal volume of
Griess reagent (1% sulfanilamide, 0.1% N-1-naphthalenediamine dihydrochloride, and
2.5% H3PO4) and transferred to 96-well plates. Plates were incubated at room temperature
for 10 min. Then the absorbance was measured at 540 nm in a microplate reader (BioTek,
Winooski, VT, USA). The amount of nitrite in the media was calculated from sodium nitrite
(NaNO2) standard curve. Results were normalized to protein concentration. For RAW264.7
cells NO production was expressed referred to LPS as 100%.

168



Antioxidants 2021, 10, 1577

2.9. Cytofluorimetric Assay of iNOS in HCT116 Cells

The expression of intracellular iNOS in HCT116 cells was assessed by flow cytometry
using iNOS monoclonal antibody recommended for the detection of NOS2 of mouse,
rat and human origin. HCT116 cells were exposed to a standard medium of a medium
containing 50 μM ORLE for 72 h. At the end of the incubation, cells were harvested,
fixed in ethanol 70%, permeabilized (Triton-X100, 0.01%), and then stained using anti-
human iNOS mouse IgG1 monoclonal antibody (sc-7271, Santa Cruz, 1 μg/105 cells). At
the end of the incubation (45′, 4 ◦C), cells were exposed to PE-labeled goat anti-mouse
IgG as secondary antibody (#22549814, Immunotools). Stained cells were analyzed on a
fluorescence-activated cell sorting (FACS) flow cytometer (FACScan, Becton Dickinson, BD
Biosciences Torreyana Rd - 92121 San Diego, CA, USA).

2.10. Western Blotting Analysis

RAW cells were exposed to 1 μg/mL LPS alone, or 50 μM ORLE, or LPS/ORLE
in complete medium as previously described. After incubation, cells and supernatants
were lysed together and separated using electrophoresis [13]. Cells were washed with
ice cold PBS containing 1 μM Na4VO3, and lysed in 100 μL of cell RIPA lysis buffer
(Merck Millipore). PMSF (1 mM final concentration), sodium orthovanadate (100 μM
final concentration) and protease inhibitor cocktail set III (from Sigma-Aldrich), have been
added to RIPA buffer. Aliquots of supernatants containing equal amounts of protein
(40 μg) in Laemmli buffer were separated on Bolt® Bis-Tris Plus gels 4–12 and fractionated
proteins were transferred to a PVDF membrane using iBlot 2 system (Life Technologies,
Carlsbad, CA, USA). Membranes were blocked for 1 h (RT) using Odyssey blocking buffer.
Subsequently, the membranes were probed (4 ◦C O/N) with primary antibodies. The
primary antibodies were diluted 1:1000 in a solution of 1:1 Odyssey blocking buffer/T-
PBS buffer. The following antibodies were used: COX-2 rabbit anti h/m/r mAb (#4842S,
Cell Signaling, Danvers, MA, USA, 74 kDa), iNOS rabbit anti mouse mAb (#13120S, Cell
Signaling, 130 kDa), and IL-1βRI rabbit anti mouse mAb (sc-689, Santa Cruz, 80 kDa). The
membranes were washed in T-PBS buffer and incubated for 1 h (RT) with goat anti-rabbit
IgG Alexa Flour 750 antibody or with goat anti-mouse IgG Alexa Fluor 680 antibody
(Invitrogen, Waltham, MA, USA, 1:10000). Bands were then visualized using Odyssey
Infrared Imaging System (LI-COR® Bioscience, Lincoln, NE, USA). The vinculin rabbit
anti h/m/r/mk mAb (#13901, Cell Signaling, 124 kDa) (1:1000) and anti h/m/r/mk mAb
α-tubulin (#3873, Cell Signaling, 52 kDa) were used to assess equal amount of protein
loaded in each lane.

2.11. RNA Extraction and Quantitative PCR

Total RNA from rat tumours or RAW264.7 cells was extracted using the Trizol reagent.
The concentration and purity of RNA samples were determined using the 260 to 280 ratio
(A260/A280) and the 260 to 230 ratio (A260/A230) readings of an ultraviolet spectropho-
tometer. The first-strand cDNA was synthesized, from 1 μg of total RNA, using the iScript
cDNA Synthesis Kit (#1708891, BioRad, Hercules, CA, USA) following the provided instruc-
tions. Quantitative real-time polymerase chain reaction (RT-PCR) was carried out using
SYBR Green PCR Master Mix (#4309155, Applied Biosystems, Waltham, MA, USA). The
results were analyzed on the (BioRad CFX96 qPCR Instrument). Values were normalized to
18S, and all the results were obtained from at least three experiments independently. The
sequences of primers used in this study are listed in Table 1.

Table 1. Primer sequences for qRT-PCR.

Gene Name (Accession nr.) Forward Sequence (5′-3′) Reverse Sequence (5′-3′)
IL-1β (NM_008361) CCT GCA GCT GGA GAG TGT GGA CCC ATC AGA GGC AAG GAG GAA
IL-6 (NM_031168) CTT CCA TCC AGT TGC CTT CT TGC ATC ATC GTT GTT CAT AC

TGF-β (NM_011577.2) GGC TTC TAG TGC TGA CG GGG TGC TGT TGT ACA AAG
18S (NR_003278) CGC CGC TAG AGG TGA AAT TCT CGA ACC TCC GAC TTT CGT TCT
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2.12. Statistical Analysis

All data were obtained based on at least on three independent experiments and ex-
pressed as mean ± SEM. Statistical analysis between two groups was performed using
unpaired Student’s t-tests. When comparing three or more groups for one or two inde-
pendent variables one-way or two-way analysis of variance (ANOVA) were performed
followed by Tukey’s post hoc test. P-values were calculated using GraphPad Prism version
6.04 for Windows (GraphPad Software, La Jolla, CA, USA) and are provided in the figure
legends. Band intensities in Western blot analysis were quantified using the computer-
based ImageJ software.

3. Results

3.1. In Vivo Effect of ORLE on PIRC Rats

One-year old PIRC rats with consolidated colon tumours were fed for one week with
ORLE diet or standard diet. At the end of treatment, no differences in body weight were
found between the two groups, indicating an unchanged caloric intake. At sacrifice, colon
tumours were present in both controls and ORLE treated groups and were processed and
analyzed for cell proliferation and apoptosis level. ORLE induced a significant reduction
in cell proliferation and augmented the levels of apoptotic bodies in the tumour lesions of
PIRC rats, when compared to those of control group fed with a standard diet (Figure 1a).

Figure 1. (A) Proliferative activity ((PCNA-Labelled cells (LC))/mm2) in colon tumours), (B) apop-
tosis (apoptotic cells/mm2) in colon tumours) in PIRC rats fed with different diets determined
as described in the Methods section. Representative images of either group were shown (arrows
indicate apoptotic cells; original magnification 1000×). Statistical significances were determined
using two-tailed unpaired student’s t-test corresponding to * p = 0.022 and ** p = 0.041.

To explore the in vivo effect of ORLE, we also evaluated the response of ORLE enriched
diet on macrophages. Macrophage recruitment to neoplastic mucosa was determined with
the evaluation of CD68 antigen expression in the colon tumours. As showed in Figure 2a,
ORLE intake did not alter the number of macrophages infiltrating the lesions. In addition,
as NO is often associated with cancer aggressiveness, we determined mRNA level of iNOS
in the colon tumours and compared to that expressed in normal mucosa of the same rats.
We found that iNOS expression was significantly augmented in tumour lesions compared
to their normal mucosa, while in rats fed with an ORLE diet, iNOS mRNA over-expression
was not significant compared to their normal mucosa (Figure 2b). The effect of the ORLE
diet was also explored in peritoneal macrophages collected upon the sacrifice of rats fed
with the two diets. In particular, we examined the ex-vivo NO production by collected
macrophages after in vitro treatment with IFNγ and LPS. Macrophages recovered from
PIRC rats fed with ORLE diet were unresponsive to the exposure to IFNγ/LPS. Indeed,
the release of NO was comparable to that of relative untreated macrophages. Conversely,
peritoneal macrophages collected from PIRC rats fed with a control diet were extremely
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responsive to the exposure to IFNγ/LPS. Indeed, the NO release was remarkably increased
compared to relative untreated macrophages (Figure 2c).

Figure 2. Effect of ORLE on rat macrophages. (A) CD-68 expression (positive cells/mm2) in colon tumours from PIRC rats
fed with a control diet (black column) or a diet enriched in ORLE (green column). (B) iNOS expression in colon tumours
(T) from PIRC rats fed with a control diet (black columns) or a diet enriched in ORLE (green columns) compared to iNOS
expression in normal mucosa (NM). Data are expressed as means + SEM; two-way-ANOVA of the data shows a statistical
significance (** p = 0.0016) for the effect of tissue (i.e., tumour expression being higher than that in the normal mucosa),
while dietary treatment was not significant. Post-hoc analysis of the differences between different groups (Tukey’s multiple
comparisons test) shows a significant difference between NM and tumours in the Control diet (** p = 0.0047), while the
difference between NM and tumours in the ORLE diet is not significant. (C) Effect of ORLE on NO production by peritoneal
macrophages recovered from tumour bearing rats fed a control diet (black columns) or a diet enriched in ORLE (green
columns) and untreated or exposed, in vitro, to IFNγ/LPS. Two-way-ANOVA of the data shows a statistical significance for
the effect of ORLE diet (p = 0.0001), and for the effect of treatment (p = 0.0002). Post-hoc analysis of the differences between
different groups (Tukey’s) shows a significant difference as indicated by the asterisks (p < 0.001).

Finally, since a reduction of iNOS mRNA was observed in rat colon tumours, we
aimed to determine whether the expression of iNOS protein by colon cancer cells changed
after the treatment with ORLE. By using flow cytometry analysis, we found a decreased
iNOS protein expression in HCT116 cells treated with 50 μM ORLE for 72 h.

HCT116 cells exposed to 50 μM ORLE for 72 h treatment did not show, compared to
untreated cells, a significant reduction of cell viability. Significant reduction on cell viability
was found at higher doses (100 μM and 200 μM ORLE), this resistance is probably related
to their high aggressiveness (Figure 3a,b).

3.2. Effect of ORLE on Primed Murine RAW264.7 Cells

To further explore ORLE effect on macrophages pro-inflammatory activity, we evalu-
ated the release of NO in RAW264.7 cells treated with 50 μM ORLE for 24 h in the presence
of LPS (acute exposure) or pretreated with 50 μM ORLE for 72 h (chronic exposure) and
next exposed to LPS. NO production, in quiescent RAW264.7 cells, was not affected by
the treatment with ORLE, neither after an acute or chronic modality. NO production
in RAW264.7 cells activated with ORLE acute exposure was significantly inhibited com-
pared to that measured in absence of it (50% reduction). Interestingly, NO production by
LPS-activated macrophages, after ORLE chronic exposure, was strongly inhibited (70%
compared to LPS-treated) (Figure 4a). In parallel, ORLE treatment strongly inhibited the
expression of iNOS after ORLE acute or chronic exposure (Figure 4B).
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Figure 3. MTT assay of HTC116 cells exposed for 72 h to different concentration of ORLE (A). Data are expressed as
means ± SEM of the percentage of viability and are representative of three independent experiments (n = 4). Statistical
evaluation of the effect of ORLE on tumour cell viability was analyzed by one-way ANOVA with post-hoc Tukey’s test,
* p < 0.001, ** p < 0.0001, and *** p < 0.00001. (B) Inhibition of intracellular protein expression of iNOS in HCT116 cells.
Representative histogram plots of untreated HCT116 cells (blu istogram) or HCT116 cells exposed for 72 h to ORLE (50 μM)
(green istograms). Coloured istograms represents HCT116 cells exposed to primary and secondary antibody, while white
istograms represents cells exposed to secondary antibody only. (C) Quantitative analysis of mean florescence intensity. Data
were expressed as means ± SEM (n = 3). Statistical significance was determined using two-tailed unpaired student’s t-test
corresponding to * p < 0.0001.

Further, ORLE inhibits the expression of COX-2 by an acute treatment and completely
abolished it after a chronic exposure (Figure 5). It has to be noted that the expression of
iNOS and COX-2 was evaluated on the same set of samples, and, necessarily, the same
tubulin reference was used. We hypothesize a possible cooperation of COX-2 with iNOS
abrogation during tumour lesion regression. Indeed, over-expression of iNOS may generate
reactive mutagenic agents causing as DNA damage or impairment of DNA repair, and
COX-2 stimulation leads to sustain tumour growth [27].

Figure 4. Cont.
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Figure 4. Inhibition of NO production in RAW264.7 macrophages: (A) exposed to 50 μM ORLE and 1 μg/mL LPS. Data
are expressed as means ± SEM of the percentage of inhibition compared to LPS treated cells. Data are representative of
three independent experiments (n = 4). Two-way-ANOVA of the data shows a statistical significance for the effect of ORLE
and for the effect of LPS (p < 0.0001). Post-hoc analysis of the differences between different groups (Tukey’s) shows a
significant difference as indicated by the asterisks (* p < 0.0001, and ** p < 0.01). (B) Upper panel, representative Western
blot of inducible nitric oxide synthase (iNOS) protein expression, lower panel, densitometric analysis of iNOS expression in
RAW.264.7 cells. Data are expressed as means ± SEM of percentage compared to LPS-stimulated cells from at least three
independent experiments. Two-way-ANOVA of the data shows a statistical significance for the effect of ORLE and for
the effect of LPS (P < 0.001). Post-hoc analysis of the differences between different groups (Tukey’s) shows a significant
difference as indicated by the asterisks (* p < 0.01, ** p <0.05 vs. UT, and *** p < 0.0001).

The evaluation of anti-inflammatory effect of ORLE, either acutely or chronically, on
RAW 264.7 macrophages exposed to LPS was finally explored through the analysis of the
relative mRNA expression of IL-1β and IL-6 cytokines and TGF-β. The results indicated
that ORLE decreased the mRNA expression of IL-1β, and IL-6, in LPS-induced RAW264.7
cells in time-dependent manner, the more prolonged was the exposure to ORLE, the more
significant was the inhibitory effect (Figure 6a,b). In addition to this inhibitory effect, ORLE
promotes, in an acute exposure, a reduction of IL-1βR protein expression and a reduction
of mRNA expression for TGF-β. (Figure 6c,d).

Figure 5. Cont.
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Figure 5. Inhibition of COX-2 expression. (A) Representative Western blot of inducible cyclooxygenase-2 (COX-2) protein
expression; (B) densitometric analysis of COX-2 expression in RAW.264.7 cells. Data are expressed as means ± SEM of
percentage compared to LPS-stimulated cells from at least three independent experiments. Two-way-ANOVA of the data
shows a statistical significance for the effect of LPS (p < 0.005). Post-hoc analysis of the differences between different groups
(Tukey’s) shows a significant difference as indicated by the asterisks (* p < 0.0001).

Figure 6. Cont.
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Figure 6. Evaluation by quantitative real-time PCR of IL-6 mRNA (panel (A) for ORLE acute,
and panel (B) for ORLE chronic exposure), and IL-1β mRNA (panel (C) for ORLE acute, and
panel (D) for ORLE chronic exposure) in RAW264.7 cells. Quantitative real-time PCR of TGF-β
mRNA in RAW264.7 cells exposed to ORLE acute treatment (E). mRNA levels were normalized
to 18S as an endogenous control. Two-way-ANOVA of the data shows a statistical significance
for the effect of ORLE treatment (p: 0.001), and for the effect of LPS (P: 0.002). Post-hoc analysis
of the differences between different groups (Tukey’s) shows a significant difference as indicated
by the asterisks (* p < 0.01 and ** p < 0.0001). IL-1R1 protein expression and relative densitometric
analysis in RAW264.7 cells exposed to ORLE acute treatment (F). Data are expressed as reduction
relative to LPS. Western blot images are representative of at least three independent experiments.
Two-way-ANOVA of the data shows a statistical significance for the effect of ORLE treatment, and
for the effect of LPS (p: 0.001). Post-hoc analysis of the differences between different groups (Tukey’s)
shows a significant difference as indicated by the asterisks (** p < 0.0001).

4. Discussion

The anti-inflammatory properties of phenolic secoiridoids have been recognized since
a long time, and the reduction of oxidative stress and inflammatory cells recruitment, have
been clearly demonstrated [28]. Ole is one of the most intriguing members of secoiridoids
family, and is able to dampen systemic inflammation through the modulation of pro-
inflammatory cell recruitment [29,30]. Given the close correlation between the perseverance
of chronic inflammation and tumour progression, Ole and the other phenolic compounds
have been studied for their beneficial effect on different models of in vitro and in vivo
cancer progression.

The aim of the present study is to evaluate, for the first time, the impact of an ORLE-
enriched diet, in an animal model with already-developed colon tumours, exploring
its effects on different characteristics of colon cancer and associated systemic inflamma-
tion [31]. We focused our interest on in vivo model of colon cancer, using the PIRC rats
that spontaneously develop tumours in the colon [32,33]. We choose one-week treatment
of ORLE-enriched diet equivalent to the consumption of a Ole dose (100 mg/kg of ORLE)
according to previous studies [13,17], to better highlight whether this low-dose treatment
might exert a beneficial effect against established cancer lesions and local and systemic
inflammation. Secondly, we confirm the anti-inflammation activity of ORLE in murine
activated peritoneal macrophages.

The novelty of our study is that one year old PIRC rats, bearing consolidated tumours,
were fed with ORLE-enriched diet for a short period of time (one week). On the contrary,
previous studies explored the chemoprevention effects of Ole/ORLE during the first phases
of the development of the tumours [17,34]. We focused our attention on one of the key
mediators released in tumour microenvironment, namely NO. Accordingly, it is well
known that the expression of inducible NO synthase in cancer correlates with a patient
poor prognosis [35]. However, it should be considered that, due to the highly sophisticated
network of interactions, in which the released NO is involved in tumor microenvironment,
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the role of NO in colon cancer progression remains controversial [36,37]. We demonstrated
that ORLE-enriched diet decreased cell proliferation and increased apoptosis in colon
tumours in vivo; we also documented that ORLE diet was able to counteract the tumour-
associated iNOS over-expression present in the tumours of control rats.

It has to be noted that peritoneal macrophages not only monitor and maintain local
homeostasis, but also play the role of sentinel cells against threats such as infections,
tissue damages, and tumours [38]. Thus, in some instances, the evaluation of peritoneal
macrophages activation could be used as a measure of local and systemic responsiveness
to pro-inflammatory stimuli [39]. We found that ORLE-enriched diet dampened the pro-
inflammatory behavior of peritoneal macrophages from tumour-bearing rats. Indeed,
one-week exposure to ORLE-enriched diet was sufficient to clearly reduce peritoneal
macrophages responsiveness to the in vitro treatment with IFNγ/LPS. Thereafter, we
demonstrate that ORLE was also effective in reducing in vitro iNOS expression in human
adenocarcinoma cells. It has to be noted that we observed an in vitro anti-proliferative
effect on colon carcinoma cells only at higher ORLE concentrations. Similar results have
been found by others using ORLE [13] or Ole at higher concentrations [40,41].

The upregulation of iNOS and the elevated NO release is an unavoidable aspect of
tumour microenvironment. The NO unpaired electron rapidly reacts with other radical
species present in the tumour microenvironment driving to an increased DNA damage
and the acquisition of additional mutations on surrounding tumor cells contributing in the
maintenance of an aggressive tumour phenotype [42–44].

Further, in colon cancer the release of cytokines as IL-1β, IL-6 and the activation of
COX-2, collectively, support neoplastic transformation and malignant progression [45,46].
Thus, we investigated whether ORLE treatment might modulate COX-2 and cytokine
release of activated macrophages. There is an intense debate regarding the role of tumour-
associated macrophages and cancer outcomes, mostly due to the highly plastic behavior of
these immune cell population [47,48]. Despite this, clinical evidence suggests that, in colon
cancer, the presence of a rich macrophage infiltrate accounts for a better prognosis [47].
Interestingly, we found that the number of macrophages infiltrating tumour lesions of
ORLE enriched diet fed rats was similar to that of macrophages infiltrating tumour lesions
in rats fed a regular diet. Conversely, we found that ORLE treatment significantly inhibited
LPS activated macrophages, in term of NO release and iNOS expression, consistent with our
in vivo results and other studies [26]. In addition to this, we found that COX-2 expression
in LPS-activated macrophages was completely abolished after ORLE chronic exposure. We
also found that ORLE treatment significantly downregulates LPS-macrophage activation
in term of IL-1β, IL-6, and TGF-β mRNA expression. These cytokines and growth factor
strongly cooperate in the maintenance of a pro-inflammatory and toxic microenvironment,
that correlates with disease progression and drug resistance [39,49–51].

5. Conclusions

The present study assesses whether one week-low-dose treatment with an ORLE-
enriched diet exerts a beneficial effect against established colon cancer lesions of PIRC rats
and local and systemic inflammation. Although in vivo experiments were performed with
a limited number of PIRC rats fed with ORLE, the overall results disclose a significant
increase in tumour apoptosis together with a downregulation of proliferation associated
with the inhibition of NO and relative pro-inflammatory mediators expressed by tumour
cells and inflammatory cells of tumour microenvironment. These findings suggest the
possibility to test ORLE as a complementary therapy in combination with standard anti-
cancer drugs.
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Abstract: Columbianadin (CBN), a natural coumarin isolated from Angelica decursiva, is reported to
have numerous biological activities, including anticancer and platelet aggregation inhibiting proper-
ties. Here, we investigated CBN’s anti-inflammatory effect in lipopolysaccharide (LPS)-stimulated
RAW 264.7 cell activation and deciphered the signaling process, which could be targeted by CBN as
part of the mechanisms. Using a mouse model of LPS-induced acute liver inflammation, the CBN ef-
fects were examined by distinct histologic methods using trichrome, reticulin, and Weigert’s resorcin
fuchsin staining. The result showed that CBN decreased LPS-induced expressions of TNF-α, IL-1β,
and iNOS and NO production in RAW 264.7 cells and mouse liver. CBN inhibited LPS-induced ERK
and JNK phosphorylation, increased IκBα levels, and inhibited NF-κB p65 phosphorylation and its
nuclear translocation. Application of inhibitors for ERK (PD98059) and JNK (SP600125) abolished the
LPS-induced effect on NF-κB p65 phosphorylation, which indicated that ERK and JNK signaling path-
ways were involved in CBN-mediated inhibition of NF-κB activation. Treatment with CBN decreased
hydroxyl radical (•OH) generation and increased HO-1 expression in RAW 264.7 cells. Furthermore,
LPS-induced liver injury, as indicated by elevated serum levels of liver marker enzymes (aspartate
aminotransferase (AST) and alanine aminotransferase (ALT)) and histopathological alterations, were
reversed by CBN. This work demonstrates the utility of CBN against LPS-induced inflammation,
liver injury, and oxidative stress by targeting JNK/ERK and NF-κB signaling pathways.

Keywords: columbianadin; LPS; hydroxyl radicals; HO-1 expression; liver-injury; NF-κB/MAPK
signaling pathways

1. Introduction

Inflammation is one of the most common clinical indicators of many disease conditions,
including Alzheimer’s, gout, arthritis, and obesity [1]. Therefore, suppression of the
inflammatory process is the first significant treatment step in almost all pathological
conditions. At present, various chronic inflammatory diseases are controlled by treatment
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with non-steroidal anti-inflammatory drugs (NSAIDs). However, severe side effects of
these treatments are commonly reported [2], necessitating the development of safer anti-
inflammatory substances. The molecular mechanisms connected with the inflammatory
process are intricate. Among them, the nuclear factor kappa B (NF-κB) and mitogen-
activated protein kinase (MAPK) signaling pathways have been found to play significant
roles in the inflammatory response. Lipopolysaccharides (LPSs), also known as endotoxins,
are found in the outer membrane of Gram-negative bacteria and have been extensively
used in models of both systemic and local inflammation. LPS activates macrophage
inflammation via activation of NF-κB [3], and controls acute inflammatory and innate
immunity functional genes. Rapid phosphorylation of inhibitory κB (IκB) protein results in
NF-κB activation by the IκB kinase (IKK) signaling process, which enhances degradation of
the IκBα protein [4]. Increased degradation of IκBα subsequently initiates the translocation
of active IκB-free NF-κB from the cytoplasm to the nucleus, which results in an activation
of promoter regions of target genes and transcription of pro-inflammatory markers, such as
tumor necrosis factor (TNF-α), interleukin-6 (IL-6), inducible nitric oxide synthase (iNOS),
and cyclooxygenase-2 (COX-2). [5].

NF-κB is closely related to MAPK signaling (the extracellular signaling kinases (ERK1
and 2), the c-jun N-terminal kinases (JNK1-3), and the p38 MAPK (p38α, β, γ, and δ))
pathway, which is responsible for the release of various inflammatory cytokines [6]. In
addition, a previous study examined the role of the MAPKs in the induction of iNOS and
cytokine expression in activated macrophages [7]. LPS-mediated induction of NF-κB also
activates iNOS and inflammatory liver injury [8]. Moreover, the pro-oxidative effect of LPS
is generated via the stimulation of reactive oxygen species (ROS) production. ROS act as
cellular messengers and provoke an inflammatory response. Due to the imbalance between
ROS and antioxidant defense systems, oxidative stress occurs [9]. ROS are reported to
induce cell and tissue injury through pro-inflammatory cytokine production and triggering
NF-κB [10]. LPS induces iNOS and nitric oxide (NO) at sites of inflammation via activation
of p38MAPK and NF-κB in RAW 264.7 cells [11]. Inhibition of JNK has been identified
as an important anti-inflammatory mechanism through the suppression of inflammatory
genes in several diseases [12]. Evidence shows that inflammation induces ERK activation.
Therefore, the reduction of pro-inflammatory mediators and tissue injury via regulating
NF-κB/MAPK and free radicals should be effective for treating inflammatory diseases.

Coumarins, the most common secondary metabolites in plants, have numerous
physiological activities [13]. Columbianadin (CBN), 1-[(8S)-8, 9-dihydro-2-oxo-2Hfuro
[2, 3-h]-1-benzopyran-8-yl]-1-methylethyl-[(2Z)-2-methylbutenoic acid] ester, is a princi-
ple component extracted from the root of Angelica pubescens Maxim [14]. As an angular
dihydrofurocoumarin, it has shown several activities, including antiplatelet activity [15],
cytotoxicity against various cancer cells, and in vivo palliative actions in mice [16]. Trans-
portation and absorption kinetics studies revealed that CBN easily entered into the blood
and circulated mainly in hepatic tissue [17]. Our recent study also reported the antiplatelet
effect of CBN via different molecular mechanisms and suggested that CBN could act as a
potential drug to treat thromboembolic disorders [18]. Although several basic biological
and anti-inflammatory properties of CBN have been explored, the underlying mechanisms
of the anti-inflammatory and liver protective effects are unclear. The present study may
provide an improved scientific motivation for its clinical use as a candidate drug for the
treatment of inflammatory liver diseases.

2. Materials and Methods

2.1. Materials

Columbianadin (CBN, >98%) was purchased from ChemFaces Biochem, Wuhan,
Hubei, China. Dimethyl sulfoxide (DMSO), PD98059, SP600125, BAY11-7082, and DMPO
were purchased from Sigma (St Louis, MO, USA). The antibodies against phospho-p38
MAPK Ser182 (pAb), IκBα (44D4), phospho-c-JNK (Thr183/Tyr185), p38 MAPK, NF-κB p65
(mAb), phospho-p44/p42 ERK (Thr202/Tyr204), and phospho-NF-κB p65 (Ser536) pAb were
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all purchased from Cell Signaling (Beverly, MA, UAS). Anti-HO-1 pAb was purchased
from Enzo (Farmingdale, New York, USA). The monoclonal antibody against α-tubulin
was derived from NeoMarkers (Fremont, CA, USA). CBN was dissolved in 0.1% DMSO.
All other chemicals and reagents used in this study were commercially purchased from
Sigma until specified otherwise.

2.2. Cell Cultivation and MTT Assay for Cell Viability

RAW 264.7 cells were procured from the American Type Culture Collection (ATCC,
Manassas, VA, USA, TIB-71) and cultivated in DMEM at 37 ◦C under 5% CO2 and 95%
air. Cells (2 × 105 cells/well) were pretreated with CBN (10–180 μM) for 20 min, followed
by stimulation with LPS (1 μg/mL) for 24 h. An MTT assay was utilized for cell viability.
Concisely, a 5 mg/mL MTT working solution was added into each well. After 4 h incubation
at 37 ◦C, the culture medium was collected and 300 μL of DMSO were added to dissolve
the crystals. The cell viability index was measured by calculating the absorbance of treated
cells/absorbance of control cells ×100%.

2.3. Detection of Hydroxyl Radicals

According to our previous study, electron spin resonance (ESR) spectrometry analysis
was done [19]. Briefly, RAW 264.7 cells (5 × 105 cells/mL) were exposed to 1 μg/mL LPS
after a 20 min incubation with 20 and 40 μM CBN. After a 5 min incubation, the suspensions
were added 100 μM DMPO before the ESR analysis was performed. The spectrometer
functioned at 20 mW of power, 9.78 GHz of frequency, 100 G of scan range, and 5 × 104 of
receiver gain. Variation amplitudes, 1 G; time constant, 164 ms; and scanning for 42 s with
3 scans accumulated.

2.4. Immunoblotting Study

For Western blotting analysis, cells and liver tissues were lysed and homogenized
using lysis buffer. Fifty micrograms of the extracted proteins were electrophoretically
separated using 12% SDS-PAGE and transferred to PVDF membranes and then blocked
with 5% skimmed milk. The membranes were subjected to various desired primary
antibodies for 2 h. After washing with PBS, they were incubated with HRP-conjugated
donkey antirabbit IgG or sheep anti-mouse IgG for 1 h. The immunoreactive bands were
identified with an enhanced chemiluminescent (ECL) system. The density of protein bands
was quantified by using ImageJ software (NIH, Bethesda, MD, USA). The results were
evaluated as relative units determined by normalization of the density of each band to that
of the corresponding α-tubulin protein band.

2.5. Confocal Microscopy Assay

Cells at a density of 5 × 104 cells per well in 6-well plates on cover slips were pretreated
with 40 μM CBN for 20 min followed by stimulation with 1 μg/mL of LPS for 30 min. Cells
were fixed with 4% paraformaldehyde for 10 min. After double washing with PBS, cells
were permeated with 0.1% Triton X-100 for 10 min and then blocked with 5% BSA for 1 h.
Further, the primary p65 antibody was added to cells and kept at 4 ◦C for overnight. After
that, cells were subjected to conjugated goat anti-rabbit IgG for 1 h and then stained with
4,6-diamidino-2 phenylindole (DAPI). Nuclear translocation of NF-κB p65 was examined
by using a laser scanning confocal microscope (Nikon Ti-E A1, Tokyo, Japan) and images
were captured for further analysis.

2.6. Measurement of NO Production

Cells were treated with CBN (20–40 μM) in the presence or absence of LPS (1 μg/mL)
for 24 h. Briefly, 100 μL of each culture suspension were incubated with 100 μL Griess
reagent for 10 min, and an microplate absorbance (MRX) reader measured the optical
density at 550 nm. The NO production was measured with reference to the standard curve
of sodium nitrite.
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2.7. Animals and Experimental Design

Sixty healthy male C57BL/6 mice (weighing 25–30 g) were obtained from BioLasco
Taiwan Co., Ld., Taipei, Taiwan. The Institutional Animal Care and Use Committee,
Taipei Medical University, Taiwan (LAC-2016-0395) approved the study. After a week of
acclimatization in a laboratory condition, the animals were separated into four groups
(n = 12 per group): (i) Normal saline group (control), (ii) LPS control group (2.5 mg/kg,
LPS), and (iii and iv) CBN + LPS groups (10 and 20 mg/kg, respectively). In the drug
pretreatment groups, mice were intraperitoneally treated with CBN (10 and 20 mg/kg) for
2 h and then injected with LPS for 6 h. After anesthetizing with isoflurane (induced at 4%
and maintained at 3%), blood was collected for biochemical analyses and liver tissues were
dissected out for histology study. All mice were in fasting condition prior to collection of
blood and tissue.

2.8. Histological Analysis

The liver tissues from all animals were fixed in 4% phosphate-buffered formalin for
histopathological analysis. The fixed tissues were desiccated and inserted in paraffin and
cut into 7 μm thin sections. After overnight drying, sections were dewaxed, rehydrated,
and stained using trichrome, reticulin, and Weigert’s resorcin fuchsin. The alterations were
observed under a Nikon (Eclipse Ci-L) light microscope (Nikon Co., Tokyo, Japan).

2.9. Measurement of Liver Function Enzymes

Markers of liver function, serum aspartate transaminase (AST), and alanine transami-
nase (ALT) were determined using the Vet-Test® chemistry analyzer (IDEXX, Westbrook,
ME, USA) with the results being expressed as international units per liter (U/L).

2.10. Statistical Evaluation

The results are given as mean ± standard error (S.E.M). Data were tested using
SAS (version 9.2; SAS Inc., Cary, NC, USA). Statistical difference was determined by one-
way analysis of variance (ANOVA). If significant variation was identified with multiple
comparisons, a Student–Newman–Keuls test was performed. p < 0.05 indicated statistical
significance. * p < 0.05; ** p < 0.01; *** p < 0.001. The statistical power was calculated with G
* Power software (v.3.1) (Heinrich-Heine-Universität Düsseldorf, Düsseldorf, Germany)
for animal experimental data. The statistical power was ranged from 0.8–0.9 in all the
variables analyzed.

3. Results

3.1. Effects of CBN on Cytotoxicity, •OH Radical Production, and HO-1 Expression

To find whether CBN (Figure 1A) produces inhibition of •OH radical production
without affecting cell viability, its cytotoxicity was detected by an MTT assay in RAW 264.7
cells. As shown in Figure 1B,C, CBN (10–180 μM) alone or with LPS (1 μg/mL) treatment
had no noticeable cytotoxicity up to the concentration of 60 μM. The observed cell viabilities
were >90%. Despite CBN showing no toxicity up to 60 μM in RAW cells, we used more safe
and effective concentrations of 20 and 40 μM in follow-up experiments. The capability of
CBN to scavenge free radicals was measured using the ESR radical scavenging assay and
the results are shown in Figure 1D. CBN significantly (*** p < 0.001) and concentration (20
and 40 μM) dependently scavenges •OH radicals induced by LPS. Heme oxygenase-1 (HO-
1) has been reported as an essential molecular target for anti-inflammatory activity [20]
and several natural products have been found to exhibit anti-inflammatory activity via
HO-1-mediated NF-E2-related factor 2 (Nrf2) activation [21]. Accordingly, this study tested
the effect of CBN on HO-1 protein expression. As shown in Figure 1E, CBN treatment
increased HO-1 expression in a concentration-dependent manner. The results may indicate
that CBN scavenges LPS-induced •OH radical formation via at least partially increasing
HO-1 expression.
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3.2. CBN Suppresses LPS-Induced MAPK Activation

Abnormal activation of MAPK signaling results in excessive inflammatory actions, since
these molecules are important players in regulating inflammatory-mediated macrophage
activation. Inhibition of MAPK activation has been reported to block the activation of in-
flammatory cytokines and molecules, reducing the severity of inflammatory disease. In this
study, as shown in Figure 2, LPS could cause a significant elevation of ERK, p38 MAPK, and
JNK phosphorylation after exposure for 30 min. CBN treatment significantly reduced ERK
and JNK, but not p38 MAPK phosphorylation. Studies with pharmacological inhibitors
demonstrated that MAPK is associated with regulating the transactivation function of
NF-κB in macrophages [22]. This result evidenced that ERK and JNK play major roles as
regulators of CBN-mediated anti-inflammatory effects in LPS-induced macrophages.

Figure 2. Effects of CBN on ERK1/2, p38MAPK, and JNK1/2 phosphorylation in LPS-induced RAW
cells. Cells were treated with 0.1% DMSO or CBN (20–40 μM) for 20 min, and then induced by LPS
(1 μg/mL) for 30 min. The (A) ERK, (B) p38MAPK, and (C) JNK phosphorylation was detected by
immunoblotting. Data are expressed as the means ± S.E.M. (n = 4). *** p < 0.001, LPS vs. control cells;
## p < 0.01, LPS vs. treatment groups.

3.3. CBN Regulates NF-κB Signaling Pathways

Studies have stated that LPS could activate NF-κB in addition to activating various
transcription factors, which regulate numerous inflammatory signals due to its role in
stimulating the generation of NO, TNF-α, IL-6, and other inflammatory mediators in
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activated macrophages [23]. These mediators are also related to the modulation of iNOS.
Consequently, in order to investigate the effect of CBN in LPS-induced NF-κB signaling,
the levels of IκBα degradation, p-p65 expression, and its nuclear translocation were ana-
lyzed. As described in Figure 3A–D, IκBα degradation (Figure 3A), p65 phosphorylation
(Figure 3B,C) and its nuclear translocation (Figure 3D) were increased in LPS-induced
cells when compared with normal cells. Interestingly, CBN reversed IκBα degradation
and inhibited the phosphorylation and nuclear translocation of p65 in LPS-induced cells.
Moreover, similar to CBN, specific inhibitors for ERK (PD98059), JNK (SP600125), and
NF-κB (BAY117082) significantly reversed LPS-induced p65 phosphorylation (Figure 3C).
These results suggest that ERK and JNK1/2 are involved in the upstream signal pathways,
which mediate LPS-induced NF-κB activation. Overall, these findings indicate the crucial
role of ERK and JNK, but not p38 MAPK, in the upstream regulators of NF-κB activation
and play a vital role in the CBN-mediated anti-inflammatory effects.

Figure 3. Effects of CBN on LPS-induced NF-κB signaling pathway in RAW cells. RAW cells
were treated with CBN (20 and 40 μM) for 20 min with or without LPS (1 μg/mL) for 30 min.
Immunoblotting assay was performed to detect (A) IκBα degradation and (B) p65 phosphorylation.
(C) Effect of the BAY117082, PD98059, or SP600125 on p65 phosphorylation in LPS-induced RAW cells.
(D) CBN reversed LPS-induced NF-κB p65 nuclear translocation. Data were graphed by pooling
multiple images, with each individual data point corresponding to the mean fluorescence intensity
of each individual cell nucleus. ** p < 0.01 and *** p < 0.001, LPS vs. control cells; # p < 0.05, and
## p < 0.01, LPS vs. CBN-treated cells (n = 4).
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3.4. CBN Reduced the Expression of Inflammatory Mediators
3.4.1. Effects on NO and iNOS

Elevated levels of NO are considered to be an index for inflammatory disorders and a
suitable target to find potent anti-inflammatory agents [24]. The increased production of
NO can be attributed to the overexpression of iNOS, which is an important inflammatory
mechanism. The NO production and iNOS protein expression were effectively augmented
in LPS-induced RAW 264.7 cells (Figure 4A,B), however, co-treatment with CBN signif-
icantly reduced the extent of augmentation. This result suggests that the inhibition of
NO production by CBN may be connected with its suppressive effect on LPS-induced
iNOS protein.

Figure 4. CBN inhibits NO production and expression of iNOS, TNF-α, and IL-1β in LPS-induced
RAW cells. The content of NO (A) and the expression of iNOS (B), TNF-α (C), and IL-1β (D) proteins
were assessed as defined in the Materials and Methods. Data presented are the means ± S.E.M. (n = 4);
** p < 0.01, LPS vs. control cells; # p < 0.05, ## p < 0.01, and ### p < 0.001, LPS vs. CBN-treated cells.

3.4.2. Effects on Inflammatory Cytokines

The anti-inflammatory activity of CBN was evaluated by its inhibitory effect against
LPS-induced TNF-α and IL-1β expression in the RAW 264.7 macrophages. The expression
of pro-inflammatory cytokines TNF-α and IL-1β was significantly increased in LPS-induced
macrophage cells (p < 0.001). As shown in Figure 4C,D, CBN treatment significantly inhib-
ited LPS-stimulated inflammatory cytokine expression, with greater inhibition occurring at
higher CBN treatment concentrations.
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3.4.3. Effects of CBN on Hepatic Histopathology

The production of inflammatory factors in liver tissues is complicated in liver injury. In
the histological observation, collagen depositions were profusely distributed in the portal
triad regions of liver tissues in LPS-induced mice (Figure 5(Ab)). Thick bundles of collagens
were identified as blue and red in trichrome and Weigert’s resorcin fuchsin staining,
respectively (indicated by white arrows, Figure 5(Ab,e)). The existence of elastic fibers
was also observed in the portal triad region of liver tissues in LPS-induced mice (indicated
by black arrowheads, Figure 5(Ae)). As shown in Figure 5(Ab,e,h), the thickness of the
portal vein was significantly increased in the LPS group compared with the control group.
Remarkably, a high dosage of 20 mg/kg CBN treatment markedly reduced LPS-induced
collagens and elastic fibers in liver tissues, as shown in Figure 5(Ac,f). In the reticulum
staining, the intralobular stroma appeared as a network of reticular fibers between the
sinusoids and the plates of hepatocytes (fine black fibers, Figure 5(Ah)). However, reticular
fibers in the LPS-induced liver tissues in mice were more abundant than those in the
control and CBN-treated mice (Figure 5(Ag,i)), as indicated by black arrows. These results
indicated that administration of CBN could dampen the LPS-induced increment of elastic
fibers following injury in liver cells.

3.5. CBN Reduces Liver Marker Enzymes ALT and AST

Serum ALT and AST transaminases were determined to examine LPS-induced liver
function. A significant increase in activity of ALT and AST in LPS-induced mice compared
with normal mice was observed (p < 0.05; Figure 5B,C). Treatment of CBN significantly
reduced the activities of AST and ALT (p <0.05) at a high dose of 20 mg/kg, however, no
significant effect was found at 10 mg/kg.

3.6. Effects of CBN on Liver MAPKs, NF-κB, Inflammatory Cytokines, and iNOS Protein
Expression

The obtained results from the in vitro anti-inflammatory effects of CBN were further
substantiated by examining the protein expression of MAPKs, NF-κB, inflammatory cy-
tokines, and iNOS in liver tissues of LPS-induced mice. Similar to RAW cells, proteins
were significantly elevated in LPS-exposed mouse liver tissues compared to normal mice
(Figure 6). Pretreatment with CBN prominently reduced the expression of the phospho-
rylation of ERK, JNK, p65, TNF-α, IL-1β, and iNOS. This result indicates that CBN has a
hepatoprotective effect via inhibiting these molecules.
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Figure 5. CBN dampens the LPS-induced hepatic injury in mice. (A) Effect of CBN on the histological alterations in liver
tissue. Trichrome stain (a–c). The white arrow indicates the collagen deposition in the portal triad region of liver tissues.
More abundant collagen fibers surrounded by arteriole and bile duct in LPS- and CBN + LPS-treated groups as compared
to the control group. Weigert’s resorcin fuchsin stain (d–f). Collagen fibers (red fibers indicated by white arrows) and
elastic fibers (dark blue fibers indicated by black arrowheads) in control, LPS, and CBN + LPS groups. Reticulum stain
(g–i). A network of fine black reticular fibers identified between the sinusoids and the plates of hepatocytes (indicated
by black arrow) in the control, LPS, and CBN + LPS groups. The thickness of the portal vein was calculated using MShot
Image Analysis System. Bar = 100 μm. (B,C) CBN reduces LPS-induced serum alanine aminotransferase (ALT) and
aspartate aminotransferase (AST) activities. Illustrative views of control, LPS, CBN (20 mg/kg) + LPS groups are presented
(magnification 20x). Data presented are the means ± S.E.M. (n = 6); * p < 0.05, ** p < 0.01, and *** p < 0.001, LPS vs. control
group; # p < 0.05, LPS vs. CBN group. The statistical power range was from 0.8–0.9.
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Figure 6. Effects of CBN on the expression of MAPK/NF-κB p65, TNF-α, and IL-1β and iNOS in
LPS-induced liver tissue. Mice were treated with CBN (10 and 20 mg/kg) for 2 h and then induced
by LPS (1 μg/mL) for 6 h. The expression of phosphorylated ERK, p38, JNK, and p65 and the protein
expression of TNF-α, IL-1β, and iNOS were evaluated as described in the Materials and Methods.
Data presented are the means ± S.E.M. (n = 6); * p < 0.05, ** p < 0.01, and *** p < 0.001, LPS vs. control
group; # p < 0.05, ## p < 0.01, and ### p < 0.001, LPS vs. CBN group. The statistical power range was
from 0.8–0.9.

4. Discussion

Studies have demonstrated that the production of inflammatory cytokines during
the stimulation of macrophages plays a vital role in organ damage, including acute and
chronic hepatic injury [24]. LPS induces liver injury by controlling oxidative stress and
free radicals in hepatocytes [25]. Here, we showed that the ERK/JNK signaling molecules
are important in the NF-κB-mediated induction of in vitro inflammatory cytokines, medi-
ators, and in vivo liver injury, and that CBN administration is an effective modulator of
inflammatory events. This study showed that free radicals are an important regulator of
inflammation and that CBN treatment blocked hydroxyl radical formation and increased
HO-1 expression in LPS-induced macrophage cells. These findings indicated that CBN
offers its protective effect in LPS-induced macrophage inflammation at least in part through
NF-κB- and MAPK-dependent mechanisms.

Reactive oxygen species activate superoxide anion, hydrogen peroxide, and hydrogen
radicals. ROS are associated with different cellular and biological functions, such as
controlling homeostasis, which is a significant factor for cell growth and survival [26].
However, the excess ROS formation will involve and play a significant role in the majority
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of pathophysiological events, including inflammation, via initiating intracellular pro-
inflammatory mediators [27]. Moreover, ROS enhances MAPK and NF-κB activation in
macrophages, resulting in the overexpression of genes, and can lead to the induction of
inflammatory events [28]. A previous study demonstrated that ROS plays a dynamic role
in septic shock and organ failure [26]. In addition, ROS is elevated in LPS-induced liver
injury and antioxidants might be ideal agents to improve recovery from this injury [29].
In this study, we found that LPS significantly elevated the levels of hydroxyl radicals
(•OH), which are inhibited by CBN in a concentration-dependent manner. Our result is
substantiated with the findings of Jiang et al. [30] who found that LPS elevated the levels
of free radicals, and that sophocarpine, an alkaloid, suppressed this elevation. Choi et al.
reported that Bis (3-bromo-4,5-dihydroxybenzyl) ether, a bromophenol compound derived
from a red alga, Polysiphonia morrowii, repressed LPS-induced inflammatory mediators by
hindering the ROS-mediated ERK signaling pathway in RAW 264.7 cells [31]. Moreover,
activation of HO-1 is a common response to oxidative stress as a cellular defense mechanism.
Numerous lines of evidence show that expression of HO-1 induced by pharmacological
treatment results in the reduction of cellular damage and inflammation. For instance, an
anti-inflammatory role has been proposed for HO-1 [32]. This result is consistent with our
finding that CBN enhances HO-1 expression in LPS-induced cells. Our results have shown
that CBN ameliorates LPS-induced oxidative stress, as indicated by the suppressed •OH
production and increased HO-1 expression in RAW cells. These findings indicate that CBN
could act as either a ROS inhibitor or antioxidant.

Mitogen-activated protein kinases play an important role in biological signal transduc-
tion into the nucleus from the cell membrane. MAPKs play a crucial role in various cellular
processes, including gene expression, proliferation, cellular stress, and inflammatory re-
sponse [33]. Studies have established that LPS could induce phosphorylation of ERK1/2,
JNK, and p38 MAPKs in murine macrophages [34]. Further, the suppression of the MAPK
pathway has been identified as an effective treatment to reduce inflammation [35]. NF-κB
is involved in LPS-induced inflammatory signaling pathways, using inhibitory factor IκB
in a resting condition. In LPS-activated cells, the NF-κB p65 subunit is detached due to
IκB phosphorylation. Phosphorylated p65 translocates into the nucleus, where it regulates
NF-κB-dependent target genes, including inflammatory mediators and cytokines [36]. Mi-
lani et al. [37] reported that β-carotene arrests nuclear translocation of NF-kB p65, which
is correlated with its inhibitory effect on phosphorylation, and degradation of the NF-kB
inhibitor. Similarly, β-carotene diminishes IκB phosphorylation and significantly hinders
the nuclear translocation of NF-κB p65 [38]. Our earlier study revealed that CME-1, a novel
polysaccharide, inhibited IκBα degradation and p65 Ser536 and MAPK phosphorylation in
LPS-stimulated RAW 264.7 cells [39]. Our data support these results, showing that CBN
inhibits NF-κB p65 nuclear translocation via hindering p65 phosphorylation on Ser536
and IκB degradation. Moreover, we used NF-κB (BAY 117082), ERK (PD98059), and JNK
(SP600125) inhibitors to further explore the possible involvement of MAPK in NF-κB acti-
vation in CBN-mediated anti-inflammatory activity, and showed that CBN inhibits ERK
and JNK in macrophage cells. The results revealed that that ERK1/2 and JNK signaling
pathways mediate the LPS-induced NF-κB activation, inhibiting p65 phosphorylation.
These findings also indicate the crucial role of ERK and JNK, but not p38MAPK, in the
upstream regulator of NF-κB activation and they play vital role in the CBN-mediated
anti-inflammatory effects.

LPS could induce inflammatory responses via elevating cytokines such as TNF-α,
IL-6, and IL-1β, and hence inhibition of these cytokines could diminish the response of
inflammation. The increased expression of iNOS can be attributed to the development
of inflammation and liver injury, as this elevation can induce the production of NO,
which is an additional stimulator involved in oxidative activity that in turn is involved
in inflammation [35]. Moreover, NO is involved in a wide range of oxidative reactions,
and LPS could induce a substantial increase in NO levels because of the elevated synthesis
of iNOS. Hence, NO activation may be an initial marker of liver damage, and inhibition
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of this molecule could be a target for regulating inflammation [40]. In this study, CBN
significantly reduced the expression of TNF-α, IL-1β, and iNOS in RAW cells and liver
tissues, which confirmed CBN’s anti-inflammatory and hepatoprotective effects. These
results are consistent with an earlier study that reported anti-inflammatory effects of
the polyphenol-enriched fraction (PEF) from Acalypha wilkesiana against LPS-induced
inflammation [41]. It was found that PEF attenuated LPS-induced NO production and
suppressed iNOS expression, and it also reduced the secretion of TNF-α, IL-1β, and IL-6
in LPS-stimulated macrophages. Our results also support those of Zhang et al. [42], who
found that CBN suppressed TNF-α and IL-1β in the culture supernatant of THP-1 cells
that had been stimulated by LPS.

Liver injury induced by LPS is linked with inflammatory mediators including superox-
ide, nitric oxide, TNF-α, IL-1β, IL-6, and other cytokines [43]. LPS stimulates NF-κB, leading
to the initiation of many inflammatory genes, such as TNF-α and IL-1β [44]. Therefore,
inactivation of NF-κB could attenuate LPS-induced liver injury. Studies have indicated that
antioxidant and anti-inflammatory agents are valuable in LPS-induced hepatic injury [45].
This study indicated that administration of LPS caused increased ALT and AST activities
in serum, measured as markers of liver injury. LPS-induced tissue injury results from an
increase in the release of cytokines and oxidative stress [46], resulting the stimulation of
apoptosis of hepatic cells and necrosis [47]. In this study, CBN pretreatment reduced the in-
creases in ALT and AST enzymes and lowered the infiltration of inflammatory cells, fibrosis
(elastic and reticular fibers), and collagen deposition induced by LPS in the liver tissues of
mice, which were evidenced by trichrome, Weigert’s resorcin fuchsin, and reticulum stains.
Consistent with the in vitro findings, CBN also inhibits MAPKs and p65 phosphorylation,
cytokines, and iNOS expression in the LPS-induced mouse liver. These results together
specified the anti-inflammatory and hepatoprotective effect of CBN and its therapeutic
potential for inflammatory diseases.

5. Conclusions

CBN exhibits compelling anti-inflammatory and hepatoprotective effects by prevent-
ing free radical formation and decreasing the expression of MAPK, especially ERK and
JNK, followed by the suppression of NF-κB pathways. This in turn led to inhibition of NO,
iNOS, TNF-α, and IL-1β in LPS-activated RAW cells and mouse liver. This study found
that ERK and JNK act as upstream mediators of NF-κB activation in LPS-induced cells.
CBN shows an antioxidant effect via increasing HO-1 expression in LPS-induced RAW
cells. The detailed histological evaluation showed that CBN protects LPS-induced liver
fibrosis as evidenced by decreased collagen, elastic, and reticular fibers. Though further
study of the principal mechanisms is required, we concluded that CBN may offer a pro-
tective mechanism by controlling multiple signaling cascades, and this natural coumarin
derivative could be used as a drug candidate for treating inflammation-mediated diseases.
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Abstract: Non-nutritive sweeteners are widely used in food and medicines to reduce energy content
without compromising flavor. Herein, we report that Rebaudioside A (Reb A), a natural, non-nutritive
sweetener, can extend both the lifespan and healthspan of C. elegans. The beneficial effects of Reb A
were principally mediated via reducing the level of cellular reactive oxygen species (ROS) in response
to oxidative stress and attenuating neutral lipid accumulation with aging. Transcriptomics analysis
presented maximum differential expression of genes along the target of rapamycin (TOR) signaling
pathway, which was further confirmed by quantitative real-time PCR (qPCR); while lipidomics
uncovered concomitant reductions in the levels of phosphatidic acids (PAs), phosphatidylinositols
(PIs) and lysophosphatidylcholines (LPCs) in worms treated with Reb A. Our results suggest that
Reb A attenuates aging by acting as effective cellular antioxidants and also in lowering the ectopic
accumulation of neutral lipids.

Keywords: C. elegans; non-nutritive sweetener; rebaudioside A; aging; oxidative stress resistance;
TOR; lipidomics

1. Introduction

Obesity and its related spectrum of metabolic disorders have emerged as a global
health epidemic in recent decades. It is widely believed that several risk factors, such as
high-sugar diet or high-fat diet, partly contribute to the increasing occurrence of obesity
and its related health problems, including type 2 diabetes, fatty liver disease, cardiovascular
disease, and hypertension [1]. Non-nutritive sweeteners (NNSs) are increasingly used
to replace traditional caloric sugars to reduce energy intake while maintaining tasting
flavor in foods and beverages. NNSs are particularly useful alternative sweeteners for
diabetics and individuals who need to control their blood sugar levels and minimize
excessive weight gain [2]. Saccharin, aspartame, acesulfame potassium (Ace K), sucralose,
neotame, rebaudioside A (Reb A), and cyclamate are food additives approved by the U.S.
Food and Drug Administration (FDA) as Generally Recognized as Safe Status (GRAS) for
consumption within their reasonable dose and daily intake limits [3–5]. The safety of NNSs,
however, has remained somewhat controversial, as some of their unexpected impacts on
metabolism are only beginning to unfold with recent investigation. For example, it was
found that sucralose could release water and hydrogen chloride on heating to 125 ◦C [6],
and promote the accumulation of reactive oxygen species (ROS) in mice. Sucralose also has
adverse effects on glucose metabolism and gut hormones and induces intensely sweet taste
preference that ultimately leads to irrational food intake [3,7,8]. Artificial NNSs application
was also reported to elevate the risk of various cancers [9]. Unlike artificial NNSs, Reb
A as a natural NNS has been found to possess a variety of biological functions beneficial
to organisms.
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Reb A is a natural product obtained from the extracts of Stevia rebaudiana (Bertoni), a
perennial shrub in the sunflower family of Asteraceae (Compositae), which is native to the
border area in Paraguay and Brazil. It was discovered that Stevia leaves are 30 times sweeter
than sucrose, whereas stevia glycosides isolated from the leaves are 200–300 times sweeter
than sucrose [10]. Stevia glycoside is also considered to be a safe natural NNS, with few
side effects in animal experiments and human studies of hypertensive patients [11]. Reb
A and stevioside isolated from Stevia share the basic structure of stevia glycosides [12,13].
Purified Reb A was approved by FDA in 2008 as GRAS. In contrast to most other NNSs,
previous studies have demonstrated that Reb A is beneficial to metabolic health. For in-
stance, Reb A was found to influence the cell cycle of human epidermal cells by increasing
the distribution of cells in the S phase, while reducing that in G2/M phase [14]. Reb A
also inhibits the inflammatory response in lipopolysaccharide-activated RAW264.7 mouse
macrophage cells by impeding the secretion of interleukin-1α/-1β and other cytokines [15],
and protects against tetrachloromethane-induced oxidative injury in human liver hepa-
tocellular carcinoma (HepG2) cells [16]. Mice treated with long-term and low-dose Reb
A were found to have altered gut microbiota composition with minimal effect on glu-
cose metabolism and weight gain [17]. Reb A exerts anti-inflammatory, antioxidant, and
antifibrotic effects on hepatic fibrosis induced by thioacetamide in rats [18]. Reb A was
also found to significantly ameliorate murine non-alcoholic steatohepatitis and decrease
hepatocyte triglyceride level [19], albeit the precise mechanism has remained obscured.
The effect of Reb A on physiological aging, as well as on the healthspan and lifespan in
model organisms, has not been previously investigated.

Caenorhabditis elegans (C. elegans) has been used as a model organism to study various
biological processes, including cell polarity, cell signaling, cell cycle, gene regulation,
senescence, autophagy, and metabolic processes [20]. C. elegans is also widely applied
for rapidly screening metabolic responses to drugs or natural extracts, which provides
the basis for mammalian biological experiments [21]. Moreover, worms represent an
excellent model for aging studies. Their behavior and physical indices, such as pumping
rate, lipofuscin accumulation, and locomotion can reflect aging rate and health status to a
certain extent, facilitating investigation on the effects of different metabolites on age-related
changes [22,23]. At present, several theories propose different underlying mechanisms of
aging, which include the free radical damage theory, caloric restriction theory, and telomere
senescence theory. The free radical aging hypothesis proposes that oxidative damages
infringed upon cells and tissues may cause aging [24]. It is worth noting that reactive
oxygen species (ROS) are considered to be harmful by-products from aerobic respiration,
causing oxidative damage and accelerating the development of age-dependent diseases
when accumulated in excess [25,26].

Lipids, especially polyunsaturated fatty acids (PUFAs), are susceptible to ROS attacks,
and lipid peroxidation plays an important role in intracellular aging [27]. In addition
to exerting structural functions, specific lipids, such as phosphatidylinositols (PIs) and
phosphatidylinositol phosphates (PIPs), also partake in signal transduction, membrane
trafficking, and other biological processes [28]. Mammalian target of rapamycin (mTOR)
pathway integrates signals from growth factors and nutrients to facilitate cellular metabolic
transition from catabolism to anabolism, promoting cell growth and cell cycle progres-
sion [29]. mTOR is activated in response to increases in cellular phosphatidic acids (PAs),
which interact and stabilize the FK506-binding protein-12-rapamycin-binding (FRB) do-
mains of mTOR complexes 1 (mTORC1) and mTORC2 [30].

Herein, we explored the effects of Reb A on the healthspan and lifespan of nematodes
and investigated the potential mechanisms underlying Reb A-induced metabolic changes
using a combination of transcriptomics and lipidomics approaches.
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2. Materials and Methods

2.1. Strain and Culture Conditions

The wild-type strain N2 and Escherichia coli strain OP50-1 were obtained from the
Caenorhabditis Genetics Center (CGC) at the University of Minnesota (Minneapolis, MN,
USA), while mutant strains xdEx1001 (Pdaf-22-PLIN1:GFP) were gifts from Dr Xun Huang’s
laboratory (IGDB, China). Streptomycin-resistant Escherichia coli strain OP50-1 as a unique
food source can exclude interference from other bacteria. Nematodes were cultured on
nematodes growth media (NGM) with active OP50-1 as the food source in biochemical
incubators at 20 ◦C for all experiments.

All experiments were performed on age-synchronized worms and cultured to the L4
laval stage on normal NGM [31]. Synchronized cohorts of C. elegans were prepared using
the bleaching method (10% NaClO/ddH2O/10 M NaOH = 2.4:16.6:1). First, reproductive
adult hermaphrodites were washed in 50 mL falcon tube using M9 buffer (5.8 g Na2HPO4,
3.0 g KH2PO4, 0.5 g NaCl, and 1.0 g NH4Cl dissolved in 1 L ddH2O) containing 0.005%
NP40, and further washed by M9 buffer three times to remove traces of NP40 and bacteria.
The resultant worms and embryos were resuspended in the bleach solution, and embryos
obtained after bleaching were rinsed three times with M9 buffer. The suspension was
filtered through a 40 μm cell sieve to separate embryos from worm carcasses. Embryos
were transferred onto NGM plates without food for 12 h to hatch and arrest at L1 stage,
and synchronized L1 larva were washed off the plates and deposited onto NGM plates
with active OP50-1 bacteria to grow to the L4 stage. L4 stage worms were used for
subsequent experiments.

The Reb A NGM were prepared as follow: 1.67 mM Reb A (0.32 g Reb A powder
(Aladdin Chemicals Co., Shanghai, China) in 200 mL ddH2O) filtered with 0.2 μm cell
fiter (Sartorius, Beijing, China) and stored in 4 ◦C prior to use. Stock solutions containing
7.5, 15, 22.5, and 30 mL of Reb A were added into 1.5 L NGM to get final concentrations
of 0.0083, 0.017, 0.033, and 0.05 mM Reb A, respectively. Standard NGM was used as
the control group. Both Reb A treatment group and control group used inactive OP50-1
(65 ◦C, 35 min) as the food source to reduce the effect of bacterial metabolism on nematode
metabolism [32].

2.2. Pharyngeal Pumping Rate Assay

The pharyngeal pumping rate was monitored and quantified on the 5th and 10th
day of adulthood, sequentially, under a stereozoom (Motic, Xiamen, China) as described
previously [33]. Worms from Reb A (0.0083, 0.017, 0.033, and 0.05 mM), neotame (0.5, 1, 2,
and 4 mM), and Raffiose (1, 2, 3, and 4 mM) treatment groups and a control group were
evaluated. Fifteen worms from each group were randomly selected for the assay. At room
temperature, the pharyngeal pumping frequency of each nematode was counted over a
20 s interval for three times, at room temperature.

2.3. Lipofuscin Assay

Assay of lipofuscin level in vivo was conducted, as previously described [34]. A total
of 200 worms from the 0.0083 mM Reb A and the control group grown to the 8th day
of adulthood were thoroughly washed with M9 buffer to remove bacteria. Worms were
placed on 2% agarose pad and anesthetized with 10 mM levamisole. Images were captured
by Observer Z1 laser scanning confocal microscope (Zeiss, Jena, Germany) under DAPI
filter. Thirty worms from each group were captured and experiments were performed
in triplicates.

2.4. Lifespan Assay

Hermaphrodites were crossed three times with males before lifespan assay. Approxi-
mately 200 L4 stage worms were used for the assay, as previously described [35]. Briefly,
200 worms from each group were transferred to 6 cm plates. During the reproduction
period, worms were transferred to fresh plates each day to exclude hatching embryos.
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Worms with abnormal behaviors such as crawling off the plate, died away from the agar
and abnormal phenotypes such as “bagging”, i.e., the hatching of live progeny inside
the hermaphrodite, or “explosion”, i.e., the eruption of intestines from the vulva, were
censored from the analysis [36]. Percent survival on each plate was recorded daily until all
the worms were dead. Worms that did not respond to a mechanical stimulus was scored as
dead. A Kaplan–Meier lifespan analysis was conducted, and p value was calculated using
a log-rank test.

2.5. Swimming Assay

Swimming assays were performed as previously described [37]. At least 30 worms on
the 5th and 10th day of adulthood were randomly selected and transferred to a glass slide
containing 10μL of M9 buffer. They were allowed to acclimate to liquid medium for 10 s,
and then body swing for 30 s was scored. The experiment was repeated three times.

2.6. Osmotic Avoidance Assay

Osmotic avoidance assay was conducted at 20 ◦C, as previously described [38]. Syn-
chronized L4 stage worms were transferred onto 9 cm NGM plates with or without
0.0083 mM Reb A treatment. On reaching Day 1 of adulthood, hermaphrodites were
placed on a blank NGM with a small drop of 0.3 M glycerin solution dissolved in M9 buffer
in the worm’s forward path. If the worm stopped moving forward, positive osmotic avoid-
ance was scored. Each nematode was tested 5 times and the percent osmotic avoidance of
each nematode was calculated. A total of 20 worms were tested for each group.

2.7. Brood Size Assay

Swimming assays were performed, as previously described [39]. Two worms at L4
stage were transferred to each 3 cm NGM plates with or without 0.0083 mM Reb A. Worms
were transferred to fresh plates daily over the next 7 days, and the total number of embryos
laid was counted. The experiment was repeated three times.

2.8. Body Length and Body Width

This assay was carried, out as previously described [40]. L4 stage worms were cultured
on NGM plates with or without Reb A (0.0083, 0.017, 0.033, and 0.05 mM), and photos
were taken with an Olympus MVX10 fluorescence microscope (Olympus, Beijing, China)
on the first day of adulthood. Photos of 50 worms were evaluated from each group, and
the experiment was carried out in triplicate.

2.9. Heat Stress Assay

Heat stress assay was performed, as previously described [41]. Briefly, 100 L4 stage
worms were put onto 6 cm NGM plates with or without 0.0083 mM Reb A, and allowed to
grow to the 5th day of adulthood at 20 ◦C. The temperature was shifted to 35 ◦C for 5 h
heat shock. After heat shock, worms were allowed to recover at 20 ◦C for 96 h and the
number of alive and dead worms were scored. Experiments were conducted in triplicate
and the results were presented as the percentage of surviving nematodes.

2.10. Acute Oxidative Stress Assay

Acute oxidative stress assay was performed, as previously described with modifica-
tion [42]. A total of 1000 worms at L4 stage were cultured on 9 cm NGM plates with or
0.0083 mM Reb A to the 6th day of adulthood at 20 ◦C. Worms were washed off plates with
M9 buffer and about 100 worms were transferred to transparent 96-well plates containing
200 mM paraquat dissolved in double deionized water (ddH2O) in each well. Worms were
treated for 6 h, and the lid cover was opened at 1 h intervals to supply oxygen. After 6 h,
the percent survival from each group was scored.
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2.11. Accumulation of Cellular Reactive Oxygen Species (ROS)

This assay was carried out, as previously described [43]. ROS accumulation was
evaluated in worms on the 6th day of adulthood in the presence of 7 mM paraquat
treatment for 2 h. At the end of treatment, 190 μL of worm suspension was added to
individual wells in a 96-well black plate each containing 10 μL of 10 mM H2DCF-DA (MCE,
Shanghai, China). The fluorescence intensity of each well was measured with 485 nm
excitation and 535 nm emission filters at 30 min intervals for a total duration of 6 h via
multifunction reader (BioTek, Winooski, VT, USA). Worms were scored under stereozoom
in each well and data were normalized to worm number.

2.12. Food Intake Assay

This assay was carried out in liquid culture medium, as previously described [44].
Worms were cultured in 190 μL of S-complete buffer (5.8 g NaCl, 50 mL 1 M phosphate
buffer solution dissolved in 924 mL ddH2O, and after sterilization added 3 mL 1 M MgSO4,
6 mL 0.5 M CaCl2, 6 mL 100× trace metal solution, 1 mL 5 mg/mL cholesterol, and
10 mL 1 M potassium citrate) with 50 μg/mL carbenicillin and 0.1 μg/mL fungizone in
black, flat-bottom, optically clear 96-well plates. Each well contained 15 nematodes and
10 μL of 6 mg/mL OP50-1. Age-synchronized nematodes were seeded at L1 larva and
grown at 20 ◦C. Plates were covered with sealers (Biorad, Rockville, MD, USA) to prevent
evaporation. A final concentration of 12 mM 5-fluoro-2′-deoxyuridine (FUDR) was added
to prevent egg laying. Reb A was added at L4 stage in the treatment group. Absorbance at
600 nm (OD600) in each well was measured using microplate spectrophotometer (EON,
Winooski, VT, USA). Measurements were taken every 24 h starting from 1st of adulthood.
Before measuring OD600, each plate was placed onto a plate shaker for 25 min. Living
animals in each well were scored microscopically on the basis of movement on the 4th day
of adulthood. For comparisons between different treatments, food intake was expressed as
a percentage relative to worms in the control group.

2.13. RNA Extraction and Transcriptome Analysis

RNA was extracted using RNA simple Total RNA Kit (TIANGEN, Beijing, China).
Briefly, 3000 worms were collected on 10th day of adulthood, snap-frozen using liquid
nitrogen and stored at −80 ◦C. Two spoons of sterilized ceramic beads and 500 μL Trizol
buffer were added to each sample and worms were homogenized on a bead ruptor (OMNI,
Seattle, WA, USA), followed by adding 500 μL Trizol buffer and incubated at room temper-
ature for 5 min. Chloroform was added for phase separation, and the colorless aqueous
phase was transferred to new 1.5 mL tubes following centrifugation at 4 ◦C, 12000 rpm
for 10 min. Anhydrous ethanol was slowly added to aqueous phase and sample suspen-
sions were transferred to CR3 columns for RNA purification. The library construction
and sequencing were performed at Shanghai Biotechnology Corporation with an Illumina
HiSeq 2500 instrument (Illumina, San Diego, CA, USA). RNA integrity was assessed using
the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent Technolo-
gies, Santa Clara, CA, USA). Gene ontology (GO) enrichment analysis of the differentially
expressed genes (DEGs) was implemented by the GOseq R packages based Wallenius non-
central hyper-geometric distribution [45], which can adjust for gene length bias in DEGs.
KEGG [46] is a database resource for understanding high-level functions and utilities of the
biological system, such as the cell, the organism, and the ecosystem, from molecular-level
information, especially large-scale molecular datasets generated by genome sequencing
and other high-throughput experimental technologies (http://www.genome.jp/kegg/,
accessed on 25 January 2021). We used KOBAS software to test the statistical enrichment of
DEGs in KEGG pathway database.

2.14. Postfix Nile Red (NR) Staining

Postfix Nile red (NR) staining on the 5th and 10th day of adulthood were performed,
as described [47]. Worms were washed using 1 mL PBST (PBS with 0.01% Triton X-100)

199



Antioxidants 2021, 10, 262

and centrifuged at 560× g for 1 min. Supernatant was discarded. Worms were washed
repeatedly for three times until the supernatant turned clear. The worms were incubated
with 100 μL of 40% isopropanol, and then centrifuged at 560× g for 1 min. Worms were
incubated in darkness for 2 h in 600 μL of working solution (1 mL 100% isopropanol
containing 6 μL 5 mg/mL Nile red powder). After centrifugation at 560× g for 1 min,
supernatant was discarded and 600 μL PBST was added. The worms were incubated
for 30 min to remove excess NR staining. After removing most of the staining solution,
the fixed worms were mounted onto 2% agarose pads for microscopic observation and
photography with Observer Z1 Laser-scanning confocal microscope (Zeiss, Jena, Germany).
Image J software was used to split picture to three color channels, and relative fluorescence
intensity under the red channel was calculated.

2.15. Oxygen Consumption Rate (OCR) Measurement

The oxygen consumption rate (OCR) measurement was carried out, as previously
described [48]. We used Seahorse Xfe96 (Agilent, Santa Clara, CA, USA) to detect 10th day
adult OCR under normal culture condition and under oxidative stress. Briefly, after
hydrating the probe and system equilibration, we put 3–20 worms into each sample wells
for OCR measurement. The results obtained were normalized to worm number in each
well to reflect the worm mean OCR.

2.16. Malondialdehyde (MDA) Content Assay

The malondialdehyde (MDA) content was quantitated by MDA kit (Solarbio, Beijing,
China) using worms on the 6th day of adulthood after exposure to oxidative stress induced
by 7 mM paraquat. Sample absorbance at 450, 532, and 600 nm were measured using
multifunctional reader (BioTek, VT, USA). Piece bicinchoninic acid (BCA) (Thermo Fisher,
Waltham, MA, USA) kit was used to quantify MDA content.

2.17. Lipid Extraction and MS Analysis

Lipids were extracted from 10,000 worms on the 10th day of adulthood, as previously
described using a modified version of the Bligh and Dyer’s protocol [49]. Lipidomics
analyses were conducted on an 1260 HPLC (Agilent, CA, USA) coupled with a QTRAP 5500
(Sciex, Framingham, MA, USA), as previously described [50,51]. Lipids were quantitated
by referencing to spiked internal standards, which included PA-34:0(17:0/17:0), PC-d31-
34:1(16:0/18:1), PE-d31-34:1(16:0/18:1), PG-d31-34:1(16:0/18:1), d7-PI33:1(15:0/18:1), PS-d31-
34:1(16:0/18:1), LPC-d4-26:0, LPE-C17:1, LPG C17:1, LPI C17:1, LPS-C17:1, CL 22:1(3)/14:1,
DAG 16:0/16:0-d5, DAG 18:1/18:1-d5 from Polar Lipids (Avanti, AL, USA) and TAG
(16:0)3-d5, TAG (14:0)3-d5, TAG (15:0)3-d29 from isotopes (CDN, Montreal, QC, Canada).

2.18. Statistical Analysis

All results are presented as mean ± SEM, and statistical analyses were performed
using SPSS software 24.0 (SPSS Inc., Chicago, IL, USA) and presented by GraphPad Prism
7.0 software (GraphPad software, San Diego, CA, USA). For two group comparison, un-
paired two tailed t-test was applied. Multiple group comparisons were conducted using
one-way analysis of variance (ANOVA), and pairwise statistical significance was evaluated
by Dunnet’s test.

3. Results

3.1. Reb A Extends Lifespan in C. elegans

C. elegans exhibits several changes in physiological phenotypes during senescence. For
instance, pharyngeal pumping rate and lipofuscin accumulation are well-known hallmarks
of aging for C. elegans. Pharyngeal pumping rate increases gradually throughout the
developmental larval stages and peaks at the L4 stage, and then decreases gradually during
aging [52]. The accumulation of lipofuscin, which comprises highly oxidized proteins
and lipids, is also observed with aging [22]. Preliminary screening of a few sweeteners
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demonstrated the potential of Reb A with regard to anti-aging, while treatment with
neotame or low caloric sweetener raffinose exerted adverse effects on nematodes (Figure S1).
On the fifth day of adulthood, Reb A (0.0083, 0.017, and 0.033 mM) treated worms showed
significantly elevated pharyngeal pumping rate, whereas in 10-day-old adults, only worms
treated with 0.0083 mM Reb A exhibited increased pharyngeal pumping rates relative to the
control (Figure 1A). In addition, a preliminary investigation using various concentrations
of Reb A indicated that 0.0083 mM Reb A treatment prolonged the lifespan of nematodes
to the greatest extent (Figure S2). Therefore, we had subsequently chosen to investigate the
metabolic effects of treating worms with 0.0083 mM Reb A. We further examined in vivo
lipofuscin accumulation with aging by detecting blue autofluorescence (via a DAPI filter)
but observed no significant changes in lipofuscin autofluorescence in 8-day-old adults
between treatment and control groups (Figure 1B). The results from the lifespan assay
indicated that supplementation with 0.0083 mM Reb A significantly extended longevity
(p < 0.001), maximal lifespan (15.58% increase), and medium lifespan (17.6% extension) in
C. elegans as compared with the control medium (Figure 1C). These results revealed that
Reb A can delay aging and extend longevity in C. elegans.

Figure 1. Reb A extends lifespan in C. elegans. (A) Pumping rate in worms on the 5th and 10th day of adulthood in wild-type
N2 strain on both control nematodes growth media (NGM) and NGM supplemented with rebaudioside A (Reb A) at
designated concentrations (0.0083, 0.017, 0.033, and 0.05 mM). One-way ANOVA was used for multiple group comparisons
and pairwise significance was evaluated by Dunnet’s test; (B) Lipofuscin fluorescence in worms on the 8th day of adulthood
grown under control NGM and 0.0083 mM Reb A NGM. Statistical significance was calculated by unpaired t-test; (C)
Survival plot and lifespan assay comparing worms grown on control NGM and that supplemented with 0.0083 mM Reb
A. Statistical significance was calculated by log-rank (Mantel–Cox) test, * p < 0.05, *** p < 0.001. Maximum and medium
survival were shown in the table appended below.
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3.2. Reb A Extends Healthspan in C. elegans

In addition to lifespan, healthspan has emerged as an increasingly important parame-
ter for evaluation of anti-aging capacity [53]. Thus, we also detected additional physical
parameters, including swimming behavior and osmotic avoidance behavior, which are
effective indicators of healthspan in C. elegans. Swimming behavior was assessed via mea-
suring the number of body swings in nematode in liquid medium. C. elegans treated with
0.0083 mM Reb A exhibited enhanced swimming behavior (Figure 2A); 0.0083 mM of Reb
A supplementation elevated swimming ability in young C. elegans (5-day-old adults), and
also in aged worms (10-day-old adults). Thus, Reb A significantly delayed deterioration in
swimming movement caused by aging. Osmotic avoidance behavior is regulated by multi-
directional induction ash sensory neurons (ASH), which mediate evasion from hypertonic
solutions as well as other noxious chemicals and mechanical stimuli [37,54]. Our result
showed that supplementation with 0.0083 mM Reb A significantly improved osmotic avoid-
ance behavior (Figure 2B), which implied that Reb A enhances ASH sensitivity. However,
Reb A supplementation had no significant effects on brood size, body length, and body
width (Figure 2C,D). Therefore, the above results showed that Reb A supplementation
increased pharyngeal pumping, swimming movement, and osmotic avoidance behavior,
which indicated the maintenance of healthspan in C. elegans.

3.3. Reb A Enhances Resistance to Oxidative Stress in C. elegans

As lifespan extension is closely associated with enhanced survival under exposure
to different stressors [55], next, we examined whether Reb A supplementation altered the
capacity of worms to withstand heat stress and oxidative stress. After exposing 5-day-old
adult worms to heat stress (i.e., 35 ◦C for 5 h) and following a recovery period at 20 ◦C for
96 h, there was no obvious difference in survival rates between Reb A-treated group and
control group (Figure 3A). Next, we examined the effect of Reb A treatment on oxidative
stress resistance. Worms were exposed for 6 h to 200 mM paraquat, an intracellular free
radical-generating compound that induces acute oxidative stress [36]. Significant increase in
survival rate was observed in the 0.0083 mM Reb A treatment group (Figure 3B). Therefore,
while Reb A treatment had no effect on the resistance to heat shock, Reb A alleviates acute
oxidative stress induced by paraquat in C. elegans.

ROS are highly reactive oxygen molecules that induce genotoxicity and physiological
damages that destroy the innate mechanisms of stress resistance, which may lead to DNA
damages, altered gene expression, perturbed cellular signaling, lipid peroxidation, and
imbalances in protein homeostasis, ultimately resulting in cell senescence and death [41].
Excessive accumulation of ROS is also associated with aging and a myriad of aging-related
diseases, including cardiovascular diseases and cancers. Therefore, we postulated that Reb
A-enhanced resistance to oxidative stress may be attributed to a higher capacity to cope
with intracellular ROS. A common fluorescent probe H2DCFDA was used to quantitate
intracellular ROS. It was noted that 0.0083 mM Reb A supplementation significantly re-
duced cellular ROS following exposure to oxidative stress (i.e., 7 mM paraquat for 2 h) in
6-day-old adult worms as compared with the control group (Figure 3C). Malonaldehyde
(MDA), one of the end products of lipid peroxidation triggered by ROS, is an important
biomarker of cellular oxidative stress [56]. We further examined the influence of Reb A
supplementation on MDA content in worms treated with 7 mM paraquat (Figure 3D). MDA
content was slightly reduced in Reb A-treated worms but failed to reach statistical signifi-
cance (p = 0.1858). Thus, these results showed that Reb A supplementation at 0.0083 mM
resulted in increased resistance to oxidative stress induced by paraquat treatment, mainly
attributed to reductions in cellular ROS production upon oxidative stress exposure.
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Figure 2. Reb A extends healthspan in C. elegans. (A) Swimming movement in C. elegans on the 5th and the 10th day of
adulthood on control NGM and NGM supplemented with 0.0083 mM Reb A; (B) Osmotic avoidance behavior in C. elegans
on the 1st day of adulthood on control NGM and NGM supplemented with 0.0083 mM Reb A. Statistical significance was
calculated by unpaired t-test; (C) Body length and width of C. elegans on the 1st day of adulthood grown on control NGM
and NGM supplemented with different concentrations of Reb A. Statistical significance was calculated by Dunnet’s test;
(D) A comparison on total brood size over a seven-day reproductive period.

The mitochondrial free radical theory of aging suggests that the efficiency of the
respiratory chain decreases with aging, accompanied by increasing electron leakage from
the respiratory chain and greater production ROS production. Excess accumulation of
ROS also causes mitochondrial dysfunction [57]. In addition, mitochondrial respiration
is decreased gradually during aging in C. elegans. We observed no significant difference
in OCR values between the 0.0083 mM Reb A group and the control group under non-
stressed conditions (Figure 3E,F). As Reb A was shown to reduce ROS accumulation under
oxidative stress, we utilized Seahorse XFe96 to measure OCR under oxidative stress in
Reb A-treated and control groups. The results showed that 0.0083 mM Reb A treatment
significantly increase OCR under oxidative stress, suggesting the protective effects of Reb
A on mitochondrial respiration (Figure 3G,H).
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Figure 3. Reb A enhances resistance to oxidative stress in C. elegans. (A) Heat stress survival in
the 6-day-old adult worms from Reb A and control groups; (B) Acute oxidative stress (treatment
with 200 mM paraquat for 2 h) survival in 6-day-old adult worms from Reb A and control groups;
(C) Relative cellular ROS level after treatment with 7 mM paraquat in the 6-day-old adult worms
from Reb A and control groups; (D) MDA content in the 6-day-old adult worms from Reb A and
control groups following oxidative stress exposure; (E) Under normal condition, basal respiration,
maximal respiration, and spare capacity of 0.0083 mM Reb A-treated 6-day-old adults were not
significantly different from those of the control group (n = 16 wells); (F) OCR was not statistically
different between the 6-day-old adult worms treated with 0.0083 mM Reb A and the control group;
(G) The 6-day-old adult worms from the 0.0083 mM Reb A group showed increased basal respiration
and maximal respiration after 2 h of 7 mM paraquat treatment as compared with the control group
(n = 12 wells), * p < 0.0021, ** p < 0.0332; (H) OCR under oxidative stress was significantly increased in
6-day-old adult worms treated with 0.0083 mM Reb A as compared with the control group. Statistical
significance was calculated by unpaired t-test.
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3.4. Reb A Inhibited the CeTOR Signaling Pathway

We showed that Reb A treatment is anti-aging and brings forth longevity extension
and higher resistance against oxidative stress in C. elegans. However, the mechanism by
which Reb A extends lifespan in nematodes remains unclear. Dietary restriction (DR) was
previously found to significantly increase longevity and healthspan in yeast, nematodes,
and mammals [37]. To confirm whether Reb A supplementation extends lifespan mediated
by DR, we analyzed food intake of nematodes in liquid culture. Reb A treatment started
from L4 larval stage to the fourth day of adulthood, and OD600 value of the culture
medium was measured by spectrophotometer. There was no significant difference in food
intake among 0.0083 mM Reb A group (p = 0.9478), 0.0042 mM Reb A group (p = 0.7740),
and control groups (Figure 4A), which indicated that Reb A supplementation prolongs
lifespan via DR-independent mechanism.

Next, we investigated changes in transcriptomes between the 10-day-old adult worms
grown under control NGM and NGM supplemented with 0.0083 mM Reb A. Using fold
change ≥1.5 and t-test p-values <0.05 as thresholds to select differentially expressed genes
(DEGs) among 20,490 genes profiled between the treatment and control groups, we found
152 DEGs, which include 68 upregulated DEGs, and 84 downregulated DEGs in the Reb A
supplemented group relative to the control group (Figure 4B,C). Bidirectional clustering
analysis of DEGs based on the fragments per kilobase million (FPKM) values showed
maximum horizontal distance between the control group and the Reb A treatment group
(Figure 4B).

The DEG annotation analysis is helpful for the interpretation of gene functions. There-
fore, DEGs with corrected p < 0.05 were used for GO function annotation and KEGG
pathway analysis. In this study, among the top 20 enriched GO terms, 12 biological pro-
cesses were represented, including dTDP biosynthetic process, nucleotide phosphorylation,
and dTTP biosynthetic process, and so on (Figure 4D).

Nematodes lifespan is known to be regulated by various classical signaling pathways,
including insulin/insulin-like growth factor (IIS) pathway, sirtuin 1 signaling pathway,
target of rapamycin (TOR) signaling pathway, mitochondrial related genes, and dietary re-
striction related genes [58]. The KEGG pathway annotation revealed that genes implicated
in mTOR pathway and pyruvate metabolism were most significantly altered following Reb
A supplementation (Figure 4E). TOR is a serine/threonine kinase that regulates growth, de-
velopment, and behavior by modifying protein synthesis, autophagy, and various cellular
processes in response to nutrient changes [59].

Therefore, we further examined the expression of genes implicated in CeTOR signaling
pathway using qPCR, such as daf-15, rict-1, and let-363. The expressions of daf-15, which
encodes Raptor in TORC1 expression, clk-2 and ife-1 were significantly reduced in Reb A
treatment groups (Figure 4F). The main upstream signaling pathways of CeTOR includes
AMPK signaling pathway, the PI3K/Akt signaling pathway, and MAPK signaling pathway.
mRNA levels of Age-1, pdk-1, and akt-2 along the PI3K/Akt signaling pathway, which
promotes the activation of CeTOR signaling pathway, were significantly reduced in worms
treated with Reb A (Figure 4G). Inhibition of the TOR signaling pathway was shown to
prolong lifespan in worms, which also mediated larval development, lipid storage, mRNA
translation, and autophagy [60]. Indeed, we found that the expression of autophagy-
related genes unc-51, pha-4, and lgg-1 were upregulated, and the expression of daf-16, which
encodes DAF-16/FOXO transcription factor, was also significantly increased in Reb A-
treated worms. The expression of genes related to stress resistance regulation, such as mtl-1,
sod-2, sod-3, and gcs-1, were significantly also upregulated in Reb A-treated worms (Figure
4H). Thus, the qPCR results corroborated transcriptomics results and suggest that Reb A
treatment prolongs the lifespan of nematodes by inhibiting CeTOR. However, whether Reb
A supplementation can bring about phenotype rescue in CeTOR pathway gene mutants
awaits further verification.
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Figure 4. Reb A inhibited CeTOR signaling pathway. (A) Food intake showed no significant difference in worms grown
under control NGM and NGM supplemented with both 0.0042 mM and 0.0083 mM Reb A; (B) Bidirectional clustering heat
map of differentially expressed genes (DEGs) expression based on FPKM data of RNA-seq transcriptome; (C) Volcano plot
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illustrates DEGs in Reb A treatment groups relative to the control group. Red dots are upregulated genes while green dots
were downregulated genes; (D) Top 20 GO terms based on transcriptome of Reb A-treated worms relative to controls. The
vertical axis corresponds to the GO terms divided into different categories, and the horizontal axis displays the value of
-log10 (p-value). The number on the right of each GO term indicates the number of DEGs. Green represents biological
processes, red represents cellular components, and blue represents molecular functions; (E) Top altered pathways with
Reb A treatment in C. elegans. The vertical axis corresponds to the KEGG pathways, and the horizontal axis displays the
enriched value expressed as the ratio of DEG to the total gene number in each pathway. The size and color of dots indicates
the DEG gene number and the p-value, respectively; (F) Expression level of genes in CeTOR signaling pathway, which
include daf-15, ife-1, clk-2, rheb-1, let-363, mlst-8, and rps-6; (G) Gene expression levels in PI3K/Akt signaling pathway, and
selected genes include age-1, pdk-1, akt-2, daf-18, aap-1, akt-1, and ist-1; (H) The expression levels of genes related to longevity
signaling pathways of nematode include gcs-1, sod-3, sod-2, pha-4, lgg-1, fat-5, mtl-1, ctl-3, unc-51, daf-16, ctl-2, fat-6, and lips-17.
Unpaired two-tailed test was used to examination of statistical significance, p value represented by GP type, *** p < 0.0002,
** p < 0.0021, * p < 0.0332, and others showed precise p values.

3.5. Reb A Supplementation Lowers Lipid Storage in C. elegans

Inhibition of the TOR signaling pathway also leads to upregulation of lipl-4 expression
and enhanced lipolysis [61]. In the current study, the qPCR results showed that both the
expressions of lipid desaturase-related genes fat-5 and lipolysis-related gene lips-17 were
significantly increased in the Reb A groups (Figure 4H). Thus, we examined whether Reb
A treatment modified lipid accumulation in C. elegans. We further investigated overall
lipid storage via NR staining and lipid droplet morphology using the PLIN1:GFP (Pdaf-22-
PLIN1:GFP) strain. Consistent with a previous report [20], Reb A reduced lipid storage, in
both 5-day-old and 10-day-old adult worms (Figure 5A,B). The expression of Drosophila
PLIN1:GFP in C. elegans labels intestinal lipid droplets under DAF-22 promoter Pdaf-22-
PLIN1:GFP. After hybridization of PLIN1:GFP (Pdaf-22-PLIN1:GFP) transgenic strain with
wild type N2 nematodes for two generations, fluorescence-labeled worms were selected
for expansion. We found that nematodes supplemented with Reb A at 0.0083 mM possess
smaller lipid droplets than both the control group and the 0.033 mM Reb A supplementation
group (Figure 5C,E). Quantitative Pdaf-22-PLIN1:GFP ring size revealed lipid droplets in
worms treated with 0.0083 mM Reb A were significantly reduced in size as compared with
those treated with higher concentration of Reb A at 0.033 mM (Figure 5F). Thus, 0.0083 mM
Reb A can lower lipid storage in C. elegans. Our result is consistent with previous findings
that Reb A treatment reduces hepatic TG in mice with non-alcoholic fatty liver disease [20].

3.6. Reb A Alters Lipid Metabolism in C. elegans

Effects of Reb A treatment on lipid storage prompted us to investigate fine changes
in the lipidome of Reb A-treated worms. We quantitated phospholipid profiles of the
10-day-old adults after supplementation with Reb A. Changes in the lipid classes of phos-
phatidylcholines (PCs), phosphatidylethanolamines (PEs), phosphatidylserines (PSs), PIs,
PAs, and phosphatidylglycerols (PGs), cardiolipins (CLs), lysophosphatidylethanolamines
(LPEs), lysophosphatidylserines (LPSs), lysophospholipinositols (LPIs), and LPCs were
illustrated as barplots (Figure 6A). Lipidomics revealed that PAs and PIs were significantly
reduced in worms treated with 0.0083 mM Reb A relative to the control (Figure 6A), i.e.,
LPC-16:1, LPC-20:4, and LPC-20:5 were significantly reduced (Figure 6B), and PA-36:1,
PA-36:2, PA-36:3, PA-38:7, PA-40:7, and PA-40:8 were significantly decreased (Figure 6C).
As for PIs, mostly polyunsaturated PIs including PI-37:4, PI-37:5, PI-37:6, PI-37:7, PI-38:4,
PI-38:6, PI-39:5, and PI-39:6 were significantly reduced in Reb A-treated worms (Figure
6D). Therefore, Reb A alters the phospholipid profiles of C. elegans. How Reb A affects
membrane phospholipid composition and its possible connection with perturbed neutral
lipid storage (i.e., triacylglycerols TAGs that constitute the bulk of lipid droplets) in C. ele-
gans, however, warrants further investigation in future studies. In this light, a recent study
demonstrated that enhanced de novo biosynthesis of PCs along the TAG-DAG-PC axis
underlies the drastic reduction in circulating neutral lipids such as TAGs in GCK-MODY
patients [62]. Reductions in PAs upon Reb A treatment may, thus, indicate a reduced
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supply of lipid intermediates for downstream biosynthesis of neutral lipids, while lowered
PIs may indicate perturbations in the PI3K signaling pathway, respectively. High-coverage
lipidomics that encompass various forms of fatty acyl derivatives may help to reveal the
relevant mechanisms underlying perturbed lipid metabolism and lipid droplet morphology
in Reb A-treated worms [63,64], which denotes a meaningful future direction for in-depth
interrogation on the working mechanism of Reb A.

Figure 5. Reb A supplementation lowers lipid storage in C. elegans. (A) Nile red staining in 5-day-old adults from the
0.0083 mM Reb A and control groups; (B) Nile red staining in 10-day-old adults from the 0.0083 mM Reb A treatment
and control groups. Statistical significance was calculated by unpaired two-tailed t test; (C) Distribution of lipid droplet
diameters in 1st xdEx1001 strain in control group; (D) Distribution of lipid droplet diameter of 1st xdEx1001 strain in
0.0083 mM Reb A treatment group; (E) The adult lipid droplet diameter distribution of 1st xdEx1001 strain in 0.033 mM
Reb A treatment group; (F) Quantification of the size of PLIN1:GFP rings in Reb A treatment groups relative to the control
group. Statistical significance was calculated by ANOVA with post hoc Dunnet’s test.
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Figure 6. Cont.
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Figure 6. Reb A affects alters lipid metabolism of C. elegans. (A) The content of phosphatidylcholines (PGs), phosphatidic
acids (PAs), cardiolipins (CLs), lysophosphatidylcholines (LPCs), LPS, lysophospholipinositols (LPIs), phosphatidylcholines
(PCs), phosphatidylethanolamines (PEs), phosphatidylserines (PSs), lysophosphatidylethanolamines (LPEs), and phos-
phatidylinositiols (PIs) in the 10-day-old adults were analyzed by lipidomics, presented as molar fractions normalized to
total polar lipids (MFP); (B) Profiles of LPCs in 10-day-old adult worms; (C) Profiles of PAs in 10-day-old adult worms;
(D) Profiles of PIs in 10-day-old adult worms. Statistical significance was calculated by unpaired two-tailed t test. ** p < 0.001
and * p < 0.05.

4. Conclusions

In this paper, we systematically investigated the potential physiological effects of Reb
A supplementation on C. elegans. We found that Reb A treatment is beneficial towards the
lifespan and healthspan of worms, and also improves their associated lipid profiles i.e.,
lowering neutral lipid accumulation. We showed that the average lifespan and maximum
lifespan of nematodes treated with 0.0083 mM Reb A were significantly prolonged, with
the maintenance of a younger physiological state. Treatment with Reb A also significantly
reduces ROS level and enhances resistance to acute oxidative stress in nematodes.

Transcriptome analysis uncovered DEGs enriched in mTOR signaling pathway in Reb
A-treated worms. The qPCR analysis further confirmed that the expression of genes related
to the TOR and PI3K/Akt signaling pathways were inhibited, while autophagy-related
genes were elevated upon Reb A treatment. Therefore, Reb A may activate autophagy by
inhibiting TOR and PI3K/Akt signaling pathways at the molecular level. Finally, we found
that lipid storage and levels of PAs and polyunsaturated PIs were significantly reduced
in nematodes treated with Reb A. In summary, our study has systematically shown that
Reb A, a natural non-nutritive sweetener, prolongs lifespan, enhances oxidative stress
resistance, and improves lipid metabolism in vivo in the model organism C. elegans, which
serves as a ground for future studies exploring the potential medicinal and beneficial effects
of Reb A as a replacement for caloric sugars in human foods and beverages.

Supplementary Materials: The following are available online at https://www.mdpi.com/2076-392
1/10/2/262/s1, Figure S1: NNSs pumping rate in C. elegans, Figure S2: Different concentration of
Reb A effect on lifespan in C. elegans.
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