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Abstract: In the veterinary sector, many papers deal with the relationships between inflammation and
oxidative stress. However, few studies investigate the mechanisms of action of oxidised molecules in
the regulation of immune cells. Thus, authors often assume that these events, sometime leading to
oxidative stress, are conserved among species. The aim of this review is to draw the state-of-the-art
of the current knowledge about the role of oxidised molecules and dietary antioxidant compounds in
the regulation of the immune cell functions and suggest some perspectives for future investigations
in animals of veterinary interest.

Keywords: veterinary medicine; reactive oxygen species/reactive nitrogen species (ROS/RNS);
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1. Inflammation, Leukocyte Recruitment, and Activation

The inflammatory process is the physiological response of the immune system to the stimulation
by injuries of various origin. The aims of the inflammatory process are to restore homeostasis and
to maintain a constant internal milieu. The complex pathways of inflammatory response are aimed
at blocking the agent causing tissue injury, to minimize its effect, and to promote wound healing [1].
The majority of these pathways are highly conserved among domestic mammals [2].

The signals that induce the inflammatory response can be exogenous, like those of microbial
origin, or endogenous. The microbial triggers can be the pathogen-associated molecular patterns
(PAMPs), a defined set of conserved molecules (e.g., lipopolysaccharide, LPS). PAMPs are shared by
different strains of microorganisms, and they are recognized by the host organism through pattern
recognition receptors (PRRs), such as the Toll-like receptors (TLRs). Another class of microbial inducers
are virulence factors restricted to a defined pathogen family (like exotoxin in Gram positive bacteria),
which are not recognized by defined host receptors. These factors induce tissue damages and, thus,
trigger the inflammatory response [3].

The damage-associated molecular patterns (DAMPs) are compounds derived from damaged or
death cells following injuries or non-septic inflammation, which are able to induce inflammation by
activating this sensing virulence machinery in a non-specific way [2–4]. The endogenous inducers
of inflammation are signals produced when a tissue or an organ is somehow stressed, damaged,
or malfunctioning. The common pathways by which these factors trigger an acute inflammatory
response are mainly related to the loss of the compartmentalization maintained in normal tissues and
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cells. In turn, this induces the release of molecules, the interaction between epithelial and mesenchymal
cells caused by the disruption of the basement membrane and the damage of vascular endothelium,
along with the resulting release of plasma proteins in the interstitial space [3].

Other endogenous factors are more related to the induction of a chronic inflammation, such
as advanced glycation end products (AGEs) and oxidized lipoproteins (high-density lipoproteins,
HDL, and low-density lipoproteins, LDL). AGEs can form cross-links with other proteins, leading
to the inactivation of their function, or they can interact with their receptors (receptors of advanced
glycation end products, RAGE), stimulating several pathways which, in turn, activate the transcription
of pro-inflammatory genes [5]. AGEs are produced during both physiological and pathological
conditions, such as ageing or diabetes, and in both well and poorly compensated diabetic dogs, plasma
AGE concentrations are higher compared to healthy dogs, even if they do not correlate with the clinical
improvement [6]. In general, pro-oxidative conditions and the presence of reactive oxygen species
(ROS) accelerate AGE accumulation [7]. In the same way, ROS induced the formation of oxidized
lipoproteins, which promote pro-inflammatory signals.

After the initial inflammatory trigger, some modifications in the immune system occur in the
organism, in order to limit the damage. Typically, the immunity response consists of two distinct,
but highly interconnected pathways: the innate and the adaptive response. The innate response is
the more conserved reaction during evolution and it aims at giving immediate protection against
pathogens or tissue damage [8]. The first step is the recognition of the inflammatory stimuli by the
tissue-resident macrophages expressing PRRs, able to recognized PAMPs, oxidized LDL and other
endogenous factors [9]. The complex system of cytokines, chemokines, vasoactive amines, and other
inflammatory mediators produced by macrophages leads to a massive migration of blood leukocytes,
mainly neutrophils, in the site of injury. The increased permeability of blood vessels combined with
the interaction between endothelial selectins and leukocytes integrins allows the selective leak of the
required blood components [3].

Neutrophils represent the first line of defense against the invading pathogens and are the key
effectors of the innate immune response. After their activation in tissue, neutrophils perform a
number of functions that facilitate pathogen clearance and inflammation resolution. These activities
include phagocytosis, generation of ROS, degranulation with release of microbiocidal compounds, and
formation of extracellular traps. These mechanisms are powerful, but unspecific, effectors that could
severely damage the surrounding tissues [10]. Consequently, this response has to be tightly regulated
to avoid detrimental effects.

A more specific response is the adaptive one: its function is to selectively attack the foreign
microorganisms, distinguish them from the self-antigens, thus tailoring a reaction against specific
antigens avoiding damage to the host cells. This reaction is slower and it is linked to the antigen
recognition by specific receptors on lymphocytes. When an antigen is presented to T-lymphocytes,
they start the direct response by stimulating B-lymphocytes to produced specific antibodies or by
directly attack antigen-bearing cells with cytotoxic T-cells [9].

The success of acute inflammation is the elimination of the causative agent and the resolution
of the pathological process with the reparation of the tissue damage. The acute inflammation must
be promptly controlled to avoid an over-response, which may lead to detrimental consequences.
When the anti-inflammatory feedback mechanisms fail to switch-off the inflammatory process,
a chronic inflammatory state may occur. Usually, the onset of chronic inflammation is driven by
macrophages, both tissues resident and newly recruited. The switch of lipid-derived molecules, from
pro-inflammatory prostaglandins to anti-inflammatory lipoxins, helps the tissue-repairing processes
by inhibiting the recruitment of neutrophils and promoting the recruitment of monocytes. Monocytes
have a crucial role in tissue repair process by removing cellular debris and producing growth factors.
In some circumstances, the chronic inflammatory condition is not confined to the originally inflamed
tissue, but it assumes the connotation of a chronic challenge for the whole organism. The generation of
pro-oxidant chemical species is one of the most evident consequences of inflammation [11].
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1.1. Inflammation and Oxidative Stress at the Site of Infection

Oxidative stress can affect the immune response at the site of infection/lesion. Neutrophils give a
substantial contribution to oxidative stress. As neutrophils possess a high destructive potential against
invading pathogens, which can be also directed towards animals’ tissues causing “collateral” damages,
their functions should be tightly regulated to avoid unwanted consequences [10,12]. Neutrophils
express a number of inhibitory receptors that can negatively regulate their functions. These negative
regulatory pathways have been extensively reviewed elsewhere [12] and are beyond the scope of this
work. Here, the focus has been placed on the regulation of ROS and reactive nitrogen species (RNS)
production, and on the consequences of the inhibitory regulation failure.

When neutrophils arrive at the inflammatory site, they are exposed to several host and
pathogen-derived factors that delay apoptosis and stimulate their functions [12]. In particular, the
activation of the enzyme nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) leads
to the generation of a great amount of superoxide, which act as the precursor of hydrogen peroxide
and other ROS [13]. Hydrogen peroxide can react with the enzyme myeloperoxidase (MPO), giving
rise to a strong oxidant and short-living intermediates capable of reacting with halides (Cl, Br, NO)
and generate highly microbiocidal species, such as hypochlorous acid (HOCl). These molecules can be
also released to modify extracellular targets and they affect the function of neighboring cells [13]. Thus,
large amounts of ROS and RNS act as formidable weapons against invading pathogens. Conversely,
low intracellular ROS and RNS serve as intracellular signaling molecules involved in the regulation of
several immunomodulatory pathways [13,14].

Neutrophils can exert also a regulatory role on the adaptive immune response and, as reported
in a number of studies (reviewed by Christoffersson and Phillipson [10]), neutrophils (or a subset of
neutrophils) produce the immunosuppressive cytokine interleukin (IL)-10. Moreover, neutrophils can
attenuate the adaptive immunity response through MPO release, which can interact with dendritic
cells and inhibit the generation of adaptive immunity response by suppressing dendritic cell activation,
antigen uptake/processing by MPO-generated reactive intermediates, to limit T-cell driven tissue
inflammation [15].

Under physiological conditions, the equilibrium between ROS and antioxidant systems guarantees
the proper functioning of T cells and the mounting of a controlled immune response. However, it is
conceivable that altered/excessive extracellular ROS and RNS accumulations can affect the mounting of
the immune response and contribute to the generation of a systemic inflammatory status, characterized
by oxidative stress (OS). The complex interactions among phagocytic cells, T cells, dendritic cells (DC),
and regulatory T cells (Treg) have a key role in the adaptive immune response, and these interactions
are profoundly affected by both the intra- and extra-cellular redox environments [16].

In neutrophils, the association of the enzyme xanthine oxidase with TLR4 induces the productions
of extracellular superoxide that enhances nuclear translocation of nuclear factor κ B (NF κB)
and increases expression of NF-κB-dependent pro-inflammatory cytokines [17]. Therefore, the
excessive/prolonged release of superoxide is potentially co-responsible of enhancing the systemic
inflammation and oxidative stress (Figure 1). In this context, the modality of neutrophil death may
be crucial for the evolution of the inflammatory process. In particular, if neutrophil death occurs by
cytolysis, this likely implies the amplification of the inflammatory response [13]. It is possible that the
accumulation of oxidation products, such as oxidized proteins at an inflammatory site will lead to a
progressive reduction of neutrophil viability, as described in cow’s neutrophils [18].
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Figure 1. Schematic representation of the relationship among inflammation, oxidative stress, and 
leukocytes. ROS = reactive oxygen species; ECM = extracellular matrix; RNS: reactive nitrogen 
species. 

Superoxide generated by neutrophils can negatively affect T cell signaling, activation, 
proliferation and, perhaps, viability. Hydrogen hydroperoxide (H2O2) can differentially affect the 
different T cell subsets: memory T cells are the less susceptible and effector T cells the most 
susceptible to H2O2 attack. Interestingly, Treg suppressive capacity resists to H2O2 micro molar levels 
[16].  

The extracellular redox potential can affect the intracellular antioxidant systems, which are 
mainly represented by intracellular thiols (reduced glutathione/ oxidized glutathione, GSH/GSSG, 
cysteine/cystine, and thioredoxins), and guarantees immediate protection against intracellular 
ROS/RNS formation , therefore, affecting the intracellular redox balance [14]. An example of these 
interferences between extracellular and intracellular redox potentials is represented by the cross-talk 
between DC and T cells described by [19]. Briefly, cysteine is necessary for T cell activation and 
successive proliferation; however, T cells are depending on DC for cysteine provision. The 
DC-dependent cysteine release has other consequences including shifting the extracellular ambient 
redox. The extracellular redox environment influences the equilibrium between oxidized and 
reduced thiols on the extracellular face of the membrane proteins. Many of these proteins are rich in 
cysteine and variations of the extracellular redox status may cause functional changes in 
redox-sensitive proteins, which could be important in the communication between DC and T cells. 
Interestingly, these authors [19] demonstrated that Treg interfere with this process. 

So far, these aspects have not been deeply investigated in domestic animals and should deserve 
more attention. It is worth noting, however, that differences in the neutrophil biology among animal 
species are likely to exist, and generalizations about neutrophil functions should be taken with 
caution. As an example, bovine neutrophils share similarities to those of other species, but they also 
show functional differences [20]. Therefore, regulatory mechanisms linking inflammation and 
oxidative stress should be investigated across species. The periparturient dairy cow is one of the 
most studied models for the association between increased disease susceptibility and oxidative 
stress. The incidence of metabolic and production diseases, such as milk fever, mastitis, fatty liver 
disease, ketosis, metritis, and hypomagnesaemia, is higher during the first weeks of lactation. In 
addition, although evidence indicates that the dairy cow suffers from sub-optimal immune 
response, knowledge of the dynamics and pathophysiology of immunosuppression encountered 
during this period is far from being fully understood [21,22]. One potential cause of reduced 
immune cell functions around parturition can result from the shortage of energy and nutrients, since 
they are mostly directed to support pregnancy and the onset of lactation [21,23].  

Figure 1. Schematic representation of the relationship among inflammation, oxidative stress, and
leukocytes. ROS = reactive oxygen species; ECM = extracellular matrix; RNS: reactive nitrogen species.

Superoxide generated by neutrophils can negatively affect T cell signaling, activation, proliferation
and, perhaps, viability. Hydrogen hydroperoxide (H2O2) can differentially affect the different T cell
subsets: memory T cells are the less susceptible and effector T cells the most susceptible to H2O2 attack.
Interestingly, Treg suppressive capacity resists to H2O2 micro molar levels [16].

The extracellular redox potential can affect the intracellular antioxidant systems, which are
mainly represented by intracellular thiols (reduced glutathione/ oxidized glutathione, GSH/GSSG,
cysteine/cystine, and thioredoxins), and guarantees immediate protection against intracellular
ROS/RNS formation, therefore, affecting the intracellular redox balance [14]. An example of
these interferences between extracellular and intracellular redox potentials is represented by the
cross-talk between DC and T cells described by [19]. Briefly, cysteine is necessary for T cell
activation and successive proliferation; however, T cells are depending on DC for cysteine provision.
The DC-dependent cysteine release has other consequences including shifting the extracellular ambient
redox. The extracellular redox environment influences the equilibrium between oxidized and reduced
thiols on the extracellular face of the membrane proteins. Many of these proteins are rich in cysteine
and variations of the extracellular redox status may cause functional changes in redox-sensitive
proteins, which could be important in the communication between DC and T cells. Interestingly, these
authors [19] demonstrated that Treg interfere with this process.

So far, these aspects have not been deeply investigated in domestic animals and should deserve
more attention. It is worth noting, however, that differences in the neutrophil biology among animal
species are likely to exist, and generalizations about neutrophil functions should be taken with caution.
As an example, bovine neutrophils share similarities to those of other species, but they also show
functional differences [20]. Therefore, regulatory mechanisms linking inflammation and oxidative
stress should be investigated across species. The periparturient dairy cow is one of the most studied
models for the association between increased disease susceptibility and oxidative stress. The incidence
of metabolic and production diseases, such as milk fever, mastitis, fatty liver disease, ketosis, metritis,
and hypomagnesaemia, is higher during the first weeks of lactation. In addition, although evidence
indicates that the dairy cow suffers from sub-optimal immune response, knowledge of the dynamics
and pathophysiology of immunosuppression encountered during this period is far from being fully
understood [21,22]. One potential cause of reduced immune cell functions around parturition can
result from the shortage of energy and nutrients, since they are mostly directed to support pregnancy
and the onset of lactation [21,23].

Inadequate levels of some vitamins and microelements, such as vitamins A, E, and D, and
selenium (Se), may negatively affect the immune system of the cow [24,25]. An imbalanced antioxidant
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level, can affect the interactions between immune and not-immune cells. Endothelial cells (EC) play
an important role on neutrophil migration and activation, and an increase in neutrophils’ adherence
has the potential to affect inflammation outcome. Interestingly, when neutrophils are moving through
tissues to reach the place of infection, NOX is inhibited by an adhesion-mediated mechanism dependent
on a variety of extracellular matrix proteins, which delays the ROS formation [12]. Using an in vitro
model of Se deficiency in primary bovine mammary artery EC, Maddox and colleagues [26] observed
that Se-deficient EC showed significantly enhanced neutrophil adherence when stimulated with tumor
necrosis factor α (TNFα), IL-1, or H2O2. The expressions of the intercellular adhesion molecule 1
(ICAM-1) and E-selectin were enhanced in Se-deficient EC stimulated with TNFα, while P-selectin
expression was greater in Se-supplemented EC stimulated with TNFα.

In cattle, clinical and subclinical uterine infections are major causes of infertility. Both immune
cells and endometrial cells possess PAMP and DAMP receptors. Once these receptors are activated
by PAMP or DAMP, cells produce IL, mainly IL-1, IL-1, IL-6, and IL-8, and prostaglandin E2. In turn,
these chemo-signals attract neutrophils and macrophages to the site of infection or tissue damage,
and the intensity of the inflammatory response should match the severity of the insult [27]. It was
hypothesized that possible cause of late embryonic mortality in cows are subclinical uterine infections,
which are also responsible of impaired neutrophil function in the peripheral circulation leading to
systemic OS. This may explain the increase in plasma advanced oxidized protein product (AOPP),
a biomarker of MPO activity, observed in dairy cows affected by late embryonic losses [28,29].

Mammary glands inflammation and the adaptive immune response have been extensively
studied in dairy animals. The mammary gland can mount a pathogen-specific immune response,
as intramammary infections caused by Staphylococcus aureus mostly induce subclinical mastitis, often
resulting in a chronic disease, while Escherichia coli often induces severe acute clinical mastitis [30].
The typical bacteria involved in mammary infections activate the local immune system in different
ways, which can influence the severity of the outcome. E. coli infections induce rapid and massive
somatic cell count increases, whereas S. aureus infections result in a more gradual increase over a
period of a few days. Regardless the pathogens involved, the inflammatory response could lead to an
increase in OS locally: a preliminary study found a statistically significant correlation between AOPP
and the percentage of neutrophils in milk [31].

Local inflammatory conditions, in which OS could play an important role, have also been
investigated in pet animals. The inflammatory bowel disease (IBD) is characterized by persistent or
recurrent activations of the mucosal immune system accompanied by infiltrations of inflammatory cells
in the intestinal mucosa [32,33]. It is the most common cause of chronic intestinal disease in dogs, and
results in diverse and often debilitating clinical signs [34,35]. Mean concentrations of the antioxidant
biomarkers analyzed, with exception of ferric reducing ability of the plasma, were significantly lower
and oxidant markers were significantly higher in sera of dogs with IBD than in healthy dogs, even if
the source of the systemic ROS has not been identified [36].

1.2. Inflammation and Systemic Oxidative Stress

As described in the first section of this review, inflammation is a very complex response to
cope with cellular injuries, and it should be resolved as soon as the threat is removed to avoid
collateral damage. Oxidative stress is associated to several inflammatory and pathological conditions,
which have been the object of numerous reviews [24,37–44]. Recently, the term “oxinflammation”
has been proposed to describe the vicious circle linking chronic and systemic oxidative stress to
mild chronic inflammation, which may lead to loss of reactivity to mount an adaptive response
and predispose to diseases [11]. In companion animals, canine visceral leishmaniasis (CVL) is an
example of the systemic effect of OS, which affects the cellular immunity of infected dogs, through
impairing lymphoproliferation and microbiocidal mechanisms. Heme oxygenase-1 (HO-1) and its
metabolites, OS and IL-10 levels could be related to this impairment. HO-1 is responsible for degrading
the hemoglobin’s heme into iron, carbon monoxide, and biliverdin, which is rapidly converted into
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bilirubin [45]. The compounds derived from heme degradation and IL-10 were elevated in plasma and
spleens of infected dogs. IL-10 and HO-1 levels were positively correlated. Inhibition of HO-1 increased
lymph node cells’ proliferation and decreased IL-10 and IL-2 production in the presence of Leishmania
infantum soluble antigen. The increased HO-1 metabolism observed in CVL is probably associated
with OS and increased IL-10, which could be one of the mechanisms responsible for inhibition of the
lymphoproliferative response in affected dogs [46].

The levels of OS markers, plasma malondialdehyde (MDA), total antioxidant capacity, whole
blood glutathione peroxidase (GPx), and erythrocyte superoxide dismutase (SOD) were also
investigated in canine atopic dermatitis. Kapun and colleagues found significantly higher plasma
MDA levels in patients than in healthy dogs and a highly positive correlation between the Canine
Atopic Dermatitis Extent and Severity Index (CADESI) score and MDA, indicating an association
between the severity of canine atopic dermatitis and the extent of oxidative damage to membrane
lipids [47].

1.3. Adipose Tissue and Oxidative Stress

The excess of adipose tissue accumulation is often associated with a low grade and local chronic
inflammation, due to the activation of the innate immune system. The activation of the innate immune
system induces a pro-inflammatory status and OS [44], which contributes to the majority of the
obesity-associated chronic diseases [48]. The adipose tissue is composed primarily by adipocytes, but
contains also other cells types such as fibroblasts, fibroblastic pre-adipocytes, EC, immune cells, and
vascular cells in the so-called stromal vascular fraction. These cells are capable of producing hormones
and cytokines, called adipokines or adipocytokines, which have endocrine, paracrine, and autocrine
actions. The adipokines are responsible of the production of ROS. The ROS activate the immune
cells that produce free-radicals (FR), enhancing the inflammatory status [44] and inducing a higher
concentration of AOPP [49], a biomarker of MPO and neutrophil activity [38].

The most important pro-inflammatory cytokines produced by the adipose tissue are TNFα, IL-1β,
and IL-6 [50]. TNFα promotes the systemic acute-phase response via the release of IL-6, the generation
of superoxide anions and the reduction in the synthesis of anti-inflammatory cytokines [51], while
IL-1β carries out its pro-inflammatory function inducing the production of other pro-inflammatory
cytokines, such as IL-6 [52]. IL-6 has a wide range of activities, including the synthesis of other
pro-inflammatory cytokines, the transition from acute to chronic inflammatory diseases [53], and the
reduction of lipoprotein lipase activity [54]. The pro-inflammatory cytokines produced by adipose
tissue stimulate monocytes and macrophages to produce ROS and NOS [50]. The increased amount
of ROS enhance the release of pro-inflammatory cytokines [55]. In obese individuals and in animal
models of obesity, a large number of macrophages infiltrates adipose tissue. This recruitment is
linked to systemic inflammation that, in turn, increases OS in the adipocyte fraction, mitochondrial
dysfunction, and endoplasmic reticulum stress leading to insulin resistance [56]. Moreover, intercellular
communication between different adipose tissue cell types includes the counter-regulation between
adiponectin and TNFα, and between secreted frizzled-related protein 5 (SFRP5) and WNT5a. Under
conditions of obesity the pro-inflammatory factors (TNFα and WNT5a) macrophage-derived cells
dominate, inhibiting adiponectin, and SFRP5 [57].

The OS in obese patients is furthermore exacerbated by the impairment of the antioxidant
mechanisms, such as SOD, GPx, catalase (CAT), vitamin A, E, C, and β-carotene [58]. Free-fatty acids
(FFA) play also an important role in the pathogenesis of obese-related diseases. Obese patients have
a pathological higher concentration of FFA that impairs glucose metabolism. The altered glucose
metabolism induces insulin-resistance [59], favors the accumulation of fat and glucose in liver [60]
and muscle [61] and promotes the oxidation of mitochondria and peroxisomes [44]. The damaged
mitochondria cannot oxidize fat properly, so there is an increase in the synthesis of triglyceride, in the
deposition of ectopic fat [62,63], and in the synthesis of FR and OS with consequent increased damages
to mitochondrial DNA, depletion of ATP [64], and lipotoxicity [65]. As a result, the cellular damage
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increases the production of pro-inflammatory cytokines that elicit the production of ROS in tissues
and increases the lipid peroxidation [66].

Additionally, in pet animals, obesity is a common systemic illness with an increasing incidence:
according to some authors, in developed countries 40% of dog and 20% of cats have an excessive
body mass [67]. As a consequence, diseases related to secretory activity of adipose tissue and the
subsequently chronic inflammation are conceivable even though no specific studies in veterinary
medicine are present in the scientific literature.

1.4. Inflammaging

Aging-related phenomena are conserved among animal species and, in the context of an increasing
lifespan of the human population, the comprehension of the key features of the senescence process
is of the utmost importance to develop interventions to guarantee a better life quality and health
to the aging subjects. This may be true for few animal species, companion animals in particular,
which are facing an increase in their lifespan and represent an increasing geriatric animal population
requiring veterinary care. Noteworthy, these animals may also represent models to study those
aging-related phenomena [68]. In particular, the dog is considered as an elective model for studying
aging and immunosenescence, as this species co-evolved with humans, and was exposed to the
same environmental challenges. In addition, it is characterized by a wide spectra of phenotypic
differences [69].

Ageing is associated with changes in the immune system and to OS [70], a phenomenon
called immunosenescence [70]. In humans, immunosenescence is characterized by changes in
number, distribution, and/or functions of all the leukocytes’ subpopulations, as well as by altered
production of cytokines [71,72]. The total number of monocytes and natural killer cells increases with
age [73,74], while the total number of neutrophils and eosinophils are no different between young
and old people [75,76]. Changes observed in the immune system of older dogs, cats and horses
are virtually identical to those observed in humans [68]. Indeed, the aged dogs display features of
immunosenescence similar to those reported in other species [77]. In healthy beagle dogs, the numbers
of CD4+ CD45+ and CD8+ CD45RA+ lymphocytes significantly decrease with age [78]. Moreover,
aged dogs display a greater neutrophil-to-lymphocyte ratio and lower CD21+ B cells [79].

It has been demonstrated that microbiocidal and chemotactic abilities of neutrophils, superoxide
production by eosinophils, the phagocytic function and migration capability of DC and the
cytotoxicity and the cytokines and chemokines production of natural killer cells are decreased in
aged subjects [74–76,80]. Moreover, it has been demonstrated that the monocytes and macrophage
functions are decreased in aged mice [81,82].

The production of pro-inflammatory cytokines, such as IL-6, TNFα, IFN-α, and IL-1β, is higher in
old, compared to young, people [80,83,84]. All these alterations make old people less respondent to
new antigens [85]. The increased release of pro-inflammatory cytokines induces a low-grade chronic
inflammatory status, an increase in free radical formation, and consequent OS [86,87]. In the dog
peripheral mononuclear cells, the expressions of IL-2, IL-2R, and IL-2 decrease with age, and this
may affect the number of naïve T cells [78]. Moreover, in aged dogs CD4+ and CD8+ T lymphocytes
produce more cytokines and display a lower proliferative capacity [77].

In the aged immune cells, the production of MnSOD, CAT, GPx is decreased [88,89]. OS induces
the accumulation of oxidized molecular aggregates that damage proteins, lipids, and carbohydrates
and provokes cellular apoptosis [90]. The OS in ageing cells compromise the functionality of subcellular
organelles, compartments, and membranes [91]. The changing in the cellular structure is an important
factor in the pathogenesis of autoimmunity [90].

Studying the relationships between immunosenescence and OS in the dog can be a difficult task.
The dog species displays a remarkable spectra of phenotypic differences [68], and longevity can be
very different among canine breeds [92]. Therefore, studies performed in groups of dogs belonging
to the same breed, such as the experimental beagle, may show differences in OS biomarkers [93].
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Conversely, studies performed in populations of heterogeneous pet dogs may fail to detect differences
in OS biomarkers between adult and aged dogs [79,94]. Moreover, the lifestyle of the subjects, in
particular the different nutritional habits, can have a substantial impact on the degree of OS [79].

Most research about OS in the aging dog is related to cognitive dysfunctions [79,95]. Indeed,
the aged dog shows a number of behavioral problems related to putative cognitive dysfunctions,
and accumulation of oxidized macromolecules in the dogs’ brains accounts for one of the causes of
cognitive decline [95]. Biomarkers of OS measured in the peripheral blood may not be able to detect
this age-dependent increase in OS within the central nervous system [79]. Recently, an impairment of
the immune functions of peripheral blood neutrophils and mononuclear cells was observed in mild
Alzheimer’s disease human patients in comparison to healthy elderly subjects. This impairment could
be mediated by the higher OS in blood cells and isolated neutrophils and the higher release of basal
pro-inflammatory cytokines, such as IL-6 and TNF-α [96]. An increase in the count of peripheral
monocytes was observed in cognitively-impaired aged dogs, which is difficult to explain [79].

A great research interest is given to the use of nutraceuticals and antioxidants to alleviate
the cognitive impairment in dogs and, indeed, cognitive performance can be improved by dietary
manipulation. However, more research is needed to determine what compounds and/or compound
combinations are effective, their dosage and timing of administration, and long-term effects [95].

2. Functional Compounds in Animal Nutrition

The term nutraceutical derives from ‘nutrition’ and ‘pharmaceutical’ and many definitions can be
found in the dictionaries. On a broader meaning, nutraceutical is a food which provides health benefits
other than its nutritional value and that contains bioactive compounds which interact at different
levels with the animal physiology [97–114]. Probiotic, prebiotic, secondary plant metabolites, amino
acids, peptides, fatty acids, and essential oils are a non-exclusive list of nutraceutical compounds and,
in this review, we will focus on secondary plant metabolites, probiotics, and prebiotics.

2.1. Anti-Oxidant Compounds

The secondary plant metabolites are a very wide group of phytochemicals initially known
for their anti-nutritional characteristics, but more recently studied for their role in modulating the
biological response of the animals. A very large number of phytochemicals exist, and some reports
estimate around 80,000 compounds [97], but new compounds will be likely isolated and identified.
According to Wink [115] the plant secondary metabolites can be grouped in nitrogen-containing and
not-nitrogen containing compounds (Table 1). Phytochemicals can be also classified into hydrophilic
and hydrophobic, and polyphenols, terpenoids, and carbohydrates have attracted the attention of
researchers for their bioactivity in animals.

Table 1. An estimate of plant secondary metabolites [115].

Nitrogen Containing
Compounds

Number of Natural
Compounds

Non-Nitrogen Containing
Compounds

Number of Natural
Compounds

Alkaloids 12,000 Monoterpenes 1000

Non protein amino acids 600 Sesquiterpenes 3000

Amines 100 Diterpenes 2000

Cyanogenic glycosides 100 Triterpenes, Saponins, Steroids 4000

Glucosinolates 100 Tetraterpens 350

Flavonoids 2000

Polyacetylenes 1000

Polyketides 750

Phenylpropanes 1000
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Terpenoids are very well known compounds, which include provitamins and vitamins,
as carotenoids and tocopherols. Polyphenols represent a large family of phytochemicals, including
flavonoids, isoflavonids, lignans, stilbenoids, curcuminoids, and tannins and are very common
in plant foods [116,117]. Among the polyphenols, flavanols are popular members of flavonoids
and include a large variety of monomers, (+)-catechin or (−)-epicatechin, and oligo and polymers
(proanthocyanidins). The positive effects of these latter secondary plant metabolites are mainly
attributed to their antioxidant activities, including the control of inflammatory processes that can be
directly or indirectly related to the compounds.

Plant nutraceuticals has been considered for their direct antioxidant activities, which depends
on their chemical reactivity, in relation to the quenching or scavenging of free radicals produced
during cell metabolism. The quenching of free radicals means a reduction of electrophilic species, as
peroxyl and hydroperoxide radicals (ROO• and ROOH, respectively), while the scavenger activity
refers to a reaction of the hydroxyl group of the phenol ring with a reactive oxygen species to form a
more stable phenoxyl radical (PhO•) product [118]. This implies that the bioactivity of nutraceuticals
requires a direct reaction with the oxidized species and thus depends from their localization (intra-
or extra-cellular), solubility (hydrophilic/hydrophobic), adsorption, distribution, metabolism, and
excretion [118,119].

These nutraceuticals can interact with the organisms at the cellular and molecular levels, through
the regulation of gene expression, protein and DNA repair, and epigenetic controls [120]. Several
studies have investigated the molecular and cellular role of nutraceuticals in animal organisms, taking
advantage of high-throughput screening. Nutrigenomic studies in humans and laboratory animals
have clearly shown that nutraceuticals can modulate gene expression and signaling processes and,
among the others cell apoptosis, drug metabolism, immune modulation, and metabolism [121–124].

Grape polyphenols are considered as potent antioxidants and several studies in human have been
conducted, as it can be seen from recently published reviews [125,126]. Even if grape polyphenols
can be found in commercial supplements and complete diets for companion animals, in literature
no scientific publication in this field are found, while few published studies are available for
ruminants [99,100,105,109,110,114]. Interestingly, a common outcome of these studies was a significant
increase of antioxidant activity at a blood level, measured as either biochemical markers or gene
expressions. In particular, the effect of grape polyphenols resulted in an enhancement of SOD gene
expression [99,100,110,127].

Dietary polyphenols and their metabolites exert a beneficial effect through a combination
of mechanisms which may include the reduction of inflammation and oxidative stress [128,129],
as well as the inhibition of intestinal glucosidases and glucose transporters that reduce postprandial
glycaemia [130].

2.2. Anti-Inflammatory Compounds

The anti-inflammatory activity of nutraceuticals can modulate the functions of immune cells or the
activity at a tissue and organ level, which are involved in the secretion of signaling molecules or ROS
and RNS. This modulation was demonstrated in cultured phorbol myristate acetate (PMA) activated
ovine neutrophils treated with extracts of Vitis vinifera, Thymus vulgaris, Echinacea angustifolia, Larix
decidua, and Andrographis paniculata [102,131]. The cellular adhesion and SOD production of neutrophils
after exposure with nutraceuticals were reduced, supporting a strong anti-inflammatory activity.

Proinflammatory cytokines, other than growth factor and environmental stimuli, activate the
NFκB pathway. Among the proinflammatory cytokines, TNFα and IL-1b are known potent activators
of NFκB, which enhances the NOX activity in mitochondria, increasing the production of free
radicals [132]. In a dietary intervention study in dogs, the effect of the administration of Vaccinium
myrtiullus and Curcuma longa was investigated [113]. After 60 days of administration, these extracts
down-regulated the mRNA expressions of TNFα, NFκB and prostaglandin-endoperoxide synthase 2
(PTGS2, also known as COX2) in peripheral blood cells and reduced the concentration of ceruloplasmin.
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A proper functioning of the cell involves the interaction between the NF-E2-related factor 2 (Nrf2)
and NFκB pathways to resolve inflammatory response and the imbalance between them was related to
degenerative diseases and cancer [133]. The Nrf2-mediated signaling plays a pivotal role to coordinate
redox balance within the cell, through the regulation of antioxidant and phase II detoxification
enzymes, like NADPH, NAD(P)H quinone oxidoreductase 1, GPx, HO-1, and antioxidant genes,
as SOD (Figure 2). The involvement of Nfr2 in the anti-inflammatory activity depends upon the
Nrf2/HO-1 axis, by the inhibition of the nuclear translocation of NFκB [134], and down-regulation
of proinflammatory cytokines [135]. Nrf2 autoregulates its own expression through an antioxidant
response elements-like element located in the proximal region of its promoter leading to protracted
induction of phase 2 genes in response to chemo-preventive agents [136]. In normal conditions, the
transcription activity of Nrf2 is inhibited by ubiquitination and proteasomal degradation via the
Kelch domain of the Kelch-like ECH-associated protein 1 (KEAP1) homodimer (Figure 2). After
exposure of oxidative stress or to antioxidant compounds, the thiol modification of cysteine residues
of KEAP1 release Nfr2 in the cytosol, preventing its degradation [137]. This is not the only mechanism,
and KEAP1-independent regulation, and several miRNA, nuclear receptors, such as peroxisome
proliferator-activated receptor-γ and glucocorticoid receptors, were reported as inhibitors of Nrf2 [135].

Phytochemicals, as sulforaphane from cruciferous plants, up-regulate Nrf2 in primary peritoneal
macrophages, reducing PTGS2, TNFα, and IL-1b after exposure to LPS [138]. The ability of
nutraceuticals to interact with the cross-talk bewteen Nrf2 and NFκB pathways has been reported
in H2O2 activated macrophages [108]. In this study, the treatment with pure extracts of Arctium
lappa, Camellia sinensis, Panax ginseng, or Vaccinium myrtillus enhanced the relative gene expression
of Nrf2 and reduced that of NFκB1 and NFκB2. The efficacy of garlic extracts to control Nrf2 and
Nrf2-regulated phase II enzymes was also recently reported in dogs by Yamato and colleagues [139],
confirming the sensing of Nrf2 to redox conditions of the milieu.
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Figure 2. Ubiquitination and proteasomal degradation via the KELCH domain of the KEAP1
homodimer is prevailing in basal conditions. After oxidative stress, Nrf2 is released and translocated
to the nucleus where it activates genes with ARE in the promoter region (modified from [135]). KEAP1:
Kelch-like ECH associated protein; Nrf2: NF-E2 p45-related factor 2; ARE: antioxidant response
element; MAF: musculoaponeurotic fibrosarcoma.

2.3. Anti-Inflammatory Compounds in Obesity

As previously reported, obesity has been associated with increased oxidative stress and
inflammation, which contribute to many adverse health consequences. Bioactive components available
in plant extracts may have direct effects on adipose tissue, such as stimulating apoptosis to reduce
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adipocyte number and inhibiting differentiation or modifying gene expression [98]. Furthermore, after
the demonstration of functional brown adipose tissue in human adults [140], attention was also being
addressed to develop therapies based on the conversion of fat-accumulating white adipose tissue
(WAT) into energy-dissipating brown adipose tissue (BAT) [106].

The cellular redox status is important during adipogenesis, thus, the anti-oxidant actions of
phytochemicals may contribute to the inhibition of adipocyte cells differentiation [141].

Among the bioactive compounds that can affect adipogenesis, lipolysis or apoptosis, Rhodiola
rosea (Rr) extract and tyrosol, one of the major and well-known phenolic compounds present in
Rhodiola rosea species, exert antiadipogenic effects, which could reduce OS through a mechanism that
involves antioxidant enzyme responses and the pentose phosphate pathway. Rhodiola rosea extract and
tyrosol inhibited adipogenesis and reduced ROS levels through an increase of superoxide dismutase
activity [142]. In an in vitro model, visceral pre-adipocytes were incubated during differentiation
with two different extracts of RR. Results indicated a lipolytic and anti-adipogenetic activity of these
extracts, through a modulation of genes in adipocyte function and in inhibition of adipogenesis [143].

Curcuma longa extract is known to be active on OS, inflammation, and cell death pathways [144].
The effect of 20% curcumin extract was significant in modulating apoptosis on omental pre-adipocytes
at 10 and 20 days of differentiation, but not on mature cells [145]. On 3T3-L1 pre-adipocytes, curcumin
reduced lipid accumulation and differentiation through the inhibition of fatty acid synthase [146]
or down-regulation of transcription factors as peroxisome proliferator-activated receptors (Pparγ),
CCAAT-enhancer-binding proteins alfa and beta (C/ebpα, C/ebpβ), and Kruppel Like Factor 5
(Klf5) [147].

Again, as reported in Colitti and Stefanon [145], other bioactive compounds, such as
docosahexaenoic acid (DHA), resveratrol, and caffeine, affect the adipogenesis on visceral
pre-adipocytes. Interestingly, the strongest apoptotic effect was induced by Taraxacum officinale leaf
extract, even though DNA microarray analysis showed that Taraxacum officinale extracts added in
3T3-L1 pre-adipocytes regulated the expression of genes and long noncoding RNAs involved in the
control of adipogenesis, in brown fat cell differentiation and in diet induced thermogenesis [148].
However, also small, regulatory noncoding RNA (miRNAs) were claimed to modulate the expression
of anti-adipogenic genes in Rosmariunus officinalis-treated cells. In particular, in primary omental
pre-adipocytes let-7f-1, miR-17, miR-503, and miR-30a modulated genes involved in the cell cycle [149].

Against obesity, natural compounds have also been suggested as treatments to promote the
conversion of fat-accumulating WAT into energy-dissipating brite (brown in white) cells [114].
The dissipation of energy deriving from the catabolism of fatty acids in form of heat, namely
thermogenesis, is driven by mitochondrial proton pump uncoupling protein 1 (UCP1) in BAT. A list
of nutritional factors involved in BAT development and recruitment, WAT browning and UCP1
upregulation was extensively reviewed in [106]. Among these, capsaicin, oleuropein, p-synephrine
from Citrus aurantium, DHA, and conjugated linoleic acid have been studied in in vivo and/or in vitro
approaches. The efficacy of these molecules in inducing the plasticity of WAT towards a brown
conversion was evaluated in culture cells through different methodological approaches, such as
changes in lipid droplets (LDs) morphology [150], protein and gene markers, and mitochondrial
dynamics [151].

3. Conclusions

Different physiological and pathological condition could be the causes of acute and chronic
inflammation, such as ageing, metabolic disorders, and infectious diseases. One of the main
consequences of inflammation is the induction of oxidative stress, the production of ROS, RNS,
AGE, and several other compounds that lead to tissue damage. The complex pathways beyond
these processes are widely studied in human medicine and they are assumed to be conserved among
mammalian species. However, a more precise definition of species-specific pathway is needed. Equally,
the positive effect of nutraceutical compounds and their antioxidant and anti-inflammatory activities
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in domestic animals have been investigated, but more information on their exact dosage, timing, and
real effects on inflammatory status in animals are far from being deeply understood.
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Abbreviations

PAMPs Pathogen-associated molecular patterns
LPS Lipopolysaccharide
PRRs Pattern recognition receptors
TLRs Toll-like receptors
DAMPs Damage-associated molecular patterns
AGEs Advanced glycation end products
HDL High-density lipoproteins
LDL Low-density lipoproteins
RAGE Receptors of AGE
ROS Reactive oxygen species
RNS Reactive nitrogen species
NOX NADPH oxidase
MPO Myeloperoxidase
HOCl Hypochlorous acid
OS Oxidative stress
DC Dendritic cells
Treg Regulatory T cells
NFκB Nuclear factor k B
H2O2 Hydrogen hydroperoxide
Se Selenium
EC Endothelial cells
TNFα Tumor necrosis factor α
ICAM-1 Intercellular adhesion molecule 1
AOPP Advanced oxidized protein product
IBD Inflammatory bowel disease
CVL Canine visceral leishmaniasis
HO-1 Heme oxygenase-1
MDA Plasma malondialdehyde
GPx Glutathione peroxidase
SOD Superoxide dismutase
CADESI Canine Atopic Dermatitis Extent and Severity Index
FR Free-radicals
SFRP5 Secreted frizzled-related protein 5
CAT Catalase
FFA Free-fatty acids
ROO• Peroxyl radicals
ROOH Hydroperoxide radicals
PhO• Phenoxyl radical
PTGS2 Prostaglandin-endoperoxide synthase 2
Nrf2 NF-E2-related factor 2
KEAP1 Kelch like ECH associated protein 1
WAT White adipose tissue
BAT Brown adipose tissue
DHA Docosahexaenoic acid
UCP1 Uncoupling protein 1



Antioxidants 2019, 8, 28 13 of 19

References

1. Tsoupras, A.; Lordan, R.; Zabetakis, I. Inflammation, not cholesterol, is a cause of chronic disease. Nutrients
2018, 10, 604. [CrossRef] [PubMed]

2. De Lorenzo, G.; Ferrari, S.; Cervone, F.; Okun, E. Extracellular DAMPs in plants and mammals: Immunity,
tissue damage and repair. Trends Immunol. 2018, 39, 937–950. [CrossRef] [PubMed]

3. Medzhitov, R. Origin and physiological roles of inflammation. Nature 2008, 454, 428–435. [CrossRef]
4. Medzhitov, R.; Janeway, C.A., Jr. Decoding the patterns of self and nonself by the innate immune system.

Science 2002, 296, 298–300. [CrossRef] [PubMed]
5. Fishman, S.L.; Sonmez, H.; Basman, C.; Singh, V.; Poretsky, L. The role of advanced glycation end-products

in the development of coronary artery disease in patients with and without diabetes mellitus: A review.
Mol. Med. 2018, 24, 59. [CrossRef]

6. Comazzi, S.; Bertazzolo, W.; Bonfanti, U.; Spagnolo, V.; Sartorelli, P. Advanced glycation end products and
sorbitol in blood from differently compensated diabetic dogs. Res. Vet. Sci. 2008, 84, 341–346. [CrossRef]

7. Gkogkolou, P.; Böhm, M. Advanced glycation end products: Key players in skin aging? Dermato-endocrinology
2012, 4, 259–270. [CrossRef]

8. Van Dyke, T.E.; Kornman, K.S. Inflammation and factors that may regulate inflammatory response.
J. Periodontol. 2008, 79, 1503–1507. [CrossRef]

9. Peter Libby, M.D. Inflammatory mechanisms: The molecular basis of inflammation and disease. Nutr. Rev.
2007, 65, 140–146. [CrossRef]

10. Christoffersson, G.; Phillipson, M. The neutrophil: One cell on many missions or many cells with different
agendas? Cell Tissue Res. 2018, 371, 415–423. [CrossRef]

11. Valacchi, G.; Virgili, F.; Cervellati, C.; Pecorelli, A. OxInflammation: From subclinical condition to
pathological biomarker. Front. Physiol. 2018, 9, 858. [CrossRef] [PubMed]

12. Azcutia, V.; Parkos, C.A.; Brazil, J.C. Role of negative regulation of immune signaling pathways in neutrophil
function. J. Leukoc. Biol. 2017, 103, 1029–1041. [CrossRef] [PubMed]

13. Winterbourn, C.C.; Kettle, A.J.; Hampton, M.B. Reactive oxygen species and neutrophil function.
Annu. Rev. Biochem. 2016, 85, 765–792. [CrossRef] [PubMed]

14. Gostner, J.M.; Becker, K.; Fuchs, D.; Sucher, R. Redox regulation of the immune response. Redox Rep. 2013,
18, 88–94. [CrossRef] [PubMed]

15. Odobasic, D.; Kitching, A.R.; Yang, Y.; O’Sullivan, K.M.; Muljadi, R.C.M.; Edgtton, K.L.; Tan, D.S.Y.;
Summers, S.A.; Morand, E.F.; Holdsworth, S.R. Neutrophil myeloperoxidase regulates T-cell-driven tissue
inflammation in mice by inhibiting dendritic cell function. Blood 2013, 121, 4195–4204. [CrossRef] [PubMed]

16. Belikov, A.V.; Schraven, B.; Simeoni, L. T cells and reactive oxygen species. J. Biomed. Sci. 2015, 22, 85.
[CrossRef] [PubMed]

17. Lorne, E.; Zmijewski, J.W.; Zhao, X.; Liu, G.; Tsuruta, Y.; Park, Y.J.; Dupont, H.; Abraham, E. Role of
extracellular superoxide in neutrophil activation: Interactions between xanthine oxidase and TLR4 induce
proinflammatory cytokine production. Am. J. Physiol. Cell Physiol. 2008, 294, C985–C993. [CrossRef]

18. Bordignon, M.; Da Dalt, L.; Marinelli, L.; Gabai, G. Advanced oxidation protein products are generated by
bovine neutrophils and inhibit free radical production in vitro. Vet. J. 2014, 199, 162–168. [CrossRef]

19. Yan, Z.; Garg, S.K.; Kipnis, J.; Banerjee, R. Extracellular redox modulation by regulatory T cells.
Nat. Chem. Biol. 2009, 5, 721–723. [CrossRef]

20. Bassel, L.L.; Caswell, J.L. Bovine neutrophils in health and disease. Cell Tissue Res. 2018, 371, 617–637.
[CrossRef]

21. Goff, J.P.; Horst, R.L. Physiological changes at parturition and their relationship to metabolic disorders.
J. Dairy Sci. 1997, 80, 1260–1268. [CrossRef]

22. Aleri, J.W.; Hine, B.C.; Pyman, M.F.; Mansell, P.D.; Wales, W.J.; Mallard, B.; Fisher, A.D. Periparturient
immunosuppression and strategies to improve dairy cow health during the periparturient period.
Res. Vet. Sci. 2016, 108, 8–17. [CrossRef] [PubMed]

23. Schwarm, A.; Viergutz, T.; Kuhla, B.; Hammon, H.M.M.; Schweigel-Röntgen, M. Fuel feeds function:
Energy balance and bovine peripheral blood mononuclear cell activation. Comp. Biochem. Physiol. A Mol.
Integr. Physiol. 2013, 164, 101–110. [CrossRef] [PubMed]

http://dx.doi.org/10.3390/nu10050604
http://www.ncbi.nlm.nih.gov/pubmed/29757226
http://dx.doi.org/10.1016/j.it.2018.09.006
http://www.ncbi.nlm.nih.gov/pubmed/30293747
http://dx.doi.org/10.1038/nature07201
http://dx.doi.org/10.1126/science.1068883
http://www.ncbi.nlm.nih.gov/pubmed/11951031
http://dx.doi.org/10.1186/s10020-018-0060-3
http://dx.doi.org/10.1016/j.rvsc.2007.05.013
http://dx.doi.org/10.4161/derm.22028
http://dx.doi.org/10.1902/jop.2008.080239
http://dx.doi.org/10.1301/nr.2007.dec.S140-S146
http://dx.doi.org/10.1007/s00441-017-2780-z
http://dx.doi.org/10.3389/fphys.2018.00858
http://www.ncbi.nlm.nih.gov/pubmed/30038581
http://dx.doi.org/10.1002/JLB.3MIR0917-374R
http://www.ncbi.nlm.nih.gov/pubmed/29345376
http://dx.doi.org/10.1146/annurev-biochem-060815-014442
http://www.ncbi.nlm.nih.gov/pubmed/27050287
http://dx.doi.org/10.1179/1351000213Y.0000000044
http://www.ncbi.nlm.nih.gov/pubmed/23601165
http://dx.doi.org/10.1182/blood-2012-09-456483
http://www.ncbi.nlm.nih.gov/pubmed/23509155
http://dx.doi.org/10.1186/s12929-015-0194-3
http://www.ncbi.nlm.nih.gov/pubmed/26471060
http://dx.doi.org/10.1152/ajpcell.00454.2007
http://dx.doi.org/10.1016/j.tvjl.2013.10.028
http://dx.doi.org/10.1038/nchembio.212
http://dx.doi.org/10.1007/s00441-018-2789-y
http://dx.doi.org/10.3168/jds.S0022-0302(97)76055-7
http://dx.doi.org/10.1016/j.rvsc.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27663364
http://dx.doi.org/10.1016/j.cbpa.2012.10.009
http://www.ncbi.nlm.nih.gov/pubmed/23085292


Antioxidants 2019, 8, 28 14 of 19

24. Sordillo, L.M.; Aitken, S.L. Impact of oxidative stress on the health and immune function of dairy cattle.
Vet. Immunol. Immunopathol. 2009, 128, 104–109. [CrossRef] [PubMed]

25. Vieira-Neto, A.; Lima, I.R.P.; Lopes, F., Jr.; Lopera, C.; Zimpel, R.; Sinedino, L.D.P.; Jeong, K.C.; Galvão, K.;
Thatcher, W.W.; Nelson, C.D.; et al. Use of calcitriol to maintain postpartum blood calcium and improve
immune function in dairy cows. J. Dairy Sci. 2017, 100, 5805–5823. [CrossRef] [PubMed]

26. Maddox, J.F.; Aherne, K.M.; Reddy, C.C.; Sordillo, L.M. Increased neutrophil adherence and adhesion
molecule mRNA expression in endothelial cells during selenium deficiency. J. Leukoc. Biol. 1999, 65, 658–664.
[CrossRef] [PubMed]

27. Carneiro, L.C.; Cronin, J.G.; Sheldon, I.M. Mechanisms linking bacterial infections of the bovine endometrium
to disease and infertility. Reprod. Biol. 2016, 16, 1–7. [CrossRef] [PubMed]

28. Celi, P.; Merlo, M.; Da Dalt, L.; Stefani, A.; Barbato, O.; Gabai, G. Relationship between late embryonic
mortality and the increase in plasma advanced oxidised protein products (AOPP) in dairy cows.
Reprod. Fertil. Dev. 2011, 23, 527–533. [CrossRef]

29. Celi, P.; Merlo, M.; Barbato, O.; Gabai, G. Relationship between oxidative stress and the success of artificial
insemination in dairy cows in a pasture-based system. Vet. J. 2012, 193, 498–502. [CrossRef]

30. Petzl, W.; Zerbe, H.; Günther, J.; Seyfert, H.M.; Hussen, J.; Schuberth, H.J. Pathogen-specific responses in the
bovine udder. Models and immunoprophylactic concepts. Res. Vet. Sci. 2018, 116, 55–61. [CrossRef]

31. Lombardo, F. Relationship between Leukocyte Subpopulations and Oxidative Stress Markers in Bovine Milk.
Veterinary Medicine. Degree Thesis, University of Padua, Padua, Italy, 15 December 2017.

32. Allenspach, K.; Wieland, B.; Gröne, A.; Gaschen, F. Chronic enteropathies in dogs: Evaluation of risk factors
for negative outcome. J. Vet. Intern. Med. 2007, 21, 700–708. [CrossRef] [PubMed]

33. Simpson, K.W.; Jergens, A.E. Pitfalls and progress in the diagnosis and management of canine inflammatory
bowel disease. Vet. Clin. N. Am. Small Anim. Pract. 2011, 41, 381–398. [CrossRef] [PubMed]

34. Jergens, A.E.; Schreiner, C.A.; Frank, D.E.; Niyo, Y.; Ahrens, F.E.; Eckersall, P.D.; Benson, T.J.; Evans, R. A
scoring index for disease activity in canine inflammatory bowel disease. J. Vet. Intern. Med. 2003, 17, 291–297.
[CrossRef] [PubMed]

35. Allenspach, K.; Culverwell, C.; Chan, D. Long-term outcome in dogs with chronic enteropathies: 203 cases.
Vet. Rec. 2016, 178, 368. [CrossRef] [PubMed]

36. Rubio, C.P.; Martínez-Subiela, S.; Hernández-Ruiz, J.; Tvarijonaviciute, A.; Cerón, J.J.; Allenspach, K. Serum
biomarkers of oxidative stress in dogs with idiopathic inflammatory bowel disease. Vet. J. 2017, 221, 56–61.
[CrossRef] [PubMed]

37. Lykkesfeldt, J.; Svendsen, O. Oxidants and antioxidants in disease: Oxidative stress in farm animals. Vet. J.
2007, 173, 502–511. [CrossRef] [PubMed]

38. Celi, P.; Gabai, G. Oxidant/antioxidant balance in animal nutrition and health: The role of protein oxidation.
Front. Vet. Sci. 2015, 2, 48. [CrossRef] [PubMed]

39. Mavangira, V.; Sordillo, L.M. Role of lipid mediators in the regulation of oxidative stress and inflammatory
responses in dairy cattle. Res. Vet. Sci. 2018, 116, 4–14. [CrossRef]

40. Grundy, S.M. What is the contribution of obesity to the metabolic syndrome? Endocrinol. Metab. Clin. N. Am.
2004, 33, 267–282. [CrossRef]

41. Keaney, J.F.; Larson, M.G.; Vasan, R.S.; Wilson, P.W.F.; Lipinska, I.; Corey, D.; Massaro, J.M.; Sutherland, P.;
Vita, J.A.; Benjamin, E.J. Obesity and systemic oxidative stress: Clinical correlates of oxidative stress in the
Framingham study. Arterioscler. Thromb. Vasc. Biol. 2003, 23, 434–439. [CrossRef]

42. Bondia-Pons, I.; Ryan, L.; Martinez, J.A. Oxidative stress and inflammation interactions in human obesity.
J. Physiol. Biochem. 2012, 68, 701–711. [CrossRef] [PubMed]

43. Furukawa, S.; Fujita, T.; Shimabukuro, M.; Iwaki, M.; Yamada, Y.; Nakajima, Y.; Nakayama, O.;
Makishima, M.; Matsuda, M.; Shimomura, I. Increased oxidative stress in obesity and its impact on metabolic
syndrome. J. Clin. Investig. 2004, 114, 1752–1761. [CrossRef] [PubMed]

44. Marseglia, L.; Manti, S.; D’Angelo, G.; Nicotera, A.; Parisi, E.; Di Rosa, G.; Gitto, E.; Arrigo, T. Oxidative
stress in obesity: A critical component in human diseases. Int. J. Mol. Sci. 2015, 16, 378–400. [CrossRef]
[PubMed]

45. Tenhunen, R.; Marver, H.S.; Schmid, R. The enzymatic conversion of hemoglobin to bilirubin. Trans. Assoc.
Am. Phys. 1969, 82, 363–371. [PubMed]

http://dx.doi.org/10.1016/j.vetimm.2008.10.305
http://www.ncbi.nlm.nih.gov/pubmed/19027173
http://dx.doi.org/10.3168/jds.2016-12506
http://www.ncbi.nlm.nih.gov/pubmed/28501403
http://dx.doi.org/10.1002/jlb.65.5.658
http://www.ncbi.nlm.nih.gov/pubmed/10331495
http://dx.doi.org/10.1016/j.repbio.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26952747
http://dx.doi.org/10.1071/RD10268
http://dx.doi.org/10.1016/j.tvjl.2012.02.002
http://dx.doi.org/10.1016/j.rvsc.2017.12.012
http://dx.doi.org/10.1111/j.1939-1676.2007.tb03011.x
http://www.ncbi.nlm.nih.gov/pubmed/17708389
http://dx.doi.org/10.1016/j.cvsm.2011.02.003
http://www.ncbi.nlm.nih.gov/pubmed/21486642
http://dx.doi.org/10.1111/j.1939-1676.2003.tb02450.x
http://www.ncbi.nlm.nih.gov/pubmed/12774968
http://dx.doi.org/10.1136/vr.103557
http://www.ncbi.nlm.nih.gov/pubmed/26811439
http://dx.doi.org/10.1016/j.tvjl.2017.02.003
http://www.ncbi.nlm.nih.gov/pubmed/28283081
http://dx.doi.org/10.1016/j.tvjl.2006.06.005
http://www.ncbi.nlm.nih.gov/pubmed/16914330
http://dx.doi.org/10.3389/fvets.2015.00048
http://www.ncbi.nlm.nih.gov/pubmed/26664975
http://dx.doi.org/10.1016/j.rvsc.2017.08.002
http://dx.doi.org/10.1016/j.ecl.2004.03.001
http://dx.doi.org/10.1161/01.ATV.0000058402.34138.11
http://dx.doi.org/10.1007/s13105-012-0154-2
http://www.ncbi.nlm.nih.gov/pubmed/22351038
http://dx.doi.org/10.1172/JCI21625
http://www.ncbi.nlm.nih.gov/pubmed/15599400
http://dx.doi.org/10.3390/ijms16010378
http://www.ncbi.nlm.nih.gov/pubmed/25548896
http://www.ncbi.nlm.nih.gov/pubmed/5375159


Antioxidants 2019, 8, 28 15 of 19

46. Almeida, B.F.; Silva, K.L.; Chiku, V.M.; Leal, A.A.; Venturin, G.L.; Narciso, L.G.; Fink, M.F.; Eugênio, F.R.;
Santos, P.S.; Ciarlini, P.C.; et al. The effects of increased heme oxygenase-1 on the lymphoproliferative
response in dogs with visceral leishmaniasis. Immunobiology 2017, 222, 693–703. [CrossRef] [PubMed]

47. Kapun, A.P.; Salobir, J.; Levart, A.; Kotnik, T.; Svete, A.N. Oxidative stress markers in canine atopic dermatitis.
Res. Vet. Sci. 2012, 92, 469–470. [CrossRef] [PubMed]

48. Alberti, K.G.M.M.; Zimmet, P.Z. Definition, diagnosis and classification of diabetes mellitus and its
complications. Part 1: Diagnosis and classification of diabetes mellitus. Provisional report of a WHO
Consultation. Diabet. Med. 1998, 15, 539–553. [CrossRef]

49. Krzystek-Korpacka, M.; Patryn, E.; Boehm, D.; Berdowska, I.; Zielinski, B.; Noczynska, A. Advanced
oxidation protein products (AOPPs) in juvenile overweight and obesity prior to and following weight
reduction. Clin. Biochem. 2008, 41, 943–949. [CrossRef]

50. Fonseca-Alaniz, M.H.; Takada, J.; Alonso-Vale, M.I.; Lima, F.B. Adipose tissue as an endocrine organ: From
theory to practice. J. Pediatr. 2007, 83, S192–S203. [CrossRef]

51. Wang, B.; Trayhurn, P. Acute and prolonged effects of TNF-α on the expression and secretion of
inflammation-related adipokines by human adipocytes differentiated in culture. Pflügers Arch. 2006, 452,
418–427. [CrossRef]

52. Stienstra, R.; Tack, C.J.; Kanneganti, T.D.; Joosten, L.A.; Netea, M.G. The inflammasome puts obesity in the
danger zone. Cell Metab. 2012, 15, 10–18. [CrossRef]

53. Naugler, W.E.; Karin, M. The wolf in sheep’s clothing: The role of interleukin-6 in immunity, inflammation
and cancer. Trends Mol. Med. 2008, 14, 109–119. [CrossRef] [PubMed]

54. Stenlöf, K.; Wernstedt, I.; Fjällman, T.; Wallenius, V.; Wallenius, K.; Jansson, J.O. Interleukin-6 levels in
the central nervous system are negatively correlated with fat mass in overweight/obese subjects. J. Clin.
Endocrinol. Metab. 2003, 88, 4379–4383. [CrossRef] [PubMed]

55. Lavrovsky, Y.; Chatterjee, B.; Clark, R.A.; Roy, A.K. Role of redox-regulated transcription factors in
inflammation, aging and age-related diseases. Exp. Gerontol. 2000, 35, 521–532. [CrossRef]

56. Ruskovska, T.; Bernlohr, D.A. Oxidative stress and protein carbonylation in adipose tissue—Implications for
insulin resistance and diabetes mellitus. J. Proteomics 2013, 92, 323–334. [CrossRef] [PubMed]

57. Ouchi, N.; Higuchi, A.; Ohashi, K.; Oshima, Y.; Gokce, N.; Shibata, R.; Akasaki, Y.; Shimono, A.; Walsh, K.
Sfrp5 is an anti-inflammatory adipokine that modulates metabolic dysfunction in obesity. Science 2010, 329,
454–457. [CrossRef] [PubMed]

58. Amirkhizi, F.; Siassi, F.; Minaie, S.; Djalali, M. Is obesity associated with increased plasma lipid peroxidation
and oxidative stress in women? ARYA Atheroscler. J. 2007, 2, 189–192.

59. Rzheshevsky, A. V Fatal triad: Lipotoxicity, oxidative stress, and phenoptosis. Biochemistry (Mosc.) 2013, 78,
991–1000. [CrossRef]

60. Saloranta, C.; Franssila-Kallunki, A.; Ekstrand, A.; Taskinen, M.R.; Groop, L. Modulation of hepatic glucose
production by non-esterified fatty acids in type 2 (non-insulin-dependent) diabetes mellitus. Diabetologia
1991, 34, 409–415. [CrossRef]

61. Boden, G.; Chen, X. Effects of fat on glucose uptake and utilization in patients with non-insulin-dependent
diabetes. J. Clin. Investig. 1995, 96, 1261–1268. [CrossRef]

62. Roberts, C.K.; Sindhu, K.K. Oxidative stress and metabolic syndrome. Life Sci. 2009, 84, 705–712. [CrossRef]
[PubMed]

63. Rogge, M.M. The role of impaired mitochondrial lipid oxidation in obesity. Biol. Res. Nurs. 2009, 10, 356–373.
[CrossRef]
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