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Abstract  The inflammatory process is complex and the role of free radicals and 
antioxidants can be found in each part of it, such as the hemodynamic and perme-
ability changes, the metabolism, and the function of the cells involved in the course 
of events. The main purpose of the present review is to mention the most common 
inflammatory processes in animals, the role of free radical formation in these, and the 
use of antioxidants against their detrimental effects. As with severely increased oxi-
dative stress, decreased free radical formation can cause severe diseases. Hyperbaric 
oxygen gives an option to overcome the disorders caused by decreased oxidative 
stress response which is important in the bacterial killing mechanism and wound 
healing. Endotoxemia, systemic inflammatory response syndrome, in its complexity 
causes severe deterioration of the organism due to oxidative stress. Various anti-
oxidants can be used to prevent the severity, such as superoxide dismutase (SOD), 
alpha-tocopherol, glutathione and its precursors, ascorbic acid, adenosine, lactoferrin, 
and carotenoids, thiols, ebselen, xanthine oxidase inhibitors, inhibitors of phagocyte 
function, iron ion chelators, and probucol, N-acetylcysteine, and 21-aminosteroids. 
Among pulmonary and other airway inflammatory diseases recurrent airway 
obstruction of horses causes severe oxidative damage. Apart from the well-known 
antioxidants, it seems that another antioxidant taurine, via N-chlorotaurine formation 
may protect the lung from oxidant-induced injury. This session contains more data 
of oxidative stress and possible antioxidant therapeutic advances in selective animal 
inflammatory diseases, such as kidney disease, gingivitis, uveitis, cataract, dermatitis, 
osteoarthritis, synovitis, pancreatitis, hepatitis, colitis and giardiasis, encephalopathy, 
neuritis and spinal cord injury, and bovine mastitis.
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Inflammation is one of the most important and most useful of our host defense 
mechanisms, and without an adequate inflammatory response, none of us would be 
living.

“Quae medicamenta non sanat; ferrum sanat. Quae ferrum non sanat; ignis 
sanat. Quae vero ignis non sanat; insanabilia reportari oportet (Those diseases 
which medicines do not cure, the knife cures; those which the knife cannot cure, 
fire cures; and those which fire cannot cure, are to be reckoned wholly  
incurable)” [47]. As Hippocrates (460–370 BC) described in his aphorism, he 
believed that any disease could be cured by heat: burning heat and heat as both 
cause and consequence of inflammation. In Latin flamma is the light of fire. It is 
also one of the most common means whereby our own tissues are injured. The word 
inflammation itself literally means a “burning”. The Roman Cornelius Celsus for-
mulated his famous “cardinal signs” of inflammation: calor, rubor, tumor, and 
dolor. That means heat, redness, swelling, and pain. To this classic list of four signs 
must be added functio laesa or loss of function. This fifth sign is often attributed to 
Galen (AD 130–200), but it really originated with Rudolf Wirchow (1821–1902), 
the father of modern pathology.

The process is complex and the role of free radicals and antioxidants can be 
found in each part of it such as hemodynamic and permeability changes, the 
metabolism and function of the cells involved in the course of events. The main 
purpose of the present review is to mention the most common inflammatory 
processes in animals, the role of free radical formation in these, and the use of 
antioxidants against their detrimental effects.

The most important direct effect of free radicals is found in the microbicid 
mechanism. There are also various free radical-dependent systems involved in the 
formation of cytokines, inflammatory mediators, and cellular functions (i.e., plate-
lets; see, for review [130]). Reactive oxygen species (ROS) are involved in wound 
healing and tissue repair mechanisms [10]. Although the synthesis of inflammatory 
mediators is a free radical-producing mechanism, the production of stress-induced 
anti-inflammatory hormones in the adrenal cortex is also a free radical-mediated 
process, and antioxidants can inhibit these mechanisms [6, 125].

Oxygen-Dependent Killing Mechanisms

The purpose of bacterial phagocytosis is to kill and degrade bacteria. Two different 
killing systems are recognized: oxygen-dependent and oxygen-independent killing 
systems. There are two types of oxygen-dependent killing systems known: the so-
called oxygen radical system and the myeloperoxidase–halide system [12].

During phagocytosis, neutrophils show a burst of metabolic activity, character-
ized by a two- to threefold increase in oxygen consumption, an increase in the 
formation of superoxide anion (O

2
–), hydroxyl anion (OH–), and hydrogen peroxide 

(H
2
O

2
), and an increase in cyanide-independent oxygen uptake and the amount of 

glucose metabolized by means of the hexose monophosphate shunt (HMPS; 
Stahelin 1957) [118].
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The decrease of this process leads to severe microbial infections. Some hereditary 
defects have also been reported. The functional defects may be associated with 
morphological abnormalities, such as in Chédiak–Higashi syndrome, or not associated 
with morphological changes of neutrophils, such as in chronic granulomatous disease 
and granulocytopathy syndrome.

An oxygen-dependent killing mechanism is effective against microbes, but this 
mechanism is responsible for the harmful effects of inflammation. Experimental 
studies suggest that neutrophil-derived oxygen metabolites contribute to the devel-
opment of tissue injury associated with a variety of disease states, including emphy-
sema, myocardial infarction, adult respiratory distress syndrome, immune 
complex-mediated vasculitis, and rheumatoid arthritis [28]. Local inflammatory 
processes can lead to systemic inflammation and free radical and antioxidant 
changes can also be dispersed.

“Altera manu fart aquam, altera ignem (One hand carries water, the other fire).” 
According to this old Latin phrase, one process can lead to both beneficial and 
harmful processes. In addition to the harmful effects, free radicals produced by 
neutrophils are essential for the proper microbicide effect, but it has to be men-
tioned that the oxidative burst is sometimes exaggerated. Increasing oxidative burst 
activity is of great importance in conditions of decreased function, such as necrotizing 
fasciitis, or lower extremity wounds [27, 74].

Hyperbaric Oxygen in Therapy

Hyperbaric oxygen (HBO) therapy can be essential to enhance microbial killing; it 
is worth mentioning some details about HBO therapy in general, the clinical benefits 
and side effects. This session about HBO therapy is based on Slovis’ [114] paper 
with modifications. “The art of healing comes from nature, not from the physician. 
Therefore the physician must start from nature, with an open mind” (Paracelsus, 
Philippus Theophrastus Aureolus Bombastus von Hohenheim, 1493–1541) [90]. 
HBO therapy is a typical practical achievement of the Paracelsus theory. One of the 
most essential elements in nature is oxygen.

HBO therapy involves intermittent inhalation of 100% oxygen under a pressure 
greater than 1 atm [29]. Increasing pressure in HBO therapy is often expressed in 
multiples of atmospheric pressure absolute or atmospheres absolute (ATA); 1 ATA 
equals 1 kg/cm2 or 735.5 mm Hg. Most HBO treatments are performed at 2–3 ATA. 
In air embolism and decompression sickness, where pressure is crucial to the thera-
peutic effect, treatments frequently start at 6 ATA [34]. This additional pressure, 
when associated with inspiration of high levels of oxygen, substantially increases 
the level of oxygen dissolved into blood plasma. This state of serum hyperoxia is the 
second beneficial effect of HBO therapy [32].

Hyperoxia at sea level in room air means that approximately 97% of hemoglobin 
is saturated with oxygen (19.5 vol% oxygen, of which approximately 5.8 vol% is 
extracted by tissue). The amount of oxygen dissolved into plasma is 0.32 vol%. 
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An increase in pO
2
 has a negligible impact on total hemoglobin oxygen content; 

however, it does result in an increase in the amount of oxygen dissolved directly 
into the plasma. With 100% inspired oxygen the amount of dissolved blood plasma 
oxygen increases to 2.09 vol%. At 3 ATA plasma contains 6.8 vol% oxygen, which 
is the level equivalent to the average tissue requirements for oxygen. Thus, HBO 
treatment could and has sustained life without oxygen bound to hemoglobin [13]. 
The cardiovascular effects of HBO include a generalized vasoconstriction and a 
small reduction in cardiac output [99]. This ultimately may decrease the overall 
blood supply to a region, but the increase in serum oxygen content results in an 
overall gain in delivered oxygen. In conditions such as burns, cerebral edema, and 
crush injuries, this vasoconstriction may be beneficial, reducing edema and tissue 
swelling while maintaining tissue oxygenation [85]. Hyperbaric or hyperoxic or 
both conditions may affect the disposition of drugs by (1) changes in the catalytic 
activity of drug-metabolizing enzymes, (2) hemodynamic changes, and (3) changes 
in membrane permeability, affecting drug distribution.

In isolated microsome preparations from rat liver, the metabolism rate of aniline, 
but not of amidopirin, is reduced by hyperoxia. In vivo, the clearance of salicylic 
acid is enhanced in the dog at 2.8 ATA and 100% O

2
, but not at 6 ATA and air, for 

reasons that are still unknown. The disposition of theophylline, pentobarbital, or 
pethidine is not affected in dogs by hyperbaric or hyperoxic conditions.

In human volunteers, hyperbaric or hyperoxic or both conditions do not affect 
the disposition of gentamycin (2.4 bar, 100% O

2
), caffeine, or lidocaine (2.5 bar, 

100% O
2
).

In conclusion, a single exposure to hyperbaric or hyperoxic conditions does 
not seem to affect single-dose pharmacokinetics of drugs metabolized and/or 
eliminated by the kidney (e.g., gentamycin) or by the liver with a capacity-limited 
clearance (e.g., pentobarbital, theophylline, and caffeine) or with a perfusion-
limited clearance (e.g., pethidine, lidocaine; [101]).

HBO therapy is performed in hyperbaric chambers, where this special environment 
can be achieved. There are chambers available for large animals, too.

Therapeutic Effects of HBO

The typical aim in using HBO is to reverse hypoxia in order to alter ischemic effect 
or influence vascular reactivity [15]. Postischemic HBO affords clinical and histo-
pathological neuroprotection after experimental cardiac arrest and resuscitation 
(A/R) and this neuroprotection results from improved cerebral oxygen metabolism 
after A/R. It was proven by an experiment when anesthetized adult female beagles 
underwent A/R and randomization to HBO (2.7 ATA for 60 min, 1 h after A/R) or 
control (PO

2
 = 80–100 mm Hg; 1 ATA). Animals underwent neurological deficit scor-

ing (NDS) 23 h after A/R.
Neuronal death (necrotic and apoptotic) in representative animals was deter-

mined stereologically in the hippocampus and cerebral neocortex. NDS improved 
after A/R in HBO animals. Histopathological examination revealed significantly 
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fewer dying neurons in HBO animals; the magnitude of neuronal injury correlated 
well with NDS. HBO inhibited neuronal death and improved neurological outcome 
after A/R. It was also stated that the mechanism of HBO neuroprotection is not due 
to stimulation of oxidative cerebral energy metabolism [100]. Other typical use of 
HBO therapy is to reduce edema [84, 85] as hyperoxygenation will cause vasocon-
striction, which is considered a side effect of HBO therapy. Although vasoconstric-
tion may be present, there is more oxygen delivered to the tissues. HBO can 
modulate nitric oxide (NO) production [26, 86, 109]. An increase of nitric oxide 
leads to vasodilation whereas a decrease of nitric oxide leads to vasoconstriction. 
Carbon dioxide increases NO production and oxygen decreases NO production by 
the endothelial cells. HBO modifies growth factors and cytokine effect by regulating 
their levels and/or receptors [136, 144].

Enhancing wound healing is a main purpose of HBO therapy. Despite the unclear 
mechanisms involved in the efficacy of HBO therapy in this process it has been 
proven that there is a significant increase in local wound NO levels after successful 
HBO therapy. This suggests that this mechanism may be an important factor in 
promoting enhanced wound healing and wound closure [16]. Vascular endothelial 
growth factor (VEGF) is important for the growth and survival of endothelial cells, 
and is found in plasma, serum, and wound exudates. Under normobaric conditions, 
VEGF is stimulated by hypoxia, lactate, nitric oxide, and nicotinamide adenine 
dinucleotide (NAD). HBO induces production of VEGF thereby stimulating more 
rapid development of capillary budding and granulation formation within the wound 
bed. HBO induces changes in membrane proteins affecting ion exchange and gating 
mechanisms. HBO also promotes cellular proliferation [38, 52, 83, 109], acceler-
ates collagen deposition, stimulates capillary budding and arborization, and there-
fore indicates reparative and regenerative tissue mechanisms. In spite of previous 
reports there are some contradictions, too. In an experiment, on day 0, two 4-cm-
diameter circular sections of full-thickness skin were removed from each of two 
randomly selected limbs of each horse, and two 4-cm-diameter circular skin grafts 
were harvested from the pectoral region. The horses then received HBO therapy for 
1 h daily at 1.84 ATA for 7 days. On day 21, the grafts applied on day 14 were 
biopsied. Histological examination of biopsy specimens revealed that grafts treated 
with HBO therapy developed less granulation tissue, edema, and neovasculariza-
tion, but more inflammation. The superficial portion of the graft was also less viable 
than the superficial portion of those not treated with HBO therapy. In conclusion, 
the use of HBO therapy after full-thickness skin grafting of uncompromised fresh 
and granulating wounds of horses is not indicated [140].

HBO therapy also alleviates osteogenesis. Moreover, in a distraction osteogen-
esis experiment HBO appeared to accelerate ossification and vascularization of 
regenerated bone in the distracted area, while applying HBO to tooth movement 
into a distracted area [53]. HBO therapy accelerates microbial oxidative killing by 
providing oxygen for the phagocytosing cells and by improving select antibiotic 
exchange across membranes [88, 91, 92], whereas anoxia decreases the activity of 
several antibiotics (aminoglycosides, sulfonamides, fluoroquinolone). By raising 
the pO

2
 of ischemic tissue to normoxic levels, it may normalize the activity of these 
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antimicrobials. In addition, HBO may potentiate the activity of certain antimicrobials 
by inhibiting their biosynthetic reactions in bacteria. HBO also interferes with bacterial 
disease propagation by denaturing bacterial toxins and modulates the immune 
response system. HBO enhances de novo synthesis or activation of oxygen radical 
scavengers, thereby decreasing ischemia–reperfusion (I–R) injury [123, 142]. This 
mechanism can be described by the following.

	1.	 HBO therapy increases the amount and activity of the free radical scavenger 
superoxide dismutase (SOD).

	2.	 Decreased neutrophil adhesion and subsequent release of free radicals is an 
important early event leading to endothelial damage and microcirculatory failure 
associated with I–R Injury. HBO reversibly inhibits the ß2 integrins, therefore 
inhibiting the neutrophil–endothelial adhesion.

An example of the beneficial effect of HBO therapy is the treatment of necrotizing 
fasciitis. Compared to national reports of outcomes with “standard” regimens for 
necrotizing fasciitis, the author’s experience with HBO therapy, adjunctive to compre-
hensive and aggressive management, demonstrates reduced mortality (34% vs. 
11.9%), and morbidity (amputations 50% vs. 0%). The treatments were safe and no 
delays to surgery or interference with standard therapy could be attributed to HBO 
therapy [27]. Moreover, in a study of chronic diabetic patients with lower extremity 
wounds the authors proved the efficacy of HBO therapy. Patients managed in a 
state-of-the-art wound care center experienced progress toward wound healing, 
regardless of the treatment modality selected. Those who received HBO as part of 
their wound care regimen healed faster than those who received standard treatment 
or growth factor therapy [74].

Complications and Side Effects of HBO Therapy

Although any therapeutic application of hyperbaric oxygenation is intrinsically 
associated with the potential for producing mild to severe side effects, the appro-
priate use of hyperoxia is one of the safest therapeutics available to the practitioner 
[110]. CNS oxygen toxicity can occur at levels of 3 ATA for 1–2 h. Signs in humans 
include convulsions, nausea, dizziness, muscle twitching, anxiety, and confusion. 
Pulmonary oxygen toxicity is usually associated with prolonged exposure to HBO. 
Onset of symptoms has been noted to occur 4–6 h at 2 ATA. Symptoms include 
dyspnea, shortness of breath, chest tightness, and difficulties inhaling a deep breath. 
Possible causes for pulmonary toxicity include thickening of the alveolar mem-
brane and pulmonary surfactant changes. Prevention of these side effects includes 
removal from the oxygen source when first signs occur and no 100% oxygen at 
pressures greater than 3 ATA. HBO retains the biochemical properties of platelets 
as proven by in vitro studies.

Isolated horse platelets were exposed to 100% oxygen at 2.2 atmospheres, or 100% 
oxygen under normobaric conditions, or air under normobaric conditions for 90 min. 
There were no differences in platelet SOD activity among the above-mentioned 
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conditions, but there was a rise in SOD in all cases after 24 h. However, no catalase 
(CAT) activity or GSH concentration of platelets changed over time [108]. HBO is 
frequently used to treat conditions involving some degree of local hypoxia, but can 
have a direct effect on red blood cell (RBC) deformability. To investigate this, 
12 normal dogs received a 10-week “clinical” course of HBO: one 90-min treatment 
per weekday at 2.4 ATA (243 kPa), 100% O

2
. On Mondays and Fridays, a blood 

sample was drawn. Cells were filtered under a constant of 1.08 kPa through a preca-
librated nucleopore hemafil polycarbonate membrane. Filtrate of blood cells was 
collected for 1 min and weighed, and the RBC “incremental volume” calculated. 
No significant change was seen in filtration rates, indicating that HBO itself neither 
improves nor impairs dog RBC deformability. Changes in other commonly measured 
blood parameters remained within normal values. An acute fluid shift out of RBCs 
and into plasma was indicated [76].

A study was performed using 1-day to 70-day-old puppies placed in a pressure 
chamber. The pressure of pure O

2
 in the chamber was raised by 5 atmospheres 

(ATA, 75 psi = 6 ATA) within 10 min. The first biochemical change to take place 
during HBO was oxidation of mitochondrial NADH. The age of the puppy was 
found to affect the time to the initiation of seizures. In the puppies under the age of 
24 days, the average time was 35.1 ± 5.9 min. In those puppies 24 days old and 
older, the average time was 5.1 ± 0.8 min. In the younger puppies, there was a later 
occurrence of blood vessel contractions and a longer lifespan compared to the older 
puppies. The comparison between the puppies of different ages during exposure to 
HBO showed differences in the metabolic response, hemodynamic changes, and 
electrical activity. These differences can partially explain the higher resistance in 
the younger puppies to HBO [140].

The Use of HBO in Veterinary Medicine

The use of HBO in veterinary medicine is in its infancy. The Hagyard Equine 
Medical Institute, McGee Medical Center, has currently treated more than 100 
patients in their HBO chamber. Patients included pregnant animals as well as neona-
tal foals with no adverse effects noted. Patients have been pressurized from 2 to 3 
ATA ranging from 60 to 90 min at treatment pressure (depth). They have used HBO 
as adjunctive therapy for:

Fungal disease (fungal pneumonia)•	
Thermal burns, carbon monoxide, smoke inhalation•	
Closed head injuries•	
Ileus•	
CNS edema/perinatal asphyxia•	
Peripheral neuropathies•	
Sports injuries (exertional rhabdomyolysis)•	
Cellulitis, compartment syndrome•	
Ischemic injuries (laminitis)•	
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Contraindications for HBO therapy are unknown for horses but may include 
untreated pneumothorax, high fevers (predisposition to oxygen toxicity), emphy-
sema, and upper airway occlusions [114].

Specific Inflammatory Disorders in Animals

Inflammation in General (Endotoxemia, Systemic 
Inflammatory Response Syndrome)

Small natural elements such as microbes can cause severe inflammatory processes. 
“Et neglecta solent incendia sumere vires” (Neglected fires are wont to gather 
strength) [49]. As Horace (Horatius 65–8 BC) mentioned, neglected smaller prob-
lems can cause trouble, too. Several antioxidants are available for therapeutic use 
in acute inflammatory diseases, such as systemic inflammatory response syndrome 
(SIRS) as caused, for example, by endotoxaemia. They include natural molecules 
normally present in the body (SOD, alpha-tocopherol, glutathione and its precursors, 
ascorbic acid, adenosine, lactoferrin, and carotenoids) as well as synthetic anti-
oxidants (such as thiols, ebselen, xanthine oxidase inhibitors, phagocyte function 
inhibitors, iron ion chelators, and probucol). The therapeutic efficacy of SOD, 
alpha-tocopherol, and ascorbic acid in the treatment of human disease has generally 
been unimpressive to date although dietary deficiencies of the last two molecules 
should certainly be avoided. Xanthine oxidase inhibitors may be of limited relevance 
as antioxidants for human use. Exciting preliminary results with probucol (anti-
atherosclerosis), ebselen (anti-inflammatory), and iron ion chelators (against thala-
ssemia, leukemia, malaria, stroke, traumatic brain injury, and hemorrhagic shock) 
need to be confirmed by controlled clinical trials. Clinical testing of NAC in HIV-1-
positive subjects may also be merited [42].

It was demonstrated that the antioxidant enzyme SOD prevents inflammation 
and chemotaxis of neutrophils [79]. Burn is a typical damage that causes severe 
inflammatory and free radical-producing processes. In a study it was reported that 
SOD and CAT were helpful in ameliorating the damaging effects of burn.

It is known that there is marked volume loss following thermal trauma. 
Lipoxygenase transformation of fatty acids to fatty acid hydroperoxides is a path-
way that produces superoxide anion and metabolism upon plasma volume loss. 
The effects of indomethacin (a cyclo-oxygenase inhibitor), orgotein (SOD-like 
enzyme), and CAT were studied in anesthetized dogs receiving a 15% total body 
surface area third-degree flame burn. The results of this study showed that indo-
methacin did not alter postburn plasma volume loss, orgotein reduced early plasma 
volume loss but did not reduce continuing loss, and CAT reduced both early and 
continuing plasma volume loss [46].

Not only antioxidants have anti-inflammatory properties, but several anti-
inflammatory agents can also be antioxidant. Among the anti-inflammatory drugs, 
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aspirin and salicylic acid act as antioxidants, showing a similar, but only modest, 
magnitude and velocity of superoxide scavenging [120].

Some other drugs, such as oxymetazoline are neither anti-inflammatory, nor 
antioxidant per se, but inhibit some effects of inflammation and cause decreased 
oxidative stress. Oxymetazoline, as a nasal decongestant, effectively reduces rhinitis 
symptoms. It affects arachidonic acid-derived metabolites concerning inflamma-
tory and oxidative stress-dependent reactions. In canine alveolar macrophages, 
oxymetazoline suppressed pro-inflammatory reactions including 5-lipoxygenase 
activity, LTB

4
, and respiratory burst and prevented particle-induced oxidative 

stress, whereas phospholipase A
2
 activity and synthesis of immune-modulating 

PGE
2
 and 15-HETE were not affected [8].

In different pathological conditions, such as SIRS, it was demonstrated that much 
of the cellular injury associated with SIRS is mediated by oxygen or nitrogen free 
radicals produced by inflammatory cells that overwhelm endogenous antioxidants. 
Reduced glutathione is a crucial intracellular antioxidant that becomes depleted 
during SIRS. Regeneration of glutathione can be achieved by acetyl-cysteine, 
which unlike glutathione itself penetrates cells. In animal models of sepsis and lung 
injury, acetylcysteine mitigates the cytopathological effects of SIRS. In humans, 
clinical benefit has been demonstrated in the SIRS of established fulminant hepatic 
failure. The animal and human studies are sufficiently encouraging to warrant for-
mal trials to test the hypothesis that acetylcysteine therapy has a cytoprotective 
effect in sepsis [43].

NAC, as mentioned, is a glutathione precursor, and inhibits the in vivo effects of 
endotoxemia in sheep and prevents the most severe effects of endotoxic shock in dogs 
[7, 115]. In spite of these findings NAC failed to prevent severe effects of endo-
toxemia, when pigs received continuous intravenous endotoxin for 12 h. Despite the 
increased glutathione concentration, NAC (150 mg/kg loading dose over 1 h followed 
by 20 mg/kg bw/h for 11 h) did not improve systemic, pulmonary, and hepatos-
planchnic hemodynamics, oxygen exchange, or metabolism. When compared with 
previous reports in the literature, a different timing of NAC administration and/or 
an ongoing or even NAC-induced aggravation of oxidative stress may account for 
this result [132].

Zinc also has a beneficial effect in ameliorating the effects of inflammatory 
disorders. It has been proposed that metalloprotein zinc mobilization mediated by 
hypochlorous acid (HOCl) may induce cell injury [31]. Using a dimercaptopropanol-
zinc complex it was proven that, once released from thiolate bonds by HOCl, zinc 
can exert a significant antioxidant effect on both linolenic acid and deoxyribose 
oxidation induced by iron. In experimental conditions, however, the antagonism 
toward deoxyribose oxidation is notably less than that toward linolenic acid peroxi-
dation, thus suggesting a more specific inhibitory effect of zinc on iron-mediated 
oxidant damage when polyunsaturated fatty acids (PUFA) represent the oxidizable 
substrate. The antioxidant effects of zinc are strictly related to the “free” form; the 
dimercaptopropanol-zinc complex per se is stimulatory even on biomolecular oxidant 
damage, apparently as a result of the pro-oxidant interaction of the thiol compound 
with iron. In light of these results, it may be proposed that the zinc released from 
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thiolate bonds by HOCl could specifically limit the tissue oxidative burden in 
pathological conditions involving neutrophil accumulation and activation, such as 
inflammation and ischemia-reperfusion [67].

There are some novel anti-inflammatory and antioxidant derivates, such as the 
sesquiterpenoids. It was reported that the anti-inflammatory activity of avarol and 
avarone, sesquiterpenoid derivatives from the Mediterranean sponge Dysidea avara, 
potently inhibited carrageenan-induced paw edema as well as ear edema induced 
by 12-O-tetradecanoylphorbol acetate in mice, with effects comparable to those of 
indomethacin. In stimulated rat peritoneal leukocytes, avarol showed inhibition of 
LTB4 and thromboxane B2 release, respectively, with avarone showing a slightly 
lower potency. Both marine metabolites failed to show xanthine oxidase inhibitory 
activity or superoxide scavenging effects but were potent inhibitors of superoxide 
generation in rat peritoneal leukocytes. Only avarol was able to inhibit human 
recombinant synovial phospholipase A

2
 activity. Avarol and avarone effectively 

control acute inflammation in experimental models after either oral or topical 
administration and their anti-inflammatory activity may result from inhibition of 
eicosanoid release and depression of superoxide generation in leukocytes [30].

Other antioxidants, such as 21-aminosteroids might also be helpful. Effects of 
the antioxidant, 21-aminosteroid U-74006F (tirilazad mesylate), was demonstrated 
on the systemic and regional hemodynamics and the oxygen extraction capabilities 
during endotoxic shock of dogs. Compared with the endotoxin-alone group, the 
U-74006F-treated dogs maintained higher mean arterial pressure, cardiac index, 
stroke volume index, and left ventricular stroke work index and lower pulmonary 
vascular resistance.

Authors also showed a higher fractional blood flow to mesenteric and renal beds 
[143]. Another radical scavenger, tempol, partially prevented live bacteria from 
causing key features of hemodynamic and metabolic derangements in porcine 
hyperdynamic sepsis and beneficially affected surrogate markers of sepsis-induced 
endothelial and coagulation dysfunction. Sepsis was induced and maintained for 
24 h with continuous infusion of live Pseudomonas aeruginosa.

Tempol significantly attenuated reduction in mean arterial pressure. Despite 
comparable mesenteric macrocirculation, tempol attenuated the otherwise progres-
sive deterioration in ileal mucosal microcirculation and prevented mucosal acidosis. 
Tempol also reduced nitrosative stress without significant effect on the gradual 
increase in plasma 8-isoprostanes, meta-stable end-products of lipid peroxidation 
(LPO). Tempol attenuated sepsis-induced endothelial (von Willebrand factor) and 
hemostatic (thrombin-antithrombin complexes, plasminogen activator inhibitor-
type 1) dysfunction [77].

Nitric oxide plays an important role in systemic inflammatory responses. This was 
proven by the experiment in which ewes were chronically instrumented methicillin-
resistant Staphylococcus aureus (MRSA) sepsis. This group developed impaired 
gas exchange and significantly increased lung lymph flow, permeability index, and 
bloodless wet-to-dry weight ratio (W/D ratio). The plasma nitrate/nitrite (NOx) 
levels, lung inducible nitric oxide synthases (iNOS) and endothelial nitric oxide 
synthases (eNOS), VEGF protein expressions, and poly-(ADP)-ribose (PAR) were 
significantly increased by the MRSA challenge [57].
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Nonselective NOS inhibition in sepsis models reversed sepsis-induced 
derangements in hemodynamic status, but was associated with side effects such as 
pulmonary vasoconstriction and decreases in global oxygen delivery. Results from 
studies on specific inhibition of iNOS (NOS-2) and neuronal NOS (nNOS, NOS-1) 
in sepsis models remain inconclusive, but suggest that both isoenzymes are involved 
in the pathophysiological processes [66].

Different doses of L-arginine, which is a NO precursor, similarly increased 
mortality, and worsened shock (for reduced mean arterial pressure). These effects 
were associated with significant increases in plasma arginine and ornithine. In addi-
tion, serum nitrate/nitrite, liver enzymes, and blood urea nitrogen/creatinine ratios 
rose, whereas arterial pH and bicarbonate levels fell. NAC did not significantly 
decrease any of the harmful effects of L-arginine. Thus, parenteral L-arginine 
monotherapy was markedly harmful in animals with septic shock [58].

It has been found that lysozyme (Lzm-S), released from leukocytes, contributed 
to the myocardial depression that develops in a canine model of septic shock. 
Lzm-S binds to the endocardial endothelium, resulting in the production of nitric 
oxide, which, in turn, activates the myocardial soluble guanylate cyclase (sGC) 
pathway. In a phenylephrine-contracted canine carotid artery ring preparation, the 
authors found that canine Lzm-S, at concentrations similar to those found in sepsis, 
produced vasorelaxation. This decrease in force could not be prevented by inhibitors 
of NO synthase, prostaglandin synthesis, or potassium channel inhibitors and was 
not dependent on the presence of the vascular endothelium. However, inhibitors of 
the sGC pathway prevented the vasodilatory activity of Lzm-S. Aspergillus niger 
CAT, which breaks down H

2
O

2
, as well as other hydroxyl radical scavengers, such 

as hydroquinone and mannitol, prevented the effect of Lzm-S [81].

Pulmonary and Other Airway Inflammatory Diseases

Pulmonary diseases are typical life-threatening disorders. The well-known Latin 
saying is “Dum spiro, spero (while I breathe, I have hope, or in other words: I have 
hope while I am alive).” It is necessary to protect pulmonary tissue from the damag-
ing effects of free radicals and inflammatory processes, as a slight problem can 
cause a severe decrease in oxygenation.

The mechanism of recurrent airway obstruction (RAO) in horses was investi-
gated by measuring the membrane domain structure and oxy-redox activity in 
phagocytes isolated from bronchoalveolar lavage fluid (BAL) and from the blood 
of healthy and RAO horses by electron paramagnetic resonance (EPR). It was also 
found that the phagocytes were affected by oxidative stress in ROA horses proven 
by the altered activity of intracellular antioxidant enzymes CAT, GPx, and SOD 
measured in phagocytes. In comparison with polymorphonuclear leukocytes 
(phagocytes) from the blood of healthy horses the reduction mechanisms in BAL 
were faster and coincided with the merging of disordered membrane domains, 
whereas in horses with RAO the reduction and membrane domain structure 
remained unchanged. The merging of lipid domains observed in phagocytes from 
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BAL of healthy horses could promote cluster formation of membrane proteins or 
ligands, which could trigger the activation process in phagocytes of healthy horses 
and consequently the physiological response that probably did not happen in 
phagocytes of RAO horses [65].

Antioxidant supplementation is therefore warranted in horses with RAO. 
Antioxidant supplement tested modulated oxidant/antioxidant balance and airway 
inflammation of heaves-affected horses. The antioxidant treatment (vitamins E and 
C and selenium) significantly improved exercise tolerance and significantly reduced 
endoscopic inflammatory score. Plasma uric acid concentrations were significantly 
reduced, suggesting downregulation of the xanthine-dehydrogenase and xanthine-
oxydase pathway. RBC hemolysate glutathione content showed an insignificant 
trend to increase, whereas plasma 8-epi-PGF

2alpha
 remained unchanged. Pulmonary 

markers and BAL cytology were not significantly affected by antioxidant supple-
mentation [62].

The antioxidant ascorbic acid supplementation does not alter basic antioxidant 
levels apart from ascorbic acid itself. The authors reported that the concentration of 
lung lining fluid ascorbic acid is increased following ascorbic acid oral supplemen-
tation (20 mg/kg body weight) in an ascorbate-synthesizing species. Two weeks’ 
supplementation with ascorbyl palmitate increased mean plasma ascorbic acid 
concentrations compared to control. The concentration of ascorbic acid in BAL 
increased in five out of six ponies following supplementation with either ascorbyl 
palmitate compared to control. Neither supplement altered the concentration of 
glutathione, uric acid, or alpha-tocopherol in plasma or BAL [24].

Apart from the well-known antioxidants, it was demonstrated that another 
antioxidant, taurine, via N-chlorotaurine formation may protect the lung from 
oxidant-induced injury by inhibiting production of nitrite and the release of TNF-
alpha which are both known to be directly linked to tissue injury [106].

Inflammatory Kidney Diseases

Our ancestors knew that urine was a good indicator of kidney disease. A fonte puro 
pura defluit aqua (Clear water flows from a clear spring). The kidney has to work 
properly. If it is healthy, urine looks healthy, too. Inflammation is a typical cause of 
kidney failure. In a study authors examined the oxidative stress markers in azotemic 
dogs. They found that dogs with renal azotaemia had higher intraerythrocytic 
sodium content. The RBC CAT activity and glutathione content and plasma 
malondialdehyde (MDA) level were unaltered whereas the urinary malondialde-
hyde–creatinine ratio (U-MDA/Cr) increased. The U-MDA/Cr was correlated with 
plasma creatinine concentration, urinary protein–creatinine ratio, and fractional 
excretion of sodium [17].

The antioxidant vitamin E ameliorates the effects of glomerular disease. Authors 
reported that IgA nephropathy is one of the most common forms of glomerular 
disease. Nearly 25% of affected patients progress to end-stage renal disease 
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over a 20–25-year follow-up period. IgA-containing immune complexes stimulate 
oxygen-free radical production by mesangial cells in vitro. The excessive oxidant 
stress may mediate glomerular injury in this disorder. IgA nephropathy with mild 
kidney inflammation was induced in Lewis rats by oral immunization with 0.1% 
bovine gamma-globulin (BGG)-containing drinking water. Vitamin E-treated rats 
gained more live weight and had a lower incidence of hematuria and proteinuria, 
and reduced renal plasma flow was restored to normal value, compared to untreated 
rats with IgA nephropathy. Glomerular hypertrophy occurred in animals with IgA 
nephropathy, but less so in those receiving vitamin E supplementation. Renal cortical 
MDA content was reduced in rats fed the vitamin E-enriched diet. Finally, renal 
transforming growth factor-beta 1 gene expression was reduced by 34% in rats with 
IgA nephropathy receiving vitamin E treatment. It can be concluded that experi-
mental IgA nephropathy is associated with increased renal oxidant injury. Dietary 
treatment with the antioxidant vitamin E attenuated renal functional and structural 
changes in experimental glomerulopathy [124].

A potential treatment option is providing a very low protein diet supplemented 
with amino and keto acids and vitamins A, C, and E (VLPD) to patients with 
chronic renal failure (CRF). It was demonstrated that VLPD has a protective role 
against LPO of erythrocytes in patients with CRF. Peuchant [94] have evaluated 
parameters indicative of LPO of RBC at baseline in patients with CRF compared 
to controls, and the effects of a very low protein diet supplemented with amino and 
keto acids and vitamins A, C, and E over a 6-month period. The presence of peroxi-
dative damage in CRF patients before the administration of VLPD was demon-
strated by elevated levels of free MDA and decreased levels of PUFA, as compared 
to controls. Similarly, RBC vitamin E content was decreased whereas enzymatic 
activities were unaltered. Peuchant suggested that VLPD-reduced erythrocyte LPO 
was proven by (a) decreased levels of free and total RBC MDA, (b) increased levels 
of PUFA, and (c) increased levels of vitamins A and E as compared to prediet 
results. However, antioxidant enzyme activities were not modified [94].

Moreover, 21-aminosteroid (21-AS) and mannitol have synergistic effects in 
the  case of kidney damage. Salahudeen [102] reported that, employing Raman 
spectroscopy, they confirmed in vitro the ability of 21-AS to inhibit iron-induced 
fatty acid peroxidation. The 21-AS was then administered to rats developing renal 
failure from glycerol-induced rhabdomyolysis. Although 21-AS inhibited rhab-
domyolysis-induced plasma and renal LPO, renal protection was incomplete. 
Applying fluid-alkaline-mannitol (FAM) diuresis to inhibit cast formation afforded 
better renal protection. However, when these therapies were combined to inhibit 
both LPO and cast formation, there was synergistic renal functional protection. 
This was accompanied by a maximum inhibition of renal and plasma LPO, as well 
as renal tubular necrosis and cast formation. Compared to combination therapy, 
FAM therapy alone, despite identical volume, was accompanied by a higher tubular 
necrosis and cast formation [102].

Kidney transplantation is a great challenge in humans. The canine autotransplan-
tation method is a good model to evaluate the technical problems and ischemia–
reperfusion (I/R) injury in this intervention. Antioxidant supplementation seems 
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to be effective in alleviating the reperfusion injury caused by oxidative stress. In a 
study authors found that antioxidant enzyme activity in blood plasma was signifi-
cantly lower in the control group than in the ascorbic acid supple-mented (cold 
normal saline and ascorbic acid in a dose of 100 mg/kg was perfused followed 
by autotransplantation) treatment group. The histopathology findings revealed 
the treatment group to have less damage than the control group. The results of 
this study suggest that ascorbic acid alone might play a role in attenuating I/R 
injury and assist in the recovery of the renal function in a renal transplantation 
model [69].

Gingivitis

To keep teeth healthy could be important in the past, as they were considered as 
weapons. As Lucretius (99–55 BC) said: “Arma antiqua manus ungues dentesque 
fuerunt (Ancient weapons were hands, nails, and teeth)” [73]. Inflammatory pro-
cesses of the oral region such as gingiva are common in humans, and many animal 
models are used to get adequate information about the development of the disorders 
and possible treatment options. This disease group can cause severe harm in canine 
patients, too. Antioxidants provide a hopeful alternative way of treatment.

Cu/Zn-SOD has moderate anti-inflammatory activity which could be enlarged 
by encapsulation into liposomes. The greater efficiency of liposomal SOD compared 
to the free enzyme is explained by an increased fixation to cell walls as well as with 
improved tissue penetration. It was shown that liposome-encapsulated SOD pene-
trates into the cell probably by endocytosis [126]. The phagocytes are present in 
abundance in inflamed periodontal tissues [9]. The hypothesis that highly reactive 
radicals may be responsible for the initial degradation of extracellular matrix compo-
nents seen in periodontal disease is in agreement with Misaki et  al. [82] who 
showed pronounced better healing of gingivae wounds in rats after i.v. application 
of SOD [82]. SOD also prevents amplification and interrupts cascade processes of 
free radical formation, that is, single superoxide molecule interaction with lipids, 
H

2
O

2
, flavins to other radicals [80]. Moreover, production of free radicals from 

freshly cancelous bone specimens was also detected [71] and bone resorption was 
prevented by application of SOD [98]. Free radical processes are one of the mecha-
nisms by which bone is destroyed under inflammatory circumstances. Drugs that 
inhibit free radical production or scavenge those radicals may be useful therapeutic 
agents for local bone destruction [35]. In spite of beneficial effects of this kind of 
supportive periodontal therapy, we must also be aware that inappropriate concentra-
tion of SOD might lead to tissue damage by excessive production of H

2
O

2
 [75]. 

However, high production of H
2
O

2
 might be also beneficial due to antibacterial 

effect on periodontal pathogens as indicated by Hillman and Socransky [45]. 
Replacement therapy may also find a practical application in the prevention and 
cure of certain periodontal diseases. Hydrogen peroxide-producing streptococci are 
invariably found in plaque taken from healthy gingiva; they are rarely found in 
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samples from active disease sites of patients with juvenile or refractory periodontitis. 
Naturally occurring oral bacteria are promising effector strains for the replacement 
therapy of dental infectious diseases [45].

It was proven that scaling and root planing with subgingival application of 
liposome-encapsulated SOD suppresses periodontal inflammation and stimulates 
periodontal healing and alveolar bone apposition on experimentally induced perio-
dontitis in beagle dogs. Further studies are in progress to evaluate the optimal 
concentration of SOD, CAT, or a combination of both enzymes for suppression of 
periodontal inflammation [93].

Nitric oxide is a free radical produced in host tissues by constitutive and inducible 
forms of the enzyme nitric oxide synthase. Nitric oxide plays physiological roles, 
but it is also involved in the pathophysiology of several inflammatory conditions, 
such as gingivitis. Local increases in iNOS and reactive nitrogen products have also 
been demonstrated in humans and animals with periodontal disease. A placebo-
controlled preclinical investigation examined the effect of two mercapto-
alkylguanidines, mercapto-ethylguanidine (MEG) and guanidine-ethyldisulfide 
(GED), which are iNOS inhibitors and reactive nitrogen radical scavenging com-
pounds, on the development of experimental gingivitis in beagle dogs. Experimental 
gingivitis was then induced, with cessation of plaque control and institution of a 
soft diet over 8 weeks. Beagles randomly received 0.3% MEG, 0.3% GED, or placebo 
(vehicle) gels, topically applied twice daily to premolar teeth. At weeks 2, 3, 4, and 8, 
gingival index scores were significantly lower for MEG and GED groups compared 
to the placebo group. In addition, MEG and GED gels significantly reduced gingival 
bleeding responses by 8 weeks. The data from this preclinical study indicate that 
mercapto-alkylguanidines, topically administered, may significantly reduce experi-
mental gingivitis in the beagles [89].

Uveitis and Canine Cataract

We know that “In oculis animus habitat (The soul dwells in the eyes),” therefore 
much attention must be paid to the inflammatory processes of the eye. It can be 
important to use antioxidants in ocular disorders, too. The experimental autoim-
mune disease elicited by a large dose of retinal S antigen in guinea pigs is character-
ized by massive necrotizing uveitis and retinitis. It was proven that SOD prevents 
S-antigen-induced experimental autoimmune uveoretinitis (EAU) in guinea pigs, 
and bovine serum albumin-induced passive Arthus type uveitis in rabbits. These 
results suggest that superoxide may play a role in causing tissue damage in animal 
models of ocular inflammation and possibly in Behcet disease [139].

Similarly to the previous experiment, S-antigen-induced EAU in guinea pigs 
treated with the antioxidants SOD, CAT, and sodium benzoate resulted in marked 
reduction of uveal inflammation. The attenuated inflammation was characterized 
by a relatively well-preserved retina and retinal pigment epithelium along with a 
reduction of subretinal exudate and vitreous inflammation [97].
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Not only antioxidant enzymes, but also other antioxidant substances, such as 
deferoxamine can be used in treating uveitis. Because photoreceptors contain a high 
proportion of PUFA, deferoxamine, in turn, will act to ameliorate the experimental 
autoimmune uveitis-mediated retinal degeneration. Treatment of experimental uveitis 
in Lewis rats with an iron chelator, deferoxamine mesylate, resulted in a marked 
reduction in choroidal inflammation and suppression of retinal damage [96]. 
Moreover, in vitro addition of 10 mM deferoxamine, the free radical generation of 
inflamed retina was suppressed by nearly 40% [138]. Other antioxidant substances 
were also helpful in uveitis. The lipoxygenase inhibitors phenidone and nordihy-
droguaiaretic acid, and dimethyl sulfoxide decreased fibrin production at 0.5 and 
1 h after induction of uveitis. Phenidone and nordihydroguaiaretic acid also inhibited 
the initial increase in intraocular pressure early in the course of inflammation [25].

Babizhayev [145], Williams and Munday [137] have proven that N-acetyl car-
nosine can treat immature lens opacities and nuclear sclerosis in dogs. The dogs 
were treated three times daily with topical 2% N-acetyl carnosine in a buffered 
vehicle containing glutathione, cysteine, ascorbate, L-taurine, and riboflavin (Ocluvet®, 
Practivet, Phoenix, AZ, USA). The examination was performed prior to treatment 
and at 2, 4, and 8 weeks during treatment, by direct and indirect ophthalmoscopy 
and slit-lamp biomicroscopy after pharmacological pupil dilation. This study dem-
onstrated some marginal reduction in lens opacification of canine cataract. Lens 
opacification was improved with treatment in eyes with immature cataract or 
nuclear sclerosis whereas in eyes with mature cataract or cataract with associated 
intraocular inflammatory pathology less reduction was seen [137].

Dermatitis

“Floreat curator cutis (May the manager of the skin prosper),” said old Latin. To treat 
skin problems is essential. There are many antioxidants used in various human and 
animal inflammatory skin disease, such as silibinin, silymarine, and other flavonoids, 
furfuryl palmitate, pentoxifylline, melatonin, vitamin E, retinol, selenium salts, 
NAC, Ginkgo biloba extract, topically applied SOD, beta-carotene, bucillamine, and 
so on. Still there are open questions and quite a few basic contradictions even in 
connection with the application of the most commonly used lipophilic antioxidant 
vitamin E in skin disorders. It has been used for more than 50 years in clinical and 
experimental dermatology. Although a large number of case reports were pub-
lished, there is still a lack of controlled clinical studies providing a rationale for 
clinical indications and dosage. In contrast, advances in basic research on the physi-
ology, mechanism of action, penetration, bioconversion, and photoprotection of 
vitamin E in human skin have led to the development of numerous new formula-
tions for use in cosmetics and skin care products. Although its current use is largely 
limited to cosmetics, controlled clinical studies for indications such as atopic 
dermatitis or prevention of photocarcinogenesis are needed to evaluate the clinical 
benefit of vitamin E [122].
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In a study of feline perforating dermatitis authors applied methyl-prednisolone 
acetate (20  mg/cat im) and vitamin C (100  mg/kg twice a day for 2 months). 
Vitamin C administration failed to resolve the disease. In two cases, methyl-
prednisolone acetate was used to manage relapsing episodes and vitamin C helped 
to reduce glucocorticoid requirements [2].

Osteoarthritis, Synovitis

Painless bones are essential for living a comfortable life. Ovid (43 BCE–18 CE) 
needed to keep his bones comfortable in his grave, too. “Nasonis molliter ossa 
cubent (May the bones of Naso lie gently)” [87]. The development of osteoarthritis 
is highly dependent on the antioxidant system. In addition to matrix metalloprotei-
nases, ROS are the main causative agents of cartilage degradation. To prevent ROS 
toxicity, chondrocytes possess a well-coordinated enzymatic antioxidant system 
formed principally by SODs, CAT, and glutathione peroxidase (GPX). Mathy-
Hartert [78] proved the dysregulation of the antioxidant enzymatic system due to 
inflammatory mediators. Bovine chondrocytes were cultured in monolayer in the 
absence or presence of IL-1beta or IL-6. To study the signal transduction pathway, 
inhibitors of mitogen-activated protein kinases (MAPK; PD98059, SB203580, and 
SP600125) and nuclear factor (NF)-kappaB inhibitors (BAY11-7082 and MG132) 
were used. Mn-SOD and GPX activities were dose- and time-dependently increased 
by IL-1beta. In parallel, IL-1beta markedly enhanced Mn-SOD and GPX gene 
expressions, but decreased Cu/Zn SOD, EC-SOD (which is a copper-containing 
enzyme also known as SOD3; it has the major role in vessel walls; Itoh 2009 [55]) 
and CAT gene expressions. Induction of SOD enzymatic activity and Mn-SOD 
mRNA expression were inhibited by NF-kappaB inhibitors but not by MAPK 
inhibitors. IL-1beta, and to a lesser extent IL-6, dysregulates enzymatic antioxidant 
defenses in chondrocytes. These changes could lead to a transient accumulation of 
H

2
O

2
 in mitochondria, and consequently may cause mitochondrial damage. These 

changes contribute to an explanation of the mitochondrial dysfunction observed in 
osteoarthritis chondrocytes [78]. Therefore the use of antioxidants to treat osteoar-
thritis might be the crucial point in treatment options.

There are hundreds of plants yielding drugs with antioxidant properties used 
to treat arthritis or osteoarthritis. Until now, little information has been available 
on the antioxidative status of chondrocytes. Nevertheless, most of the literature 
suggests that this antioxidant is good and that an antioxidant is even more beneficial 
in treatment of this disease group. For instance, in vitro experiments in guinea pigs 
in which a Glynn–Dumonde synovitis was induced with BGG suggest that desfer-
rioxamine inhibits iron-catalyzed LPO when it is poorly saturated with iron, but 
loses this effect when it is iron saturated [11]. Moreover, it was also stated that 
hydroxyl radical scavengers can be beneficially used in arthritis. Santos and 
Tipping [104] reported that the contribution of ROS, in particular hydroxyl radical 
(OH–.), to joint inflammation was examined in rats developing adjuvant arthritis 



36 P. Vajdovich

(AA) by treatment with ROS scavengers dimethylthiourea (DMTU) and DMSO. 
Both DMTU and DMSO significantly reduced the clinical evidence of arthritis; 
synovial fluid cell accumulation was also significantly reduced compared with 
disease control [104].

It was also reported that many trials are known to treat arthritis by various anti-
oxidant plant substances. Numerous agents derived from plants can suppress these 
cell signaling intermediates, including curcumin (from turmeric), resveratrol (red 
grapes, cranberries, and peanuts), tea polyphenols, genistein (soy), quercetin (onions), 
silymarin (artichoke), guggulsterone (guggul), boswellic acid (salai guggul), and 
withanolides (ashwagandha). Indeed, several preclinical and clinical studies suggest 
that these agents have potential for arthritis treatment. Although gold compounds are 
no longer employed for the treatment of arthritis, the large numbers of inexpensive 
natural products that can modulate inflammatory responses, but lack side effects, 
constitute “goldmines” for arthritis treatment [60]. As one of the most important and 
useful antioxidants, SOD seems to be effective in treating arthritis in various clinical 
trials, but the manner of application is problematic. The efficacy of SOD decreases a 
lot until is penetrating to the site where it is really needed. Therefore liposome-
encapsulated SOD is applied and seems to be beneficial, but its activity is still not 
enough. A new way is the application of acylated superoxide dismutase (Ac-SOD) 
enzymosome in the liposomal enzymatic system. In this case Ac-SOD is inserted in 
the lipid bilayer of liposomes, unlike when SOD is located in the aqueous compart-
ment of liposomes. Cruz [146], Gaspar (2006) have found that Ac-SOD enzymo-
somes are nanocarriers combining the advantages of expressing enzymatic activity in 
intact form and thus being able to exert a therapeutic effect even before liposome 
disruption, as well as acting as a sustained release of the enzyme [37].

Despite the many good examples there are numerous contradictory findings 
known in connection with the efficacy of antioxidant treatment of arthritis. The modi-
fication of the antioxidant defense system in this disease group remains unknown. 
Some antioxidant supplements or drugs with antioxidant properties have been 
developed to reinforce the cellular antioxidant status. However, until now, there has 
been no consistent evidence that additional antioxidant supply is efficient to relieve 
arthritis symptoms or to prevent structural changes in arthritis cartilage [44]. 
Similarly to the aforementioned skin problems, it was found that clinical trials testing 
the efficacy of vitamin E in the treatment of osteoarthritis and inflammatory arthritis 
have been methodologically weak and have produced contradictory findings. There 
is presently no convincing evidence that melatonin, Amazonian vine, Withania 
somnifera root powder, bucillamine, SOD, glucosamine, chondroitin sulfate, avocado–
soybean unsaponifiables, selenium, vitamin A, vitamin C, the combination of sele-
nium compounds, and the like are effective in the treatment of any type of arthritis 
[18, 33]. Most of these review articles highlight the need for additional randomized, 
placebo-controlled trials to further define the utility of nutraceuticals and any drug 
with antioxidant property in arthritis treatment.

The development of osteoarthritic structural changes in the anterior cruciate 
ligament was examined in a dog model. It was induced by anterior cruciate ligament 
transection of the right knee in dogs. The dogs were treated with avocado–soybean 
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unsaponifiables (10 mg/kg per day). The treatment reduced the loss of subchondral 
bone volume and calcified cartilage thickness as compared to placebo-treated dogs. 
Immunohistochemical analysis of cartilage revealed that avocado–soybean unsa-
ponifiables significantly reduced the level of inducible nitric oxide synthase and 
matrix metalloproteinase- (MPP-)13 in cartilage. The beneficial effect of the treatment 
was suggested as a consequence of the inhibition of inducible nitric oxide synthase 
and MMP-13, which are key mediators of the structural changes that take place in 
osteoarthritis [14].

Pancreatitis

Pancreatitis is a life-threatening disease. This section gives some points to over-
come this disorder, according to the theory of Cicero: “Conqueri fortunam adversam, 
non lamentari decet (You should fight against misfortune instead of mourning 
about it;” Marcus Tullius Cicero 106–43 BC; [131]). Antioxidants can also be used 
in the treatment of acute pancreatitis. Similarly to other diseases, a wide scale of 
antioxidants was examined in this disease. Here we focus on some important and 
interesting studies. The efficacy of antioxidant enzyme treatment was evaluated. 
Schoenberg et  al. [105] reported that treatment with SOD (100,000 U/kg/h) and 
CAT (400,000  U/kg/h) prevented LPO and reduced zymogen degranulation and 
tissue necrosis, but tissue edema and inflammatory response were not affected in 
both models (cerulein, sodium taurocholate) of acute pancreatitis [105]. Other 
drugs with atypical antioxidant properties were beneficial in preventing inflamma-
tory and free radical producing processes. BN 52021-platelet activating factor 
(PAF) receptor antagonist had a beneficial effect against cerulein-induced acute 
pancreatitis in rats depending on the prevention of inflammatory cell activation and 
subsequent generation of oxygen radicals within pancreatic tissue.

There was significant reduction of pancreas edema, diminution of hyperamy-
lasemia, lack of SOD activity depletion, and inhibition of LPO in pancreatic 
tissue. These changes were accompanied by significant reduction of acinar cell 
vacuolization and remarkable inhibition of infiltration with inflammatory cells in 
the interacinar space [23]. The xanthine oxidase inhibitor allopurinol was also 
examined. It was found that addition of allopurinol to the treatment protocol in 
acute pancreatitis might improve the pathological score, bacterial translocation, 
and oxidative stress parameters due to decreasing ROS formation caused by 
the inflammatory process of the pancreas as there can be a continuous hypoxia 
reperfusion injury in this disease [54]. Efficacy of other antioxidants, such as 
resveratrol, melatonin, and pentoxifylline was also examined in acute pancreatitis. 
Resveratrol seemed to ameliorate the severe effects of this disease. Szabolcs [119] 
suggested that the beneficial effects of resveratrol on acute pancreatitis seem to be 
mediated by the antioxidant effect of resveratrol or by an NF-kappa-B-independent 
anti-inflammatory mechanism. In connection with melatonin, Szabolcs [119] 
suggested that it is an antioxidant able to counteract some of the L-arginine-induced 
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changes during acute pancreatitis, and may therefore be helpful in the supportive 
therapy of patients with acute necrotizing pancreatitis. Pentoxifylline was reported 
as a methylxanthine derivative with rheological and marked anti-inflammatory 
properties. It inhibits the production of proinflammatory cytokines. Gomez-Cambronero 
[39] found that using pentoxifylline attenuated inflammatory responses within the 
pancreas in acute pancreatitis.

In spite of the wide-scale trial for commonly used antioxidants such as selenium, 
NAC, and vitamin C in the treatment of acute pancreatitis (and there are many 
studies that report beneficial effects of these compounds), Siriwardena [113] in 
a  study provide no evidence to justify continued use of these drugs in severe 
acute pancreatitis. These authors also point out the harmful side effects of these 
derivatives [113].

Chronic pancreatitis was beneficially treated by a mixture of antioxidants, 
including selenium, beta-carotene, L-methionine, and vitamins C and E. Treatment 
with these compounds was associated with significant improvements in quality of 
life in terms of pain, physical and social functioning, and general health perception. 
Kirk [61] concluded that treatment with antioxidants may improve quality of life 
and reduce pain in patients suffering from chronic pancreatitis [61].

Hepatitis

There are various drugs used in liver diseases: more advice, more success. 
Nevertheless, we have to be aware that “Facile omnes, cum valemus, recta consilia 
aegrotis damus (We all find it easy to give the right advice to the sick when we are 
well;” Marcus Terentius Varro (116–27 BC) [121]. It was stated that in copper toxicosis 
(CT) of Bedlington terriers, non-copper-associated chronic extrahepatic cholestasis 
(EC), or chronic hepatitis (CH), the dogs have reduced protection against oxidative 
stress, opening a rationale to use antioxidants as possible therapy [117]. The treatment 
of idiopathic chronic hepatitis consists of controlling inflammation (prednisone, 
azathioprine), reversing fibrosis (colchicine), and protecting against oxidant damage 
(vitamin E, ursodeoxycholic acid, S-adenosylmethionine) (Honeckman 2003) 
[148]. The following concerning the use of antioxidants in the case of hepatopa-
thies is based upon Honeckman’s (2003) article.

Ursodeoxycholic acid is a hydrophilic bile acid with anti-inflammatory, immuno-
modulating, and choleretic properties. It displaces hydrophobic bile acids that can 
cause oxidative injury to hepatocytes. Ursodeoxycholic acid may have direct anti-
oxidant effects by increasing glutathione and metallothionein [128]. Ursodeoxycholic 
acid may also decrease collagen formation [48]. It is useful in humans with primary 
biliary cirrhosis [111].

Zinc is not only useful for copper-associated hepatopathy but may also be helpful 
in other forms of chronic hepatitis in dogs because of its antioxidant and antifibrotic 
effects [70].
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Vitamin E is an antioxidant that is recommended at a dose of 50–600 IU per day 
[128]. Oxidant injury to hepatic mitochondria has been reported in Bedlington terri-
ers with copper storage hepatopathy [116]. There is in vitro evidence suggesting that 
vitamin E may be useful in preventing oxidative damage to hepatocytes exposed to 
copper or hydrophobic bile acids [129]. In human studies, vitamin E was helpful in 
treating patients with chronic hepatitis B [4]. Although there are no controlled stud-
ies of its use in canine chronic hepatitis, the use of vitamin E seems reasonable based 
on experimental studies. Because absorption of fat soluble vitamins may be reduced 
in cholestatic liver disease, a water-soluble form may be preferred [127].

S-adenosylmethionine is a nutraceutical that has recently been marketed for use 
in dogs with liver problems. It has anti-inflammatory and antioxidant effects, and 
also plays a role in cellular replication and protein synthesis [128]. It has been useful 
for the treatment of acetaminophen toxicity [135], but there are no controlled studies 
of its use in canine chronic hepatitis.

Silymarin, an antioxidant extracted from milk thistle, has also been recom-
mended for chronic hepatitis [127]. Although silibinin (the main isomer in silmaryin) 
has been proven to be useful for treating amanita mushroom toxicity in dogs and 
humans [134], there are currently no controlled studies on its use in canine chronic 
hepatitis. Most studies of milk thistle in humans have shown little or no improve-
ment in biochemical markers, histology of liver biopsies, or survival [56].

Colitis and Giardiasis

Improper eating often comprises the origin of intestinal disease. Therefore, the motto 
of this section is “Edas ut vivas, ut edas, noli vivere (Eat in order to live, and do not 
live for eating;” Caecilius Balbus 1 BC). There have been numerous experiments 
done to prove the efficacy of antioxidants in intestinal diseases, too. In a study the 
effects of gastrointestinal mucosal injury were examined, which was induced by 
exposing gastric mucosa with bile and a luminal pH of 1 in cats; moreover live 
Escherichia coli was infused i.v. Although hemodynamic responses (mean arterial 
pressure and cardiac output) were significantly improved in methylprednisolone-
pretreated cats, misoprostol/SOD/CAT administered with a nasogastric tube reduced 
late hypotension. Pulmonary arterial pressure rose to approximately 200% of basal 
in both methylprednisolone and misoprostol/SOD/CAT administration [5].

It was proven that 5-aminosalicylic acid-containing drugs but, more effectively, 
specific scavengers, have been found to reduce the intestinal inflammatory process. 
It is beneficial to use new anti-inflammatory drugs for inflammatory bowel disease 
specifically designed to scavenge toxic oxygen metabolites [133].

Keshavarzian [59] performed a wide-scale study in connection with the efficacy 
of different drugs of the antioxidant effect in experimental colitis on rats by acetic acid 
administration at 2.5%, which produced moderate inflammation. They found that 
specific superoxide anion scavenger methoxypolyethylene glycol–SOD, and reactive 
oxygen metabolite scavenger, sulfasalazine, significantly decreased the severity of 
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inflammation. The xanthine oxidase inhibitors, tungsten and pterin-aldehyde, failed to 
improve inflammation but another xanthine oxidase inhibitor, allopurinol, a compound 
with known superoxide anion scavenging effect, did limit the inflammation. Inhibition 
of hydroxyl radical production by deferoxamine or lowering hydroxyl radical values 
by a scavenger, dimethyl-sulfoxide, did not affect the severity of inflammation. 
According to the authors, these data suggest that (1) reactive oxygen metabolites play 
an important role in experimental colitis, (2) the xanthine oxidase pathway is not a 
major source of reactive oxygen metabolites in colitis, and (3) tissue injury in experi-
mental colitis is not caused by generation of hydroxyl radicals [59].

Other experiments also prove the benefit of using antioxidants in the early stage 
of induced colitis in rats. Antioxidant enzymes (such as SOD, GPX) and an antioxi-
dant, alpha-tocopherol, were significantly decreased with the severity of colonic 
damage. Mn-SOD at a dose of 50,000 U/kg attenuated this colitis when preadmin-
istered subcutaneously 1 h before the induction of colitis [141].

Gross [40] used the aminosalicylates in the treatment of inflammatory bowel dis-
ease. They found that this compound ameliorated the effects of enteritis. They 
stated that as aminosalicylates are potent antioxidants, this fact underscores the 
importance of reactive oxygen metabolites in this disease [40].

Sener [107] performed a really contemporary examination in connection with 
erdosteine, which is a sulfhydryl-containing antioxidant. The treatment by this com-
pound reversed increases in the colonic luminol and lucigenin chemiluminescence 
values, macroscopic and microscopic damage scores, MDA and collagen levels, 
myeloperoxidase activity and DNA fragmentation, decrease in tissue glutathione 
level, elevated serum cytokines and lactate dehydrogenase activity, and histopatho-
logical alterations induced by trinitrobenzene sulphonic acid (TNBS) in Sprague–
Dawley rats. The authors suggest that erdosteine protects the colonic tissue via its 
radical scavenging and antioxidant activities [107].

The antioxidant silymarin can be used beneficially together with traditional 
treatment. Silymarin, in supplement with antiprotozoal drugs (metronidazole), can 
beneficially influence the therapy of canine giardiasis. Ten days post-treatment 
the efficacy of metronidazole plus silymarin (91%) was significantly different in 
comparison with that of metronidazole (75%). Signs of side effects and decreased 
body weight were not observed in silymarin plus metronidazole-treated dogs. Poor 
appetite and intermittent vomiting signs and decrease in body weight were observed 
in two dogs of the metronidazole-treated group. Two weeks after metronidazole 
treatment, serum concentration of GOT, GPT, and NH3 were significantly increased 
in comparison with those treated with silymarin [21].

Encephalopathy, Neuritis, and Spinal Cord Injury

The central nervous sytem can also suffer from inflammatory processes. “Feriunt 
summos fulmina montes (Lightning strikes the highest moutain tops;” Horace 65–8 BC) 
[50]. The iron chelator deferoxamine can be used in treating neuritis. It has been 
found that conjugated deferoxamine reduces disruption of the blood–brain barrier 
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and the OH– radical generated from perivascular H
2
O

2
 may possibly play a role in 

alterations of vascular permeability in experimental optic neuritis [41].
Some authors who examined neonates with hypoxic ischemic encephalopathy 

used a nonantioxidant compound phenobarbital in the therapy, but they found a 
decrease in LPO products (Gathwala [147], Singh [112]). Singh [112] suggested that 
phenobarbital in the dose of 20 mg/kg i.v. given within 6 h of life in term and near-
term neonates with hypoxic ischemic encephalopathy, was associated with a decrease 
in lipid peroxides, antioxidant enzymes, and antioxidant vitamins. They demonstrated 
that there was a trend toward lower levels of cerebrospinal fluid (CSF), MDA content, 
and activities of SOD and GPx and blood vitamin content of A and E in babies with 
normal outcome as compared to babies with adverse outcome (death or neurologi-
cally abnormal at discharge). Moreover, CSF levels of MDA and activities of SOD 
and GPx were significantly lower in the group receiving phenobarbital [112].

A new way to treat neuritis is the antioxidant gene therapy which was tested 
in mice with experimental autoimmune encephalomyelitis (EAE), a strategy 
designed to treat patients at risk for axonal degeneration and persistent visual loss 
from optic neuritis and multiple sclerosis. Qi [95] cloned the human extracellular 
superoxide dismutase (EC-SOD) or CAT gene into recombinant adeno-associated 
virus (AAV). Animals were sensitized for EAE, followed by serial contrast-
enhanced MRI for 6 months, and then were euthanized. The effects of ECSOD 
and CAT modulation on the EAE optic nerve were gauged by computerized 
analysis of optic nerve volume, myelin fiber area, axonal cell loss, and retinal 
ganglion cell (RGC) loss. One month after intraocular injections, transgene 
expression increased 4-fold for AAV-ECSOD and 3.3-fold for AAV-CAT. Six 
months after intraocular injections and EAE sensitization, combination therapy 
with ECSOD and CAT decreased RGC loss by 29%, optic nerve demyelination 
by 36%, axonal loss by 44%, and cellular infiltration by 34% compared with the 
contralateral control eyes inoculated with AAV-GFP. It was concluded that viral-
mediated delivery of antioxidant genes provides long-lasting suppression against 
neuronal and axonal loss associated with permanent visual disability in patients 
with optic neuritis and multiple sclerosis [95].

In spinal cord traumas antioxidants can be beneficially used, but still there are 
some contradictory findings in connection with their routine application. Anderson 
[3] reported that antioxidants can cause some visible biochemical and histopatho-
logical effects in decreasing severity of spinal cord traumas, but they do not diminish 
the clinical signs, that is, paralysis. Compression trauma of the cat spinal cord 
induces a very rapid alteration in the lipid metabolism of cellular membranes, 
including lipid hydrolysis with release of fatty acids including arachidonate, produc-
tion of biologically active eicosanoids, and loss of cholesterol. This disturbance of 
cellular membranes can directly damage cells and can lead to the secondary devel-
opment of tissue ionic imbalance, ischemia, edema, and inflammation with neuro-
nophagia. Pretreatment with either the synthetic glucocorticoid methylprednisolone 
sodium succinate (MPSS) or the antioxidants vitamin E and selenium (Se) completely 
prevented the loss of cholesterol and partially inhibited lipolysis and prostanoid 
production. Treatment with only MPSS significantly reduced the postinjury tissue 
necrosis and paralysis [3].
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Moreover, according to Coates et  al. [22], the antioxidant 21-aminosteroid 
compound was also significantly effective in this disorder. Although significant 
differences in some portions of the neurological and histopathological examina-
tions were observed, clinical efficacy for the 21-aminosteroid compound (U74389G) 
could not be established in acute-compressive spinal cord trauma at the second 
lumbar spinal cord segment (100 g, 300 s) of dogs [22].

Lucas [72] examined the level of different LPO products, such as hydroxyalkenals 
(4-HAs) and MDA after spinal cord injury. They used a specific treatment against them, 
such as the GSH precursor g-glutamylcysteine. These authors mention that 4-HAs are 
much more reactive than MDA and are considered among the most toxic LPO products. 
After spinal cord injury, spinal cord irrigation with g-glutamylcysteine preserved GSH 
and reduced 4-HAs below naive levels but had no effect on MDA. By 24 h after spinal 
cord injury, MDA returned to naive levels but 4-HAs were still elevated. Once again, 
g-glutamylcysteine treatment reduced 4-HAs elevation [72].

Bovine Mastitis

We can say that “Aliena capella gerit distentius uber (The udder of another’s gout 
is more distended;” Horace 65–8 BC), which means that another’s gout is better 
than ours, but not in the case when this distension is caused by mastitis [51]. An 
important role played by acute phase response and oxidative status in inflammation 
of the mammary gland in cows as mastitis is associated with significantly higher 
concentrations of inflammatory and oxidative mediators in the cells and blood.

Aitken [1] proved that gene expression of the pro-oxidant, 15-lipoxygenase 1, 
which is known to increase during times of oxidative stress, also increased dra-
matically in mammary tissue from early lactation (EL, 15–28 day in milk) cows. 
Expression of the pro-inflammatory cytokines, IL-1beta, IL-6, and IL-8 did not 
change significantly during the periparturient period. Close positive correlations 
were found between several antioxidant enzymes (cytosolic GPX, thioredoxin 
reductase 1, and heme oxygenase-1) and vascular adhesion molecules (intercellular 
vascular adhesion molecule-1, vascular cell adhesion molecule-1) suggesting a 
protective response of these antioxidants to an enhanced proinflammatory state. 
Ability to control oxidative stress through the antioxidant enzymes in the future 
may modify the proinflammatory state of periparturient cows and reduce incidence 
and severity of some diseases such as mastitis [1]. Local as well as systemic inflam-
mation might play important roles in increased mammary oxidative stress [63]. The 
protective effects of antioxidants in a context of neutrophil-induced damage to 
mammary epithelial cells were evaluated in vitro using a coculture model of acti-
vated bovine neutrophils and a bovine mammary epithelial cell line (MAC-T cells). 
When incubated with neutrophils activated by lipopolysaccharides and phorbol 
12-myristate 13-acetate, MAC-T cells released large amounts of lactate dehydroge-
nase indicating significant cell damage. The addition of DMTU or bathocuproine 
disulfonic acid did not reduce the damage whereas catechin, deferoxamine, or 
glutathione ethyl ester significantly reduced neutrophil-induced cytotoxicity in a 
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dose-dependent manner. The effect of deferoxamine, an iron chelator, on the 
growth of E. coli and the ability of bovine neutrophils to phagocytose these bacteria 
were then assessed in vitro. Data showed that deferoxamine did not interfere with 
the phagocytic activity of neutrophils but inhibited growth of the bacteria. The 
results suggest that antioxidants may be effective tools for protecting mammary 
tissue against neutrophil-induced oxidative stress during bovine mastitis [68].

Chaiyotwittayakun [20] reported a study in which they used vitamin C in the 
treatment of mastitis. Mastitis was induced in eight nonpregnant Holstein cows by 
intramammary infusion of endotoxin. Two doses of 25 g of ascorbic acid were 
administered intravenously at 3- and 5-h postendotoxin challenge. The authors 
reported an increased milk production recovery (9% higher, P < 0.02) and tended 
to reduce the extent of rumen stasis [20].

The plasma selenium levels indicate the amount of circulating selenoproteins and 
selenoenzymes. These are important for the maintenance of the redox system, modu-
lating the immune system and also for thyroid hormone metabolism. The thyroid 
gland is among the human tissues with the highest Se content per mass unit similar 
to other endocrine organs and the brain. Not only are all three deiodinases selenoen-
zymes, but within the thyroid gland there are several other selenoenzymes, which are 
important for the maintenance of normal thyroid function [36]. Selenoproteins 
involved in cellular antioxidative defense systems and redox control, such as the 
GPx and the thioredoxin reductase (TxnRd) family, are involved in protection of the 
thyroid gland from excess hydrogen peroxide and ROS produced by the follicles for 
biosynthesis of thyroid hormones. In addition, the three key enzymes involved in 
activation and inactivation of thyroid hormones, the iodothyronine deiodinases 
(DIO1,2,3), are selenoproteins with development, cell-, and pathology-related 
expression patterns [64]. The trace element selenium is also in the prosthetic group 
of selenium-dependent GPX. Therefore it affects the innate and the adaptive immune 
responses of the mammary gland through cellular and humoral activities.

Substantial research has been carried out on the effect of selenium on the immune 
function of the mammary gland and subsequent improvement in bovine udder health 
and mastitis control. Levels higher than current recommendations and Se-yeast 
(0.3 mg/kg diet dry matter) can potentially be used to enhance our capacity to modu-
late the physiological mechanisms of the bovine mammary gland to respond to infec-
tion [103]. In spite of this replacement of sodium selenite with an organic source of 
Se (Se yeast) in diets not suboptimal in basal Se concentrations did not improve Se 
status, uterine health, fertilization, or embryo quality in early lactation dairy cows [19].
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