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SCIENTIFIC BACKGROUND
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Inflammation and oxidative stress  

Infectious agents, mechanical trauma, heat or cold, chemicals, toxins, radiation, or other 

cancerous cells can cause cell injury or death, leading to a complex set of interactions known as 

acute inflammation (Rock et al., 2010; Ackermann, 2017). Acute inflammation develops within 

minutes or hours, typically lasts for several hours to a few days and is sustained mainly by the 

innate immunity (Kumar et al., 2014). The whole process involves vascularized living tissue and 

is mediated by cellular and extracellular fluidic changes, that eventually result in the 

accumulation of fluid, electrolytes, plasma proteins and leukocytes in extravascular tissues, 

clinically reflecting in redness, heat, swelling, pain and loss of function of the concerned tissue. 

Inflammation is intended to be a protective mechanism, the aim of which is to dilute, isolate and 

remove the cause of injury and to repair damaged tissues (Ackermann, 2017). This process is 

tightly regulated by the balance between pro-inflammatory and anti-inflammatory mediators, 

and it is supposed to be restricted to the site of injury. Loss of the local control or excessively 

activated responses lead to an exaggerated systemic response, clinically known as systemic 

inflammatory response syndrome (SIRS) (Davies and Hagen, 1997; Brady and Otto, 2001). The 

imbalance between pro-inflammatory and anti-inflammatory pathways exacerbates those 

physiologic mechanisms intended to be protective, making them harmful instead. In this context, 

uncontrolled systemic vasodilation and increased systemic vascular permeability lead to 

hypotension and extravascular third spacing, preventing normal homeostatic response required 

to preserve oxygen delivery. The ultimate result is end-organ hypoperfusion, with anaerobic 

metabolism and end-organ dysfunction (Davies and Hagen, 1997; Balk, 2014).  

According to definitions established by the consensus conference of the Society of Critical Care 

Medicine and the American College of Chest Physicians, SIRS is a systemic inflammatory process 

characterized by at least two of the following clinical manifestations: increased or decreased 

body temperature; increased heart rate; increased respiratory rate or hyperventilation; 

increased or decreased white blood cell count or again the presence of immature (band) 

neutrophils (Bone et al., 1992). According to this definition, any insult leading to a generalized 

activation of the inflammatory reaction in organs remote from the initial insult and inducing the 

described clinical condition, is a cause of SIRS, be it infectious or not.  
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In the whole of systemic changes occurring during the acute phase response, changes in the 

concentration of plasma proteins are included. Pro-inflammatory mediators and cytokines such 

as TNF, IL-1 and IL-6 are released into blood circulation and act as endocrine mediators on 

different tissues, inducing or inhibiting the synthesis of the so-called acute phase proteins (APP), 

in variable ways among different species and depending on the type of stimulus (Ceciliani et al., 

2002; Cray et al., 2009). Plasma proteins that increase in concentration are defined as positive 

APPs, and include: C-reactive protein (CRP), serum amyloid A (SAA), haptoglobin, alpha-1-acid 

glycoprotein (AGP), ceruloplasmin and fibrinogen; while plasma proteins that decrease in 

concentration are called negative APPs, such as: albumin, transferrin. The ones having that 

increase more frequently in a given species are defined as major APPs and are thus the 

inflammatory markers of choice (Paltrinieri, 2007). 

 

Infection is one of the major triggers of inflammation (Rock et al., 2010). Sepsis was defined as 

the systemic inflammatory response to the presence of infection, the latter intended as a 

microbial phenomenon characterized by an inflammatory response to the presence or the 

invasion of normally sterile host tissue by microorganisms. Thus, the term sepsis represents the 

subset of SIRS resulting from a confirmed infectious process (Bone et al., 1992). To differentiate 

sepsis from uncomplicated infection and emphasize the non-appropriate magnitude and 

detrimental effect of the inflammatory response, a new definition was given, as life-threatening 

organ dysfunction caused by a dysregulated host response to infection (Singer et al., 2016). 

However, criteria for diagnosis of sepsis proposed by Bone et al. (1992) are still used in veterinary 

medicine (Troia et al., 2018). The best described causes of sepsis in the veterinary clinical 

literature are gram-negative (in particular, enteric) bacteria, but also gram-positive bacteria, as 

well as fungal, viral and protozoal micro-organisms can trigger SIRS and sepsis mechanisms 

(Brady and Otto, 2001).  

During sepsis, the origin of infection can be difficult to identify in some cases. However, collection 

of culture specimens is not always simple, especially in patients with severe lung impairment or 

coagulopathies (Brady and Otto, 2001). Early diagnosis of sepsis and prompt recognition of 

disease severity are crucial to the rapid administration of antimicrobials (Troia et al., 2018). Early 

intervention aims to stop the progression of sepsis to severe sepsis, septic shock and multiple 

organ disfunction. Furthermore, the use of antibiotics in SIRS is controversial, since SIRS can 

occur without a microbial cause (Brady and Otto, 2001).  
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Distinction between sepsis and SIRS would be very useful in administration of targeted 

antimicrobial therapy only when necessary, since antimicrobial resistance is nowadays a 

widespread and alarmingly growing concern of global public health (WHO, 2014). To this aim in 

human medicine useful biomarkers of sepsis such as procalcitonin have been developed to 

diagnose, monitor and predict prognosis in sepsis (Hochreiter et al., 2009; Reinhart and Meisner, 

2011; Georgopoulou et al., 2011; Jekarl et al., 2013; Bouadma et al., 2013).  

Much of our knowledge about SIRS and sepsis is deduced from human literature and, even if the 

majority of available information is valuable and applicable, controlled veterinary studies are 

required to deepen and clarify these aspects in companion animals (Brady and Otto, 2001). In 

light of these premises, it would be important to detect new biomarkers useful in identifying SIRS 

and sepsis, in addition to others already investigated. One more reason to look for a good 

prognostic biomarker would be that euthanasia is never an easy choice, either for the owner or 

for the vet, who must justify and explain to the owner the reasons leading to such an alternative. 

A biomarker able to predict mortality would provide scientific evidence supportive in making this 

choice. 

 

During inflammation activated polymorphonuclear leukocytes seem to be a source of reactive 

oxygen intermediates (Alonso de Vega et al., 2002). Following activation, neutrophils start the 

respiratory burst and produce reactive oxygen species (ROS), with different stability, reactivity 

and permeability to membranes, but all able to modify and damage other molecules (Amulic et 

al., 2012). Molecular oxygen is reduced to superoxide, which reacts with other molecules 

creating compounds useful for signalling and antimicrobial activity, but also potentially harmful 

to the host tissues (Smith, 1994). When production of reactive species exceeds organism’s ability 

to compensate for production and damage, oxidative stress occurs (Galley, 2011).  

In human medicine, patients with SIRS were found to have increased plasma levels of lipid 

peroxidation products and decreased plasma total antioxidant capacity and reduced sulfhydryl 

groups. These are indexes of plasma redox status, and thus stand for a more severe oxidative 

stress in patients with SIRS compared to patients without SIRS (Alonso de Vega et al., 2002). 

Furthermore, the degree of oxidative stress appears to be related to the severity of illness 

(Alonso de Vega et al., 2000; Alonso de Vega et al., 2002). Oxidative stress is also thought to be 

related to mortality of patients in human intensive care unit (ICU), independently of the presence 

of SIRS (Alonso de Vega et al., 2002).  
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Septic event induces, as well, upregulation of oxidative metabolism in neutrophils with high 

reactive oxygen and nitrogen species generation (Trautinger et al., 1991; Martins et al., 2003). In 

particular, sepsis is reported to be associated with higher and earlier oxidative stress compared 

to SIRS alone (Muhl et al., 2011). Assuming that oxidative stress may be bigger in sepsis than in 

non-infectious inflammatory disease even in dogs, markers of oxidation could represent viable 

candidates for distinction between sepsis and SIRS, as well as for predicting mortality, severity 

stratification of disease and monitoring progress and recovery. 
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Paraoxonase-1  

The paraoxonases are a family of proteins present in many organisms, from invertebrates to 

mammals (Furlong, 2008). They are probably ancestral enzymes (Furlong, 2008) and descend 

from a common precursor, with PON-2 being the oldest member, followed by PON-3 and PON-1 

(Draganov and La Du, 2004). In humans, paraoxonases are encoded by genes located adjacent to 

each other on chromosome 7, sharing about 70% homology at the nucleotide level and 65% at 

the amino acid level (Primo-Parmo et al., 1996).  

Paraoxonase-1 (PON-1) was the first discovered and the most studied. It was identified for its 

ability to hydrolyze paraoxon (diethyl p-nitrophenyl phosphate), the toxic metabolite of 

parathion, an organophosphate insecticide, and was named after this feature (Draganov et al., 

2005).  

 

Aldridge (Aldridge, 1953a; Aldridge, 1953b) in 1953, firstly reported a high rate of paraoxon 

hydrolysis in rabbit serum and identified two types of enzymes: A-esterases, able to hydrolyze 

organophosphates and arylesters, and B-esterases, which were on the contrary inhibited by 

interaction with these substrates. PON-1 was therefore classified as an A-esterase, but it is now 

recognized that is a lipolactonase with several other enzymatic activities, such as paraoxonase 

and arylesterase (Mackness and Sozmen, 2021). Accordingly, PON-1 has different substrates, 

such as organophosphorus triester pesticides and nerve gases, arylesters, lactones, thiolactones, 

estrogen esters, cyclic carbamates and glucuronide drugs (Mackness and Sozmen, 2021), so that 

it has been defined as a promiscuous enzyme (Mackness and Mackness, 2015). However, after 

structure-activity studies, lactonase activity had been considered the native activity of PON-1 

and lactones its natural substrates (Khersonsky and Tawfik, 2005). 

Initially, the relationship between arylesterase and paraoxonase activity was not completely 

understood. These activities were thought to be catalyzed by different serum proteins, because 

in the same individuals, arylesterase showed a unimodal distribution pattern, while paraoxonase 

did not. Later, when polymorphisms of PON-1 gene were discovered and investigated, it became 

clear that arylesterase and paraoxonase activity were catalyzed by the same enzyme (Gan et al., 

1991), of which different phenotypes with different magnitude of paraoxonase activity existed 

(Eckerson et al., 1983).  



 7 

Adkins et al. (1993) firstly defined the genetic bases of polymorphisms, identifying two 

polymorphic sites in the coding region: Leucine/Methionine in position 55 (polymorphism PON-

1 L55M) and Glutamine/Arginine in position 192 (polymorphism PON-1 Q192R). The polymorphic 

site at position 192 was recognized to largely affect the catalytic efficiency of the enzyme as 

regards paraoxonase activity. In particular, three phenotypes of paraoxonase activity were 

attributed to this polymorphism: individuals homozygous for a "low" activity allele (QQ) which 

were arbitrarily called A-type; individuals homozygous for a "high” activity allele (RR), which were 

arbitrarily called B-type; and heterozygous AB-type individuals with intermediate activity (Davies 

et al., 1996). The esterase activity instead appeared to be scarcely affected by this polymorphism 

(Eckerson et al., 1983). On the contrary, the polymorphic site at position 55 was shown to have 

little influence on the catalytic properties, but to affect PON-1 expression levels (Garin et al. 

1997; Leviev and James, 2000). Other polymorphic sites in the promoter region were 

subsequently described (James et al., 2000; Brophy et al., 2001a), among which the T108C 

appeared to have the highest influence on PON-1 expression. The CC genotype was associated 

with the highest PON-1 levels, the TT genotype with the lowest and heterozygous CT type with 

intermediate levels. Actually, the effect of PON-1 polymorphism at position 55 appears to be 

related to the one at 108 position, given that alleles of these polymorphic sites are in strong 

linkage disequilibrium (in other words, segregate together) (Leviev and James 2000; Suehiro et 

al., 2000; Brophy et al. 2002). In people, more than 400 single-nucleotide polymorphisms have 

been identified, even if the effects have not been understood for all of them (Mackness and 

Sozmen, 2021). However, it is known that genetic variability can produce differences in PON-1 

activity of up to 40 times and differences in PON-1 concentration of up to 15 times (Mackness 

and Sozmen, 2021). Furthermore, the frequency of low activity allele is variable among 

populations of different ethnic and geographical distribution (La Du, 1988).  

It is most important to consider all these aspects when investigating correlation between PON-1 

and a certain disease or clinical condition, and it is extremely advisable to evaluate both PON-1 

levels and activity, in order to determine the so called PON-1 ‘status’ (Li et al., 1993; Costa et al., 

2005a). The sole determination of polymorphisms through genetic analyses does not accurately 

assess or predict PON-1 status (Kim et al., 2013), and the lack of genetic matching in many studies 

represents a huge limitation, which often lead to misconceptions in the literature (Camps et al., 

2009).  
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Evaluation of PON-1 activity through just one substrate, like happened in the first studies using 

only phenyl acetate or paraoxon, does not allow to establish if results are due to coincidental 

differences in allelic frequencies (Camps et al., 2009). In human medicine, a high-throughput 

enzyme assay involving two substrates measuring paraoxonase and arylesterase, such as 

paraoxon and diazoxon, is recommended to this approach and provides an accurate assessment 

of PON-1 levels and functional genomics (Richter and Furlong, 1999; Richter et al., 2004). Rates 

of hydrolysis of one substrate are plotted against the other’s, obtaining the separation of 

individuals in the three phenotypes related to the 192 polymorphism. Accordingly, PON-1 

activities within a genotype provide information about the PON-1 levels (Costa et al., 2005a) 

(Figure 1).  

 
Figure 1. Determination of PON-1 status by plotting of diazoxonase vs. paraoxonase activities in plasma 
of carotid artery disease cases and controls. The two-substrate assay provides an accurate prediction of 
PON-1 Q192 genotype (QQ, QR or RR) confirmed by PCR and PON-1 activities. Individuals indicated by 
arrows showed discordant genotype/phenotype (genotyped as QR heterozygotes but classified as 
homozygotes by enzyme analyses) because of mutations in one allele resulting in the expression of the 
other active allele phenotype (Jarvik et al., 2003).  
 

However, in veterinary species the study of polymorphisms is not so accomplished (Ceron et al., 

2014) and its importance maybe not so understood. In most of the species of veterinary interest 

it is not known if the presence of polymorphisms may affect PON-1 activity and its evaluation in 

specific clinical settings. For example, in bovine PON-1 the use of a two substrate assays showed 

constant paraoxonase/arylesterase ratio in different breeds, suggesting the lack of phenotypes 

as described in people (Miyamoto et al. 2005; Kulka et al. 2014, Kulka et al. 2016).  
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PON-1 is mainly produced by the liver, the organ showing the highest PON-1 gene expression 

(Pellin et al., 1990), and secreted into blood circulation tightly bound to high-density lipoprotein 

(HDL) particles (Deakin et al., 2002). 

Human PON-1 shows a 354 amino acids structure with a molecular mass of approximately 45 

kDa (Furlong et al., 1989; Hassett et al., 1991). PON-1 is a six-blade beta-propeller with 

hydrophobic leader sequence and an amphipathic helix H2 which binds to HDL (Harel et al., 2004) 

and in particular to Apolipoprotein A-I, which stabilizes and selectively stimulates lactonase 

activity (Sorenson et al., 1999; James and Deakin, 2004; Gaidukov and Tawfik, 2005) (Figure 2).  

 

 
Figure 2. Human PON-1 structure (Furlong, 2008). 

 

PON-1 requires calcium for catalytical activity and stability, therefore has two binding sites 

relatively committed to these functions (Kuo and La Du, 1998; La Du, 2002; Harel et al., 2004) 

and the degree of calcium affinity determines PON-1 stability. As a consequence, EDTA impairs 

calcium-dependent activities, as well as measurement of activity and concentration of PON-1 

(Erdös and Boggs, 1961; Mackness and Sozmen, 2021). 

 

In people, PON-1 levels show a high variability among individuals, whereas activity for a given 

individual is relatively stable over time (Zech and Zurcher, 1974; Costa et al., 2005b), 
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In young individuals of many species, PON-1 activity is known to be lower than adults. In people, 

PON-1 levels are very low in newborns and increase until reaching mature levels between 6 

months to 2 years of age (Augustinsson and Barr, 1963; Ecobichon and Stephens, 1973; Mueller 

et al., 1983; Cole et al., 2003; Chen et al., 2003). However, in people a large variability appears 

to exist among newborn individuals, some of which showed higher levels than some mothers 

(Furlong et al., 2006). On the contrary, in elderly people a decrease in PON-1 concentration and 

activity is reported with aging (Milochevitch and Khalil, 2001; Seres et al., 2004; Marchegiani et 

al., 2006), possibly related to concurrent increased oxidative stress (Harman, 1992; Lu et al., 

1999). As regards veterinary species, aging-related changes had not been investigated, but low 

PON-1 activity in young subjects had been reported in many species. For example, calves up to 

120 days of age have significantly lower PON-1 activity compared with adults (Giordano et al., 

2013). Mice are reported to reach mature levels between 20 and 25 days after birth (Li et al., 

1997). In dogs, young age is likely influencing PON-1 activity, since reference interval calculated 

for dogs aged 4-6 years was higher than for dogs <3 years (Rossi et al., 2013). On the contrary, in 

horses, significant difference in PON-1 activity were not detected between adults and foals, at 

least after 19 days of age (Ruggerone et al., 2018). In cats as well, age-related differences were 

not detected in a population of cats including cats less than 1 year of age (Rossi et al., 2020). 

However, even if age-related reference intervals are not available or age-related changes have 

not been reported, age should always be taken into account as a possible source of error in 

interpreting low values.  

 

PON-1 can be indirectly measured through assessment of activity, or directly quantified with 

immunological methods (Ceron et al., 2014). Measurement of PON-1 activity (intended as ability 

to hydrolyze substrates) through spectrophotometrical method, is more common, probably 

because of low cost and availability (Ceron et al., 2014). The spectrophotometric assay method 

based on the rate of p-nitrophenol production measured at 405 nm implemented by Krisch 

(1968) represented the basis for most of the subsequent methods. The most frequently used 

substrates are paraoxon (to measure paraoxonase activity), phenyl acetate, 4(p)-nitrophenyl 

acetate (to measure arylesterase activity), 5-thiobutil butyrolactone or dihydrocoumarin (to 

measure lactonase activity). The use of different substrates matches the evaluation of different 

activities.  
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However, the use of these and many other substrates, as well as the lack of standardized 

methods to measure PON-1 activity in the years, caused difficulties in comparing results obtained 

through different assays by different studies and in some cases impaired their interpretation 

(Camps et al., 2009; Ceron et al., 2014). Paraoxon is unstable and, like other organophosphorus 

compounds, highly toxic, while phenyl acetate is less toxic and 4-nitrophenyl acetate and 5-

thiobutil butyrolactone are not (Camps et al., 2009; Ceron et al., 2014). On the other hand, 

paraoxon is very useful in the evaluation of the Q192R polymorphism, because as already 

explained above, it is hydrolyzed at higher rates by individuals with RR phenotype. Accordingly, 

the other substrates, whose hydrolysis rate is not influenced by Q192R polymorphism, such as 

phenyl acetate and 4-nitrophenyl acetate can be used to measure arylesterase activity and 

indirectly estimate PON-1 concentration (Eckerson et al., 1983).  

 

PON-1 was initially studied with respect to the toxicological field (and in particular, 

organophosphate toxicity). Its levels combined with activity and catalytic efficiency, are a 

determinant of sensitivity to specific organophosphorus compounds toxicity (Costa et al., 2005a).  

Later, growing evidence of its relevant role in lipid metabolism shifted the interest on its 

antioxidant activity and modulation of oxidative stress. Changes in PON-1 activity and 

concentration had been reported in a wide variety of diseases both inflammatory and non-

inflammatory characterized by oxidative stress.  

 

The most studied field in human medicine, especially in early times, had been that of 

cardiovascular disease. HDL and PON-1 in fact appear to have a central role in atherosclerosis 

development in people and a negative correlation exist between HDL blood concentration and 

PON-1 activity and risk of cardiovascular disease (Getz and Reardon, 2004; Mackness et al., 

2004b). HDL have many anti-atherosclerotic functions (Gordon et al., 1989; Rubins et al., 1999, 

Barter and Rye, 2001), such as removal and transport of cholesterol from peripheral tissues to 

the liver (reverse-cholesterol transport), anti-inflammatory and anti-oxidative action, and 

regulation of normal endothelial function (Kontush and Chapman, 2006). However, PON-1 

activity was demonstrated to predict adverse coronary events independently of HDL levels 

(Navab et al. 1997; Bhattacharyya et al., 2008). Actually, PON-1 appears to be largely responsible 

for the antioxidant power of HDL (Mackness et al., 1993; Ahmed et al., 2001; Aviram et al., 1998a; 

Watson et al., 1995) and among HDL-associated proteins with antioxidant properties, PON-1 
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appears to be the predominant antioxidant enzyme (Mackness and Mac). HDL isolated from mice 

deficient of the PON-1 gene or from avian species, which naturally lack PON-1, did not protect 

LDL from oxidation (Mackness et al., 1996; Laplaud et al., 1998; Shih et al., 1996) or instead 

enhanced LDL oxidation (Shih et al., 1998; Mackness et al., 1998), whereas HDL isolated from 

mice overexpressing PON-1 completely suppressed LDL oxidation (Tward et al., 2002). PON-1 

metabolizes oxidized phospholipids and lipid hydroperoxides probably through lipo-lactonase 

activity (Rosenblat et al., 2006). This protects not only LDL, but also HDL and macrophages from 

oxidative stress (Aviram et al., 1998b; Mackness et al., 1993; Rozenberg et al., 2003; Aviram and 

Rosenblat, 2004; Rozenberg et al., 2005). Oxidized LDL induce the production of monocyte-

chemotatic protein 1, which enhances monocyte/endothelial cell interactions, an initiating step 

to the inflammatory process that promote atherosclerosis (Klimov et al., 2001; Ferretti et al., 

2004). PON-1 inhibits these interactions (Mackness et al., 2004a), reduces oxidized LDL uptake 

and cholesterol biosynthesis by macrophages (Fuhrman et al., 2002; Rozenberg et al., 2003), 

promotes HDL-mediated cholesterol efflux from macrophages, an essential process to the 

attenuation of atherosclerosis development (Von Eckardstein et al., 2001; Rosenblat et al., 2005). 

PON-1 is in turn inactivated by oxidized lipids (Aviram et al., 1999; Karabina et al., 2005). As a 

result of these mechanisms, low PON-1 activity or concentration are associated with increased 

risk or incidence of atherosclerosis and coronary heart disease (McElveen et al., 1986; Mackness 

et al., 2000; Jarvik et al., 2000; Mackness et al., 2001; Ferrè et al., 2002b). In a prospective study 

PON-1 activity was found to be 30% lower in men affected by coronary events compared with 

controls (Mackness et al. (2003).  

Clinical applications of PON-1 in veterinary medicine  

As regards human medicine, a large literature is available about PON-1 and its role and 

application in many different clinical contexts, while interest about PON-1 in veterinary species 

has grown only in the latest years. A brief review of most relevant published works will be 

described below. As for human medicine, also among studies performed on veterinary species 

there is quite heterogeneity in assays adopted for PON-1 activity evaluation, which are usually 

transposed or adapted from human publications, often without a validation phase.  
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Compared with other veterinary species, in dogs a much larger literature has been produced 

about PON-1. Different methods using different substrates were validated for dogs 

(Tvarijonaviciute et al., 2012a). The paraoxon-based method validated with a reference interval 

of 106.6-197.2 U/mL will be adopted in this thesis (Rossi et al., 2013). 

Leishmaniosis, which is reportedly characterized by oxidative stress (Almeida et al., 2013), has 

by far been the most studied disease. PON-1 activity was reported to decrease in dogs either 

naturally or experimentally infected with Leishmania spp. compared with healthy controls 

(Martinez-Subiela et al., 2014; Ibba et al., 2015), being significantly correlated with disease 

severity (Pardo-Marin et al., 2020). Furthermore, lower PON-1 activity was detected in 

proteinuric compared with non-proteinuric dogs (Martinez-Subiela et al., 2014). In Leishmania 

spp. seropositive dogs, dogs with highest antibody titers had significantly lower PON-1 activity, 

as well as higher positive APP concentration, compared with dogs with low antibody titers 

(Cantos-Barreda et al., 2018). However, changes in PON-1 activity are not always consistent and 

a high individual variability, probably related to the magnitude of oxidative phenomena, 

appeared to exist (Rossi et al., 2014a; Ibba et al., 2015). In leishmaniotic dogs, PON-1 activity 

increased up to normal values after treatment (Martinez-Subiela et al., 2014; Rubio et al., 2016) 

earlier than other inflammatory markers like CRP (Rossi et al 2014). Monitoring of its activity was 

indeed used to compare the efficacy of different treatment protocols (Gonzalez et al., 2019). 

PON-1 activity was also evaluated in a miscellaneous of infectious diseases characterized by 

oxidation and inflammation. Dogs with babesiosis has significantly lower PON-1 activity 

compared with healthy controls (Rossi et al., 2014b; Kules et al., 2016), which significantly 

increased 6 days after treatment (Rossi et al., 2014b). In dogs experimentally infected with 

Ehrlichia canis, PON-1 activity significantly decreased after 14 days and increased after 42 days 

regardless of treatment with rifampicin (Karnezi et al., 2016). In dogs with Dirofilaria immitis, 

PON-1 activity decreased compared with healthy dogs (Mendez et al., 2014; Carreton et al., 

2017) and improvement after treatment, although not always significant, was observed (Mendez 

et al., 2015; Carreton et al., 2017). In dogs with parvoviral enteritis PON-1 activity significantly 

decreased compared with healthy dogs (Kocaturk et al., 2015). Studies were performed also in 

dogs with both experimentally induced and naturally occurring sepsis. A significant decrease in 

PON-1 activity was reported 48 hours following LPS injection (Tvarijonaviciute et al 2012b) and 

dogs with naturally occurring sepsis showed significantly lower PON-1 activity compared with 

healthy controls and with dogs with low-grade systemic inflammation (Torrente et al., 2019).  
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PON-1 activity was also reported to be significantly lower in dogs with pancreatitis 

(Tvarijonaviciute et al 2015a), inflammatory bowel disease (Rubio et al., 2017) and atopic 

dermatitis (Almela et al., 2018) compared with healthy controls. In cardiopathic patients PON-1 

activity was reported to progressively decrease with severity of heart failure, either due to 

chronic mitral valve disease or dilated cardiomyopathy (Prasad et al., 2014; Kulka etal 2017; 

Rubio et al., 2020). Furthermore, significantly increased PON-1 activity was reported in dogs with 

hyperadrenocorticism compared with healthy controls, possibly due to a direct influence of 

glucocorticoids on PON-1 gene expression (Tvarijonaviciute et al 2015b). 

A significant negative correlation was found between PON-1 and CRP in many (Martinez-Subiela 

et al., 2014; Tvarijonaviciute et al 2015a) but not all studies (Torrente et al., 2019). Indeed, PON-

1 activity appears to decrease only, or at least particularly, when severe inflammation is present 

(Rossi et al., 2013) and was in many diseases negatively correlated with clinical severity 

(Tvarijonaviciute et al 2015a; Torrente et al., 2019; Pardo-Marin et al., 2020). However, even in 

dogs the role of PON-1 as a negative APP is widely recognized. Usefulness of PON-1 measurement 

at admission in predicting the outcome of different diseases was evaluated in some studies, but 

was not confirmed (Rossi et al., 2014a; Torrente et al., 2019). 

 

In cats, few studies are available and mainly deal with metabolic conditions and some infectious 

diseases. PON-1 activity was evaluated in obese cats, with no differences before and after weight 

loss but lower arylesterase activity in cats that failed to lose weight (Tvarijonaviciute et al., 

2012c). In cats naturally infected with Hepatozoon felis and Babesia vogeli, PON-1 activity was 

significantly lower than in healthy non-infected cats (Vilhena et al., 2017). Cats with feline 

infectious peritonitis (FIP) showed significantly lower PON-1 lactonase and arylesterase activity 

compared with healthy cats, but not significantly different compared with cats with other 

inflammatory diseases. Furthermore, cats with effusive forms of FIP showed significantly lower 

values compared with non-effusive forms (Tecles et al., 2015). On the contrary, another study 

evaluating PON-1 activity found significantly lower values in cats with FIP compared not only with 

healthy controls, but also with cats affected by other diseases (Meazzi et al., 2021). This study 

used a paraoxon-based method validated in cats with a reference interval of 58-154 U/mL that 

will be adopted in this thesis. A negative correlation was found between PON-1 activity and 

alpha-1-acid glycoprotein (AGP) (Rossi et al., 2020), while there is controversy about correlation 

with SAA. Tecles et al., 2015 found a weak but significant correlation between SAA concentration 
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and PON-1 activity, while other studies did not find this correlation (Rossi et al., 2020). However, 

changes in PON-1 activity in the investigated infectious diseases are likely due to inflammation 

and/or oxidative stress, and PON-1 was recognized as a negative acute phase protein also in this 

species (Tecles et al., 2015; Vilhena et al., 2017; Rossi et al., 2020). 

 

In horses, there are very few publications regarding PON-1. PON-1 activity was evaluated in 

horses routinely screened for leptospirosis with different levels of antibody titer against 

Leptospira spp. No significant differences were found among groups with high and low antibody 

titers, however none of the horses involved showed clinical signs of leptospirosis (Turk et al., 

2011). Another study reported significantly lower PON-1 activity in healthy horses infected with 

Theileria equi compared with non-infected controls, along with changes in other markers of 

oxidative stress (Radakovic et al., 2016). In this case, measurement of PON-1 activity was 

performed using plasma collected in lithium heparin, which is reported to mildly inhibit PON-1 

activity or, however, to provide lower values compared with serum (Ferré et al., 2005). Anyway, 

the comparison should be considered reliable, because a possible mild underestimation of 

activity would have equally affected all sample. While both these studies used paraoxon-based 

methods not validated in the equine species, a precise and accurate paraoxon-based method 

was later validated by Ruggerone et al. (2018) and a reference interval of 38.1-80.8 U/mL was 

established for this species, which will be adopted within this thesis.  

 

In cattle, research interest was mainly focused on metabolic changes related to pregnancy and 

lactation. In dairy cows, PON-1 activity was significantly lower in late pregnancy and early post-

partum period compared with the second trimester of pregnancy and the late non-pregnant 

lactation, potentially due to oxidative stress consequent to negative energy balance, and/or 

post-partum calcium deficiency, overall reduction of hepatic protein synthesis, especially 

apolipoprotein A1 (Turk et al., 2004; Turk et al., 2008), or also inflammatory conditions occurring 

during peripartum (Bionaz et al., 2007). Significantly lower activity was found also in non-

pregnant cows with hepatomegaly due to lipomobilization syndrome compared with healthy 

subjects in the same reproduction period (Turk et al., 2005). Furthermore, PON-1 activity was 

significantly lower in cows with both clinical and subclinical mastitis compared with controls, 

suggesting its possible usefulness in diagnosing subclinical disease (Kovacic et al., 2019). A 

negative correlation was found between PON-1 activity and haptoglobin concentration (Bionaz 



 16 

et al., 2007) and PON-1 activity was significantly lower in sick calves with diarrhea and respiratory 

disease compared with healthy age-matched controls, supporting the role of PON-1 as a negative 

acute phase protein also in this species (Giordano et al., 2013).  

 

In pigs, PON-1 genome was characterized and discovered to be highly expressed in kidney, 

followed by liver, lung and small intestine, and at very low level in heart, spleen, lymph, muscle, 

cerebrum, fat, cerebellum or hypothalamus (Xie et al., 2010). Even PON-3 was characterized and 

found to be ubiquitously expressed in tissues (Labreque et al., 2009). PON-1 activity was 

evaluated in pigs subjected to total splenectomy and spleen autotransplantation, observing a 

decrease in activity over following 40 days compared with sham-operated ones, probably due to 

post-surgical inflammation (Turk et al., 2009). In another study, a three substrates method was 

validated for pigs and PON-1 activity was measures after experimentally induced inflammation 

through subcutaneous injection of turpentine oil, finding a decrease after 72 hours post 

injection, suggesting that PON-1 acts as a negative APP also in this species (Escribano et al., 2015). 
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AIMS
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Inflammation and oxidative stress occur frequently in domestic animals. The diagnosis and 

monitoring of inflammatory and oxidative conditions are based on robust markers that are so far 

considered accurate (changes in leukograms and electrophoretic profiles, concentration of some 

APPs). Unfortunately, most of these markers may lack specificity in some clinical contexts and 

may not be useful for the early diagnosis of inflammation and/or for the achievement of 

prognostic information about the clinical outcome. The development of novel biomarkers may 

provide complementary information to conventional markers, leading to a more comprehensive 

overview of the pathophysiology of clinical forms, helping in identifying subclinical conditions 

either in vivo or post mortem, and improving the management of sick patients.  

 

In the last years’ research, interest has grown about the role of PON-1 in the pathogenesis and 

diagnosis of many diseases characterized by inflammation and/or oxidative stress, both in human 

and veterinary medicine.  

In veterinary species, PON-1 measurement is to date primarily restricted to the research field 

and has not been yet undertaken in the routine clinical field. However, recent research has 

highlighted promising utility in many clinical contexts. Since accurate and precise 

spectrophotometrical assays validated in many species are now available and proved to be 

cheap, rapid and automated (Rossi et al., 2013), its measurement could easily be included in 

routine chemistry panel in the near future.  

 

Therefore, the aim of my research was focused on the evaluation of the usefulness of PON-1 as 

a diagnostic and prognostic marker in different conditions characterized by inflammation and/or 

oxidative stress in different veterinary species. 

More specifically, the following species and scenarios were explored: 

- Paraoxonase activity in horses: utility of PON-1 as a marker of inflammation and sepsis; 

- Paraoxonase activity in dogs: utility of PON-1 in selected clinical scenarios; 

- Paraoxonase activity in cats: PON-1 activity in cats infected with Leishmania spp.; 

- Paraoxonase activity in pigs: role of PON-1 as a predictor of lesions before slaughtering; 

- Paraoxonase activity in cattle: role of PON-1 as a predictor of clinical or ultrasonographic 

abnormalities in calves with pneumonia. 
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METHODS
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All the studies included in this thesis were based on the same method of PON-1 measurement 

described below. However, the selection of cases and the study design differed among the 

studies, and the details of each experimental design will be described separately for each study. 

Method of PON-1 measurement and preparation of control materials 

PON-1 activity was measured using a paraoxon-based method already validated in cattle, dogs, 

horses and cats (Giordano et al., 2013; Rossi et al., 2013; Ruggerone et al., 2018; Rossi et al., 

2020), which measures spectrophotometrically PON-1 activity through the enzymatic method 

proposed by Feingold et al. (1998). Briefly, 6 μL of samples are incubated at 37°C with 89 μL of 

distilled water and 100 μL of reaction buffer (glycine buffer 0.05 mM, pH 10.5 containing 1 mM 

of paraoxon-ethyl, purity >90%, and 1 mM of CaCl2). The rate of hydrolysis of paraoxon to p-

nitrophenol is measured by monitoring the increase in absorbance at 405 nm using a molar 

extinction coefficient of 18.050 L·mol-1·cm-1. The unit of PON-1 activity expressed as U/mL is 

defined as 1 nmol of p-nitrophenol formed per minute under the assay conditions. For the first 

studies (studies I, II, III, IV, VI, VII and VIII) we used an automated chemistry analyzer dedicated 

to research purposes on which the method had been already validated in previous studies (Cobas 

Mira, Roche Diagnostics, Basel, Switzerland). Later, the method was set and adjusted on a 

different automated chemistry analyzer (BT 3500, Biotecnica Instruments SPA, Rome, Italy) used 

for the hospital diagnostic routine. Thus, the measurement of PON-1 activity was included in the 

most frequently required biochemistry panels in dogs admitted to the hospital, giving access to 

a wide range of data regarding routinely examined animals which were used for study V.  

 

Since quality control samples for PON-1 measurements are not commercially available, frozen 

aliquots of horse serum to be used as control were created (Ceron et al., 2014). Horses reportedly 

show PON-1 values lower than dogs or cats and higher than livestock (Rossi et al., 2013; Giordano 

et al., 2013; Ruggerone et al., 2018; Rossi et al., 2020). For this reason, equine serum with 

intermediate values was preferred to other species as quality control material. Leftovers of horse 

serum samples received at the university teaching hospital laboratory for routine analyses were 

collected. On each sample PON-1 activity was measured in triplicate before and after 1:2 dilution, 

with an automated analyzer (Cobas Mira, Roche diagnostic, Basel, Switzerland) using the 

enzymatic method already explained and validated in equine medicine (Ruggerone et al., 2018).  
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Results and volume of each sample were recorded, and samples were stored within the day of 

collection at -20°C. Samples collection lasted until we reached a calculated volume of about 30 

mL for each of two pools: a high-level pool (calculated average PON-1 value = 55.24 U/mL) and 

a-low level pool (calculated average PON-1 value = 33.99 U/mL). Pools were created merging 

samples and, on each of the two, 20 measurements of PON-1 activity were performed, in order 

to calculate average (59.3 U/mL for high-level pool and 37.7 U/mL for low-level pool) and 

standard deviation (1.2 and 1.5 respectively). Then, 150 μL aliquots were created and stored at -

20°C, to be used as control samples for future PON-1 measurements on horse serum. 

Statistical analysis 

In all studies, statistical analysis was performed using an Excel spreadsheet and a specific 

software (Analyse-it, Analyse-it Software Ltd, Leeds, UK) using statistical tests considered more 

appropriate to each study design, as detailed below. For all statistical tests, significance was set 

for P<0.05. 
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DESCRIPTION OF THE STUDIES
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PARAOXONASE ACTIVITY IN HORSES 

Rationale and aims 

The main aim of studies on equine PON-1 was to assess the potential role of this molecule as a 

diagnostic or prognostic biomarker in spontaneous or experimentally induced systemic 

inflammatory reaction syndrome (SIRS) and sepsis (studies I and II, respectively). These studies 

represented the continuation and conclusion of a project already started at our Institution in 

collaboration with other veterinary Institutions (University of Pisa and School of Veterinary 

Medicine and Animal Science of the São Paulo State University), where samples were collected 

and (study II) the experimental protocol was designed and run. Both studies were completed by 

measuring PON-1 activity on collected samples and analyzing results, and were subsequently 

published in the Journal of Veterinary Medicine [doi:10.1111/jvim.15722] and in BMC Veterinary 

Research [doi:10.1186/s12917-020-02629-4], respectively, and will be now described separately. 

I. Paraoxonase-1 activity evaluation as a diagnostic and prognostic marker in horses  

Study design 

The study was performed on 172 blood samples from 58 horses (36 mares, 17 geldings, and 5 

stallions) referred to 3 different hospitals providing secondary health care. Horses were classified 

as sick on the basis of clinical examination and ancillary tests (routine serum biochemistry and 

hematology, radiographs, ultrasound examination, and cytological and bacteriological 

evaluation of synovial fluid or bronchoalveolar lavage fluid). The following data were recorded 

in order to classify and divide the sick horses in SIRS-positive or SIRS-negative groups (Roy et al., 

2017): presence of abnormal leukocyte count as leukopenia or leukocytosis (reference interval 

[RI], 5.0-12.5 × 103/μL), left shift (RI, >10% band neutrophils), hyperthermia or hypothermia (RI, 

37.0°C-38.5°C), tachycardia (RI, >52 beats per minute [bpm]), and tachypnea (RI, >20 breaths per 

minute). Horses with 0 or 1 abnormal criterion were included in the SIRS-negative group, 

whereas horses with ≥2 abnormal criteria were included in the SIRS-positive group (Roy et al., 

2017). Retrospectively, sick horses also were divided into survivors and non-survivors. Animals 

were considered survivors if they were discharged from the hospital, whereas they were 

considered non-survivors if they died or were humanely euthanized because of severe medical 

prognosis rather than for economic reasons.  
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Although all the sick horses included in the study were admitted to the hospitals within 30 hours 

after the onset of the disease, it was not possible to standardize the time elapsed from the onset 

of clinical signs and the first sampling or to collect a complete history regarding the pre-admission 

period. After the first sampling (T0), all of the horses received appropriate treatment based on 

the actual diagnosis and clinical presentation. 

Blood samples were collected by the investigators within 1 hour after admission at the hospital, 

and additional samples then were collected at 24-hour intervals until discharge or death or for a 

maximum of 96 hours. Lipemic samples were excluded from the study. Blood samples were 

collected from the jugular vein for the determination of complete blood count and PON-1 activity 

using a sterile syringe and 16G needle. Each blood sample was divided into 2 aliquots: a 1-mL 

aliquot was collected in potassium ethylene diamine tetra-acetic (K2EDTA) and analyzed using a 

cell counter (ProCyte Dx, IDEXX, Westbrook, Maine) within 5 minutes after collection. A second 

2.5 mL aliquot was collected in plain tubes and centrifuged at 2100 relative centrifugal force for 

10 minutes within 4 hours of collection. The harvested serum was placed in sterile tubes, frozen 

at -20°C to be transported to the laboratory, where serum PON-1 activity was measured in a 

single batch as described above. The study was performed during the regular course of 

hospitalization of the animals and with the owner's written consent. Therefore, a formal 

authorization by the Institutional ethical committee was not needed (decision 2/2016, Ethical 

committee of the University of Milan). 

Results for PON-1 activity upon admission to the hospital from SIRS-positive horses were 

compared with results from the SIRS-negative horses, using the Mann-Withney U test. The same 

test was used to compare the results obtained upon admission between survivors and non-

survivors. A Fisher exact test was used to verify the association between categorized PON-1 

results (within vs. below the RI) and SIRS-positive or negative classification or outcome (survivors 

vs. non-survivors). To assess diagnostic performance of PON-1 activity in detecting SIRS-positive 

horses, the numbers of samples from SIRS-positive and SIRS-negative subjects that upon 

admission had PON-1 activity within or below the RI established in the previous study by 

Ruggerone et al. (2018) were counted. Data then were classified as follows:  

• True-positive (TP): Sick horses with PON-1 activity lower than the RI and SIRS-positive; 

• False-positive (FP): Sick horses with PON-1 activity lower than the RI and SIRS-negative; 

• True-negative (TN): Sick horses with PON-1 activity within the RI and SIRS-negative; and 

• False-negative (FN): Sick horses with PON-1 activity within the RI and SIRS-positive. 
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The same classification scheme was used to assess the diagnostic performance of PON-1 activity 

in detecting animals with a poor prognosis, considering as “positive” the non-survivors and as 

“negative” the survivors. In both instances, TP, TN, FP, and FN results were used to calculate 

sensitivity, specificity and likelihood ratios using standard formulas (Gardner et al., 2006; Jensen 

and Kjelgaard-Hansen, 2010). Results from sequential samplings collected after treatment were 

not statistically compared to each other because of the low number of samples that had 

comparable follow-up. Hence, the analysis of results collected during the follow-up was limited 

to a visual observation of the trend recorded in animals that survived or died despite treatment. 

Results  

The 58 sick horses were grouped as follows based on the final diagnosis: obstructive or 

strangulated colic (n=34), other gastrointestinal diseases (n=4:3/4, enteritis; 1/4, esophageal 

obstruction), bacterial pneumonia or pleuropneumonia (n=4), trauma (musculoskeletal or skin 

or both; n=8), neoplasia (n=2), and paraphimosis, neurological signs, pyometra, sinusitis, 

pericarditis and Cesarean section (n=1 each). 

The SIRS-positive horses consisted of 35/58, whereas 23/58 were classified as SIRS-negative. The 

SIRS-negative horses had obstructive (7/23) or strangulated (4/23) colic, trauma (4/23 horses: 

1/4, mild fracture; 3/4, wound), 2/23 neoplasia and granulomatous enteritis, respectively, and 

1/23 paraphimosis, pyometra, sinusitis, and choke, respectively. The SIRS-positive horses had 

obstructive (4/35) and strangulated (19/35) colic, 4/35 pneumonia or pleuropneumonia (3/4, 

pneumonia; 1/4, pleuropneumonia), 3/35 severe trauma, 1/35 pericarditis, Cesarean section, 

and granulomatous enteritis associated with dermatitis, respectively. The SIRS score was 4 in 

3/35 horses, all affected by pneumonia or pleuropneumonia, 3 in 15/35 animals (1/15 

obstructive and 10/15 strangulated colic; other gastrointestinal disease, 1/15; trauma, 2/15; 

pneumonia, 1/15), and 2 in 17/35 (3/17 obstructive and 9/17 strangulated colic; trauma, 3/17; 

1/17, pericarditis and Cesarean section, respectively). 

Eighteen of 58 horses died despite treatment. Nine of these 18 horses were euthanized because 

of worsening clinical condition and not for economic reasons and 9/18 died spontaneously. Non-

survivor horses were affected by obstructive (n=3) or strangulated colic (n=9), pneumonia or 

pleuropneumonia (n=4), trauma and other gastrointestinal diseases (n=1 each). Thirteen horses 

died or were euthanized after the first sampling, 1 after the third sample, and 4 after the fifth 

and last sample. 
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At admission, 11/58 horses had PON-1 activity lower than the lower limit of the RI of adult horses 

(38.0 U/mL). However, when results recorded in males, females or geldings were compared with 

the lower limit of the specific RI (males, 38.4 U/mL; females, 37.3 U/mL; geldings, 33.2 U/mL), 

only 10 horses (9 females and 1 gelding) had low PON-1 activity. 

No differences were found in PON-1 activity between SIRS-negative (mean ± SD, 49.1 ± 8.2 U/mL; 

median, 46.5 U/mL; I-III interquartile range, 43.6-54.3 U/mL) versus SIRS-positive horses (45.3 ± 

11.9 U/mL; 45.8 U/mL; 35.4-54.6 U/mL; P=0.21) and between survivors (47.9 ± 9.1 U/mL; 46.5 

U/mL; 39.9-54.8 U/mL) versus non-survivors (44.4 ± 13.5 U/mL; 44.1 U/mL; 33.3-53.4 U/mL; 

P=0.27) (Figure 3).  

 

 
Figure 3. A, Distribution of results according to the systemic inflammatory response syndrome (SIRS) 
status. B, Distribution of results according to the outcome. The boxes indicate the I-III interquartile range 
(IQR), the horizontal black line indicate the median values, whiskers extend to further observation within 
quartile I minus 1.5 × IQR or to further observation within quartile III plus 1.5 × IQR. The white circles 
indicate the outliers. The dotted line indicates the lower limit of the RI reported in healthy horses. 
 

Contingency analysis showed a significant association between categorized PON-1 activity and 

SIRS classification (positive versus negative; P=0.002) and between categorized PON-1 activity 

and outcome (P=0.02). No significant differences were found when the analysis was restricted to 

geldings (SIRS-negative: 46.2 ± 6.4 U/mL; 44.6 U/mL; 42.9-50.4 U/mL; n=11; versus SIRS-positive: 

44.9 ± 15.7 U/mL; 44.4 U/mL; 30.7-54.4 U/mL; n=6; P=0.81; survivors: 44.5 ± 7.7 U/ mL; 43.8 

U/mL; 38.9-49.2 U/mL; n=12; versus non-survivors: 48.9 ± 15.1 U/mL; 50.0 U/mL; 38.8-58.5 

U/mL; n=5; P=0.38). Conversely, in mares, PON-1 activity was significantly lower (P=0.05) in SIRS-

positive horses (44.8 ± 11.2 U/mL; 45.8 U/mL; 35.4-54.5 U/mL; n=27) compared with SIRS-

negative horses (53.9 ± 9.1 U/mL; 54.6 U/mL; 48.9-56.9 U/mL; n=9). 

As noted in Figure 3, horses with PON-1 activity lower than the RI were found only in the SIRS-

positive group, that, however, also included several horses with normal PON-1 activity. 
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Conversely, either horses with low PON-1 activity or horses with normal PON-1 activity were 

found in both groups on the basis of outcome (Figure 3).  

The number of FP, FN, TP, and TN recorded in each group, and specificity, sensitivity or positive 

likelihood ratio calculated are reported in Table 1. 

 

Table 1. Sensitivity (Sens), specificity (Spec), and positive likelihood ratio (LR+) in the examined 
subpopulation according to the SIRS status and the outcome.  

  TP FN FP TN TOT Sens (%) Spec (%) LR+ 

SIRS 

Whole 

caseload 
10 25 0 23 58 28.6 (16.3-45.1) 100.0 (85.7-100.0) n.c. 

Stallions 0 2 0 3 5 0.0 (0.0-65.8) 100.0 (43.9-100.0) n.c. 

Mares 8 19 0 9 36 29.6 (19.5-48.5) 100.0 (70.1-100.0) n.c. 

Geldings 2 4 0 11 17 33.3 (9.7-70.0) 100.0 (74.1-100.0) n.c. 

Outcome 

Whole 

caseload 
7 11 4 36 58 38.9 (20.3-63.4) 90.0 (76.9-98.0) 3.89 

Stallions 0 0 0 5 5 n.c. 100.0 (56.6-100.0) n.c. 

Mares 6 7 3 20 36 46.2 (23.2-70.9) 87.0 (67.9-95.5) 3.54 

Geldings 1 4 1 11 17 20.0 (3.6-62.4) 91.7 (64.6-98.5) 2.40 

FN, false negative; FP, false positive; n.c., not computable; SIRS, systemic inflammatory response 
syndrome; TN, true negative; TOT, total number; TP, true positive. The 95% confidence intervals of Sens, 
Spec, is reported in brackets. 
 

As shown in Table 1, low PON-1 activity has an absolute specificity for the diagnosis of SIRS (no 

FP were found, independent of group and corresponding cutoff). Conversely, PON-1 activity has 

a variably low sensitivity, because the number of FN (normal PON-1 activity in SIRS-positive 

horses) was high, especially in male adults. 

When animals are grouped based on outcome, specificity, although high, is not absolute, and FP 

results may occur. However, when PON-1 activity is low, the likelihood to have a poor prognosis 

is 2.40 to 3.89 times higher than the likelihood to have a positive response to treatment. 

Results recorded in the 36 horses repeatedly sampled during follow-up are reported in Table 2. 
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Table 2. Results of PON-1 activity (U/mL) recorded in sequential samplings of the 36 horses that were 
survivors (S) or non-survivors (NS) at the end of the study period and that were sampled during the follow 
up. Results below the lower reference limit are reported in bold. 

N * T0 T24 T48 T72 T96  N * T0 T24 T48 T72 T96 

9 S 35.2 32.5 36.5 37.3   36 S 50.4 35.3 46.1   

10 S 36.6 41.7 54.5 50.1   38 S 51.2 46.3 53.4 52.4  

11 S 37.5 46.4 56.9 51.9 49.1  39 S 51.5 47.6    

12 S 38.3 44.2 40.2 42.8   40 S 52.3 64.4 60.6 61.5 62.1 

15 S 38.9 30.5 39.5 37.7 43.6  41 S 52.6 45.8 58.7 40.5 42.8 

17 S 39.2 49.5     43 NS 53.2 39.4 30.8 38.3 43.1 

20 S 42.7 45.9 46.1    44 S 54.6 63.8 60.2 56.9  

21 S 43.3 34.0 43.1 42.5 42.9  45 S 54.9 52.4 54.7 58.3  

22 NS 43.6 46.7 44.5    46 NS 55.9 44.9 43.6 37.5 36.7 

23 S 43.8 43.8 44.5    48 S 56.9 45.9 47.3 55.3  

24 S 43.8 40.6     50 S 57.0 57.0 60.4   

25 S 44.4 37.4 34.0 37.0 38.4  51 S 58.3 50.9 63.4 58.3 58.3 

27 S 45.4 37.6 35.5 40.6 39.2  52 S 60.3 43.1 49.6 49.0 45.5 

28 S 45.6 49.4 52.3 55.3   53 NS 61.0 62.6 48.1 45.4 59.9 

29 S 45.8 51.5     54 S 62.3 42.7 33.6 38.4 45.0 

31 S 46.5 46.9 49.1 47.4 53.4  55 NS 64.0 45.1 52.5 53.1 51.9 

32 S 46.6 37.0 33.9 38.4 50.9  56 S 65.3 59.2 59.7 48.8 63.0 

34 S 47.1 39.4 44.6 42.4 38.3  58 S 72.6 57.2 68.3 65.7 54.5 

 

Sampling was repeated in 5 horses that had normal PON-1 activity upon admission but died 

despite treatment (non-survivors). Analysis of sequential samplings indicated that none of these 

horses had persistent decreases of PON-1 activity over time: only 1 of these horses had low PON-

1 activity before death, whereas 1 had a transient decrease in PON-1 activity 24 or 48 hours after 

treatment, but PON-1 activity returned to within normal limits at the last 2 samplings. However, 

a transient decrease followed by rapid normalization also was observed in 6 of the 28 survivors, 

which had normal values upon admission and were sampled at least for 48 hours. Only 3 

survivors that had low PON-1 activity upon admission were repeatedly sampled during follow-

up. In all 3 horses, activity increased over time and in 2 of them PON-1 activity rapidly returned 

to within normal limits. 
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Discussion  

In several species, the activity of PON-1 decreases in association with oxidative stress that 

characterizes sepsis (Bionaz et al., 2007; Novak et al., 2010; Tvarijonaviciute et al., 2012; Rossi et 

al., 2013; Rossi et al., 2014a; Escribano et al 2015). Our study was designed to assess whether 

the activity of the antioxidant enzyme PON-1 may serve as a diagnostic or prognostic marker in 

horses. To this aim, a paraoxon-based method recently validated in horses was used. However, 

our results only partly support a possible role for PON-1 as a diagnostic marker in horses, because 

low PON-1 activity may be associated with positive SIRS status, whereas normal PON-1 activity 

does not rule out negative SIRS status. 

All of the horses with low PON-1 activity upon admission were also SIRS-positive, whereas several 

SIRS-positive horses had normal PON-1 activity. Moreover, the horses with poor prognosis 

included either horses with low PON-1 activity or horses with normal PON-1 activity. Hence, PON-

1 activity may be a good marker of SIRS in horses only when results recorded upon admission are 

low, as opposed to what has been reported in other species (Rossi et al., 2014a; Giordano et al., 

2013). This difference may suggest that, compared with other species, horses have different 

PON-1 metabolism, or less severe oxidative stress during inflammation. Different from other 

inflammatory markers, PON-1 activity decreases only if oxidative stress is present (Feingold et 

al., 1998; Novak et al., 2010). Future studies including measurement of other markers of 

oxidation (eg, thiobarbituric acid substances, reactive oxygen species) may allow clarification. 

The hypothesis that not all inflammatory conditions are associated with oxidative stress is 

supported by results of previous studies in dogs that found decreased PON-1 activity only in 

some, but not all, dogs with increases in other APP (Rossi et al., 2013; Rossi et al., 2014b). 

Moreover, the horses included in our study were affected by different diseases which likely have 

different severity of oxidation, which could have contributed to the variability of the results. 

Although most horses were affected by colic, the study population was heterogeneous in terms 

of type of disease, the pathogenesis of which may or may not have included oxidative 

phenomena. Unfortunately, the number of cases in the different disease categories was not 

homogeneous and a reliable statistical comparison of results obtained in the different groups 

was not possible. Additionally, it was not possible to standardize the time elapsed between the 

onset of inflammation and the first sampling, and therefore the magnitude of inflammation may 

be different in horses examined just after the onset of clinical signs or a few hours later. In 

people, sepsis is the condition mostly associated with oxidation (Mackness et al., 2004a).  
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The lack of differences of PON-1 activity between SIRS-negative and SIRS-positive horses may be 

related to the fact that SIRS may or may not be associated with sepsis. Thus, it might be possible 

that SIRS-positive horses actually do not have systemic spread of the septic process and vice 

versa. Future studies based on other markers of systemic inflammation such as serum amyloid 

A, that in horses acts as a major APP (Jacobsen et al., 2007), or based on reliable tests to definitely 

classify the SIRS-positive horses as septic or non-septic would be useful to more accurately 

classify horses or foals with SIRS. In other species, decreased PON-1 activity is a negative 

prognostic marker and may predict outcome (Rossi et al., 2014b; Giordano et al., 2013; Atay et 

al., 2014). This does not seem to be true in horses, because the specificity of decreased PON-1 

was not absolute, possibly because of the same factors described above. However, comparison 

of results from horses with positive or negative outcome also may have been biased by the low 

number of observations, on one hand, and by the wide distribution of results in the non-survivors 

on the other hand. It is possible that, with increasing numbers of horses with a negative 

prognosis, these differences would become significant. Independent of the mechanisms 

responsible for the lack of decreases in PON-1 activity, the fact that all of the horses with low 

PON-1 activity also were positive for SIRS may have some practical utility. In routine practice, 

when PON-1 activity upon admission is lower than the RI, according to our data, SIRS is always 

present, as demonstrated also by the Fisher test, and the likelihood for the horse to not survive 

is 2.40 to 3.89 times higher than the likelihood to respond to treatment, supporting the 

hypothesis that PON-1 activity may provide useful information in clinical practice. Conversely, 

normal PON-1 activity does not exclude the presence of SIRS or a possible negative prognosis 

despite treatment during follow-up. Therefore, it would be advisable to measure PON-1 activity 

upon admission and pay particular attention to the management of horses with low PON-1 

activity. 

Additionally, our study failed to provide information on the possible utility of sequential 

measurement of PON-1 activity after administration of treatment to achieve prognostic 

information. The number of horses that died and were repeatedly sampled was too low to draw 

any conclusions, as was the number of horses that had low PON-1 activity upon admission and 

survived. Some of the horses with normal PON-1 activity at admission that died during follow-up 

had transient decreases of PON-1 activity below the lower limit of the RI, but this also happened 

in some of the survivors. In other species, a rapid increase of PON-1 activity was recorded in 

animals that had abnormal activity at admission and responded to treatment (Rossi et al., 2013). 
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Therefore, it would be advisable in the future to increase the number of animals, and especially 

the number of non-survivors with repeated samplings. 

Finally, although a previous study (Ruggerone et al., 2018) demonstrated that the RI varies 

among horses of different breeds or use, we did not have the opportunity to apply breed-related 

reference intervals because the number of horses with low PON-1 activity per breed was too low 

to allow a reliable statistical comparison. Therefore, it also may be advisable to investigate, by 

analyzing a larger caseload, whether diagnostic performance could improve by comparing the 

results of sick horses with breed-specific reference intervals. 

II. Measurement of Paraoxonase-1 activity in horses with experimentally induced 
endotoxemia  

Study design 

The study was performed on 66 plasma samples from six non-pregnant 6-9 years old clinically 

healthy Quarter Horse mares, with mean body weight 425 (± 20) kg, belonging to the São Paulo 

State University (Unesp), School of Veterinary Medicine and Animal Science, herd and previously 

sampled during another study (Oliveira-Filho et al., 2012). The study was submitted and 

approved by the São Paulo State University, Institutional Animal Care and Use Committee 

Institutional Animal Care and Use Committee (108-A/2007). All experiments on animals were 

carried at the São Paulo State University (Unesp). In these animals, endotoxemia was induced by 

intravenous infusion of 30 ng/kg of LPS (E. coli O55:B5, Sigma-Aldrich, St. Louis, MO, USA) in 300 

ml of 0.9% sterile NaCl over 30 min. Blood samples were collected through a 14G catheter 

aseptically inserted in the right jugular vein at time 0 h (immediately before LPS infusion) and at 

several time intervals from 2 to 240 h after infusion. Heparinized samples were used to perform 

a cell blood count (only at some time point) and then centrifuged. Aliquots of plasma were used 

to measure total protein, serum iron and fibrinogen, and then stored at -80°C until the analysis. 

Part of the aliquots were transferred on dry ice to the University of Milan for the measurement 

of PON-1. Details of the hematological and biochemical parameters that were investigated in the 

previous study (Oliveira-Filho et al., 2012), as well as the clinical score and laboratory results 

recorded at the different time points selected for the current study are reported in Table 3.  
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Table 3. Mean ± standard deviation regarding the clinical score and the main clinico-pathological changes 
recorded in the previous study (Oliveira-Filho et al., 2012) in the time points selected for inclusion in this 
study. 

 

Time 

WBC 

x103/µL 

PMN 

x103/µL 

PCV 

(%) 

Hb 

(g/dL) 

Iron 

(μg/dL) 

Fibrinogen 

(mg/dL) 

Protein 

(g/dL) 

CLINICAL 

SCORE 

0 8.3 ± 1.2 4.4 ± 0.8 36.5 ± 2.7 10.8 ± 2.1 105.2 ± 15.0 300.0 ± 63.2 7.2 ± 0.4 0.00 ± 0.00 

2 nd nd 36.3 ± 2.9 nd 103.4 ± 17.8 250.0 ± 54.8 7.1 ± 0.4 1.67 ± 0.26 

6 9.8 ± 3.0 8.0 ± 0.3 37.2 ± 3.0 12.4 ± 1.3 70.5 ± 10.4 300.0 ± 89.4 7.4 ± 0.5 0.67 ± 0.27 

12 nd nd 36.8 ± 3.3 nd 36.4 ± 4.9 283.3 ± 160.2 7.4 ± 0.3 0.00 ± 0.00 

24 13.3 ± 2.7 9.1 ± 2.5 35.8 ± 4.1 11.5 ± 1.5 66.7 ± 31.7 350.0 ± 54.8 7.2 ± 0.4 0.00 ± 0.00 

36 nd nd 35.3 ± 3.7 nd 142.6 ± 37.8 383.3 ± 147.2 7.2 ± 0.5 0.00 ± 0.00 

48 11.9 ± 1.4 7.4 ± 1.5 35.3 ± 2.3 11.5 ± 1.2 146.5 ± 22.8 350.0 ± 104.9 7.1 ± 0.4 0.00 ± 0.00 

72 11.2 ± 2.1 6.6 ± 1.2 35.3 ± 1.8 11.3 ± 1.0 115.9 ± 30.5 383.3 ± 132.9 7.2 ± 0.6 0.00 ± 0.00 

168 9.5 ± 1.1 5.4 ± 0.9 35.7 ± 2.9 11.6 ± 1.0 113.1 ± 28.5 366.7 ± 103.3 7.5 ± 0.7 0.00 ± 0.00 

240 9.2 ± 1.1 4.7 ± 1.1 35.5 ± 2.1 11.6 ± 1.2 102.6 ± 20.5 316.7 ± 98.3 7.7 ± 0.5 0.00 ± 0.00 

WBC, white blood cells; PMN, polymorphonuclear leukocytes; PCV, packed cell volume; Hb, hemoglobin; 
nd, not determined 
 

To summarize, all horses subjected to LPS infusion showed clinical signs related to endotoxemia, 

such as depression, muscle fasciculations, intestinal hypomotility and mild-to-moderate 

abdominal pain and they had a significant increase in the clinical score proposed by Moore et al. 

(2007) based on heart and respiratory rate and of body temperature from 1 to 6 h (P<0.01). 

Starting from 12 h and up to 240 h post-infusion, clinical score was reported as normal. 

Conversely, neutrophilic leukocytosis, lymphopenia and decreased plasma iron were detectable 

between 6 and 24 h, then gradually normalized over time, with the return to normal levels at 72 

h (Oliveira-Filho et al., 2012). All animals showed no sequelae at the end of the study and 

returned to the activities they performed before the study. On the basis of clinical score and 

laboratory data, the current study was done on samples collected at time 0, 2, 6, 12, 24, 36, 48, 

72, 168, and 240 h after infusion, to concentrate the analysis in samples that had the most 

prominent clinical or laboratory changes and to include two additional samples (168 and 240 h) 

to assess possible long-term effects on PON-1 activity. Plasma PON-1 activity was measured as 

described above and data recorded in the different sampling times were compared to each other 

using a non-parametric ANOVA test for repeated measurements (Friedmann test) followed by 

the Wilcoxon signed rank test to compare paired results recorded at each sampling time. The 
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Spearman test was used to investigate the possible correlation between mean PON-1 activity 

and mean values of the clinical or laboratory changes recorded in the previous study (Oliveira-

Filho et al., 2012).  

Results 

Table 4 and Figure 4 report PON-1 activity measured at scheduled time points. A progressive 

decrease in PON-1 activity from baseline was observed from 24 h after the end of LPS infusion. 

The Friedmann test evidenced that results collected at the different sampling times were 

significantly different to each other (P<0.001). Mean PON-1 values measured from 48 h to 168 h 

post-infusion were significantly lower than those recorded in the samples collected in the first 

24 h and especially from the baseline values. After this transient decrease, at 240 h post-infusion 

PON-1 activity returned to similar baseline values, significantly higher than lowest ones observed 

72- and 168-h post-infusion. 

 

Table 4. Mean, standard deviation, median and range of plasma PON-1 activity for scheduled time points 
before (T0) and after (T2-T240) LPS administration in healthy horses (n=6).  

Sampling 

time 

(hours) 

PON-1 (U/mL) 

mean ± SD median min-max 

0 33.7 ± 6.3 35.6 28.8-38.4 

2 34.6 ± 8.2 31.5 30.0-42.7 

6 33.0 ± 7.9 31.7 27.3-36.5 

12 33.5 ± 5.4 33.3 29.1-36.4 

24 31.9 ± 8.8 33.1 22.5-39.7 

36 27.6 ± 5.8 28,8 23.4-32.6 

48 27.2 ± 5.8 27.5 22,2-32,3 

72 23.5 ± 6.4 24.6 16.4-29.2 

168 24.8 ± 5.3 24,5 20.9-29.7 

240 30.6 ± 5.1 32.4 24.5-34.5 

Asterisks indicate values significantly different (P<0.05) from reported time points 
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Figure 4. Plasma PON-1 activity (U/mL) measured at scheduled time points before (T0) and after (T2-T240) 
LPS administration in individual healthy horses (n=6). The boxes indicate the I-III interquartile range (IQR), 
the horizontal black line indicate the median values, whiskers extend to further observation within 
quartile I minus 1.5 × IQR or to further observation within quartile III plus 1.5 × IQR. Time points that are 
significantly different to each other are indicated by the same letters on the top of boxplots. 
 

Moreover, PON-1 activity was negatively correlated with fibrinogen (P<0.001, rs=−0.899) and 

positively correlated with the PCV (P=0.008; rs=0.779). No other significant correlations with 

laboratory parameters were found. Similarly, the clinical score was not correlated with PON-1 

activity. 

Discussion 

PON-1 has an established role in modulating oxidative stress, which is a major promoter and 

mediator of the systemic inflammatory response occurring in sepsis (Draganov et al., 2010). The 

activity of PON-1 during septic inflammation has been evaluated in other species (Novak et al., 

2010; Tvarijonaviciute et al., 2012; Torrente et al., 2019; Giordano et al., 2013; Iftimie et al., 

2019), but not in horses yet. We investigated plasma PON-1 activity following intravenous 

injection of 30 ng/kg of LPS (E. coli O55:B5) in healthy horses included in a previous study. The 

authors of the previous study demonstrated significant clinical changes caused by endotoxemia 

within the first 12h post-infusion, significant changes in WBC counts 6h and marked neutrophilia 

at 24h after LPS infusion. Then, all these changes normalized in all horses after 48 h.  
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Plasma iron concentration significantly decreased to lowest values at 12 h post-infusion and 

raised again starting from 24 h, returning to baseline values at 36 h. As expected, we observed a 

decrease in PON-1 activity. Differently from clinical signs and changes in WBC and plasma iron 

reported in the previous study (Oliveira-Filho et al., 2012), PON-1 activity recorded in the present 

study did not show significant changes in the first 12 h. On the contrary, a significant decrease in 

PON-1 activity was recorded starting from 48h post-infusion, when all the other clinical and 

analytical parameters had returned to normal reference intervals. The simultaneous decrease in 

PON-1 activity and recovery from clinical signs is in contrast with those studies that in people 

reported PON-1 increase when patients with naturally occurred sepsis clinically improved (Novak 

et al., 2010; Sans et al., 2012; Bojic et al., 2014). The same studies however (Sans et al., 2012; 

Bojic et al., 2014), reported a sustained decrease in PON-1 activity for several days, which we 

also observed. Our study is based on an experimental model of endotoxemia, which does not 

completely mimic the conditions and pathologic pathways of naturally occurring endotoxemia. 

In the previous study (Oliveira-Filho et al., 2012), the evaluation of short-term effects of LPS 

infusion (i.e. 0–6h after LPS administration) was based on clinical changes and not on a complete 

SIRS score, that also includes the evaluation of WBC count. However, all the horses had at least 

2 alterations of clinical parameters consistent with SIRS status evaluation proposed by Roy et al. 

(2017) and therefore it can be assumed that LPS administration induced a systemic inflammatory 

reaction. Our results agree with other papers assessing PON-1 activity in experimentally induced 

endotoxemic animals. In dogs, Tvarijonaviciute et al. (2012) reported normalization of clinical 

signs in 48h after LPS administration (although clinical signs occurred earlier compared with 

horses included in our study), and decreased PON-1 activity at 30 h, which progressed and 

became significant at 48h compared to 24h; a similar trend to what we observed. These authors 

did not measure PON-1 activity over 48h post LPS administration, so a comparison of long-term 

normalization of PON-1 activity cannot be made. Feingold et al. (1998) found in Syrian hamsters 

a progressive decrease in PON-1 activity, already significant 8h after LPS administration, which 

even in this case persisted at least up to the last sampling at 48h. These and our results seem to 

state that experimentally induced endotoxemia induces changes in PON-1 activity that does not 

have a rapid resolution, contrarily to clinical signs, that normalize earlier. This latter discrepancy 

may explain the lack of significant correlations between PON-1 activity and the clinical score. Our 

data seem to state that endotoxemia triggers changes in PON-1 activity later and for a longer 

period, compared with leukocyte count and plasma iron concentration.  
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Again, this delayed response may explain the lack of correlations between PON-1 activity and 

many laboratory changes, except for fibrinogen, which as expected for a positive APP, negatively 

correlated with PON-1 activity, and for the PCV that increased soon after LPS infusion likely due 

to dehydration and then decreased to normal values, thus paralleling the late decrease of PON-

1. This late PON-1 response could be interpreted as a delayed occurrence of inflammatory 

oxidations and oxidative stress, possibly due to a different PON-1 metabolism during 

inflammation in horses compared to other species, as suggested by Ruggerone et al. (2020). 

Otherwise, it may also be possible that anti-inflammatory oxidations occurred in the first 12h 

post-LPS infusion, determining PON-1 activity fluctuations not wide enough to produce 

significant changes, possibly because of a less severe oxidative stress in horses compared to 

other species (Ruggerone et al., 2020). A reduced hepatic synthesis, due to cytokine down 

regulation or to liver function impairment after LPS administration, could have determined the 

subsequent noticeable decrease of PON-1 activity from the third day up to the seventh. Feingold 

et al. (1998) simultaneously evaluated also liver PON-1 mRNA expression and observed an earlier 

and greater decrease in mRNA level, starting from 4h post-LPS administration and reaching 

lowest values at 16 h, followed by a progressive increase which did not reach baseline values at 

48h. This led to the hypothesis that acute changes in PON-1 production mildly affect serum 

levels, possibly because of a relatively long half-life of the enzyme (Feingold et al., 1998). Liver 

expression of PON-1 mRNA was not evaluated in our study, but a similar mechanism would 

explain the delayed and sustained decrease in PON-1 activity that followed clinical recovery and 

normalization of other laboratory parameters. Investigation of PON-1 liver expression in the 

future may clarify the causes of delayed and prolonged decrease of PON-1. Furthermore, PON-1 

activity is dependent on the lipid and protein composition of HDL (James and Deakin, 2004), and 

correlation with lipid profile and other markers of inflammation such as serum amyloid A, may 

help acquiring knowledge about PON-1 metabolism in this species. Biomarkers of sepsis so far 

evaluated in horses include interleukin-1β (IL-1β), interleukin-10 (IL-10), interleukin-6 (IL-6), 

serum amyloid A (SAA), soluble CD14 (sCD14) and procalcitonin (Bonelli et al., 2017). 

Measurement of sCD14 provided contrasting results: no significant differences in concentration 

were recorded among time in experimental settings (Bonelli et al., 2017), while sCD14 was higher 

in spontaneous clinically endotoxemic than in nonendotoxemic horses, showing however no 

correlation with LPS concentration (Fogle et al., 2017). In many studies involving different types 

of experimentally induced endotoxemia in horses, cytokine expression was rapidly upregulated. 
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Following LPS infusion, IL-1β and IL-6 gene expression peaked at 60 and 90 min respectively and 

decreased to still significantly higher levels than baseline 3 h post infusion (Nieto et al., 2009). In 

a similar way, serum TNF-α increases within 30min, peaks at 60 min, and decreases 2–3 h from 

endotoxin administration (Nieto et al., 2009; Poulin et al., 2009). Even if studies about SAA in 

experimentally induced endotoxemic horses are not available, blood SAA concentration is 

reported to increase up to 1000 times 6h after inflammatory stimuli and decrease within 12h 

after stimulus removal (Long et al., 2020; Nunokawa et al., 1993; Jacobsen et al., 2006). It is not 

known if infection causes an earlier or persistent increase in SAA concentration compared with 

non-infectious inflammation, but there is evidence that infections are particularly effective in 

producing strong SAA responses (Taylor, 2015), especially in neonatal sepsis (Witkowska-

Piłaszewicz et al., 2019). Since SAA is produced by the liver in response to cytokines stimulation, 

it is reasonable to think its increase in circulation be delayed. A decrease in PON-1 activity would 

be expected together with the early increase in SAA levels, since during the acute phase response 

the latter displaces PON-1 in HDL (Van Lenten et al., 1995) and these two APPs were reported to 

be inversely correlated (Kotani et al., 2013). However, cytokine-dependent hepatic regulation 

could have major impact on PON-1 activity rather than displacement by SAA (Han et al., 2006), 

and this would explain the delayed decrease of PON-1 activity, as reported above. Comparing 

changes in PON-1 activity detected in this study and changes in other markers investigated in 

experimentally induced endotoxemic horses, it seems that other markers normalize before PON-

1 decreases. In fact, CCL-2 and IL-10 concentrations increased, peaked and decreased within 24h 

post-infusion. Procalcitonin as well showed a similar trend, but its concentration, even if 

decreased, was still statistically higher than baseline 24 h post-infusion (Bonelli et al., 2017). 

However, endotoxin is a single factor implicated in the development of sepsis, and it is well 

known that differences exist between experimentally induced and clinical endotoxemia and 

sepsis (Tadros and Frank, 2012). In humans, PON-1 activity and CCL-2 concentration have an 

inverse correlation during natural infection (Iftimie et al., 2016) and CCL-2 decreases together 

with the increase of PON-1 and the resolution of naturally occurring septic processes after 

several days of hospitalization (Sans et al., 2012). Investigation and comparison of changes in 

these markers during natural infection in horses would clarify their behavior, relationship and 

usefulness in this species.  
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This study has some limitations. Firstly, the long storage of samples that may have in part 

affected the magnitude of PON-1 activity. A previous study demonstrated that 6 months storage 

at -20°C can artifactually slightly increase PON-1 activity in dogs (Rossi et al., 2013). However, no 

information on storage stability at -80°C, or storage studies on equine PON-1 are available. 

However, as a support of the hypothesis of a storage effect, PON-1 activity was lower than the 

reference intervals (Ruggerone et al., 2018) in most of the horses at T0 despite the lack of any 

clinical or laboratory abnormality associated with inflammation. Nevertheless, this effect, if any, 

was present for all the samples included in this study and despite possible storage artifacts, 

fluctuations of PON-1 activity consistent with endotoxin-induced inflammation were present. A 

second limitation is the low caseload, coupled with the lack of a control group inoculated with a 

sham solution: this approach, that however, is in line with other studies based on a complex 

study design and is supported also by ethical reasons. However, also in this case, such a low but 

well standardized caseload, on which post-inoculation results were compared with baseline 

values recorded before LPS administration, allowed to have a better overview of the possible 

effect of LPS infusion on PON-1 activity compared with in field studies, on which several variables 

cannot allow to evaluate the direct effect of sepsis on clinical and laboratory parameters. 

Undoubtedly, following an inflammatory stimulus of septic type, such as the administration of 

endotoxins, PON-1 activity decreases, as reported for other species. According to our results, 

plasma iron concentration appears to be an earlier marker of sepsis onset and positive resolution 

compared to PON-1 activity. However, all horses showed a normalization of PON-1 activity to 

baseline values 10days after LPS administration. As claimed by Oliveira-Filho et al. (2012), the 

inflammatory model adopted by the authors is safe and efficient and caused an acute systemic 

inflammation without prolonged inflammatory effects. As noted above, in naturally occurring 

sepsis, clinical and pathological conditions are not as well standardized. Therefore, in natural 

situations, where the extent and severity of inflammation (Draganov et al., 2010) are very 

variable, PON-1 might prove to be useful as a diagnostic or prognostic marker of sepsis. In this 

case, measurement of PON-1 activity could be useful where limitations of iron measurement in 

detecting systemic inflammation exist, for example during corticosteroid administration, iron 

supplementation, hemolysis and age-related variability (Borges et al., 2007). 
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Conclusive remarks 

In conclusion, our studies describe for the first time PON-1 activity in horses with ongoing 

endotoxemia caused by experimental LPS administration and evidence how PON-1 results may 

be handled in horses with spontaneous SIRS potentially induced by sepsis. As expected, LPS 

infusion induced a progressive transient decrease of PON-1 activity, which became maximum 

from 3 days to 7 days post-infusion, followed by a normalization to pre-infusion levels the tenth 

day. The inflammation model employed in our experimental study does not mimic the variety 

and severity of septic diseases occurring in the clinical practice. Therefore, further studies are 

warranted to investigate changes in PON-1 activity during natural onset of endotoxemia in 

horses. However, our data suggest that measurement and monitoring of PON-1 activity might be 

useful to evaluate progression of the septic process and recovery in endotoxemic horses and 

possibly to diagnose it. From this perspective, the study on spontaneous SIRS suggests that 

horses with low PON-1 activity likely have SIRS and may have a negative prognosis, whereas 

normal PON-1 activity does not allow exclusion of SIRS or negative prognosis. This may be a 

consequence of different metabolism of PON-1 in horses, lower magnitude of oxidation 

associated with SIRS in this species or the sensitivity of the assessment of SIRS status in 

identifying SIRS-positive horses. The exact mechanism responsible for this difference should be 

investigated in future studies based on a higher number of horses, on a higher number of horses 

sampled repeatedly during follow-up, and on a wider panel of tests that should include other 

markers of oxidation or systemic inflammation and horses with experimentally induced SIRS, by 

which several variables typical of field studies may be standardized. 
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PARAOXONASE ACTIVITY IN DOGS  

Rationale and aims 

The role of PON-1 in canine inflammation has been already described in several studies either 

alone or in comparison with some, but not all the markers that may be routinely used for 

diagnostic or prognostic purposes in dogs with inflammation. Therefore, within this thesis we 

preferred to investigate the potential utility of PON-1 in dogs in selected clinical scenarios. More 

specifically, three separate studies were performed: 

• We first compared the diagnostic potential of PON-1 and CRP with that of carbonylated 

proteins (PCOs), recently proposed as an ancillary marker of inflammation in dogs, by 

completing a study already started within a previous PhD thesis in collaboration with the 

Department of Veterinary Medicine of the University of Bologna (study III). This study was 

published in the journal Veterinary Sciences [https://www.mdpi.com/2306-7381/8/6/93].  

• We assessed the ability of PON-1 and CRP in detecting oxidative phenomena associated with 

seropositivity for Borrelia burgdorferi sensu lato, within a serosurveillance plan for Borrelia 

burgdorferi sensu lato in dogs living in the area of Valchiavenna (Northern Italy), leaded by 

the section of parasitology of our Department (study IV). The results of this study were 

presented as a poster at the 74th Congress of Società Italiana delle Scienze Veterinarie 

(SISVet) in June 2021. 

• We evaluated the potential utility of PON-1 as a screening test in the population of dogs 

admitted to the Veterinary Teaching Hospital of the University of Milan, to assess whether 

PON-1 values may identify dogs affected by severe diseases, dogs requiring hospitalization 

to achieve complete recovery, or dogs with a negative outcome (study V). This study has 

been completed in late 2021 and will be soon submitted for publication to a peer reviewed 

journal. 
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III. Comparison of protein carbonyl, Paraoxonase-1 and C-reactive protein as diagnostic 
and prognostic markers of septic inflammation in dogs 

Study design 

This retrospective study was done on 92 serum samples collected from privately owned dogs (37 

males, 10 castrated males, 29 females and 16 neutered females) that underwent clinical 

examination at the University of Bologna and Milan. Samples were stored at the same 

Institutions at −80 ◦C for a maximum of 12 months. The median age of the dogs included in the 

study was 36 months (age range: 1 month–15 years). Thirty-six dogs were mongrels, whereas 

the other dogs were: German Shepherds (n=8), Golden Retrievers (n=4), Cavalier King Charles 

Spaniels, Labrador Retrievers, American Staffordshire Terriers, Italian Bloodhounds (n=3 for each 

breed), Pugs, English Bulldogs, Miniature Poodles, Doberman Pinschers, Maremmano-Abruzzese 

Sheepdogs, Jack Russell Terriers, Rottweilers (n=2 for each breed), Maltese, Leonberger, 

Yorkshire Terrier, Bernese Mountain Dog, English Setter, Dachshund, Shetland Sheepdog, 

Airedale Terrier, Australian Shepherd, Great Dane, Shih Tzu, Cocker Spaniel, Chihuahua, 

Weimaraner, Italian Pointer, Dogo Argentino, Saluki, Rhodesian Ridgeback, Spanish Greyhound 

(n=1 for each breed). Dogs were divided into the following three groups: 

• Group A, clinically healthy: 35 dogs (12 males, 7 castrated males, 10 females, 6 neutered 

females; median age 24 months, age range: 6 months–13 years) that were considered 

healthy on the basis of normal physical examination, history and blood test results; 

• Group B, septic: 34 dogs (12 males, 2 castrated males, 12 females, 8 neutered females; 

median age 60 months; age range: 1 month–15 years) that were considered septic as a result 

of the presence of symptoms such as abnormal mentation, fever or hypothermia, 

tachycardia, tachypnoea and of appropriate tests on the basis of the suspected diagnosis 

(e.g., inflammatory leukogram, cytology consistent with presence of intracellular bacteria, 

abdomen ultrasound examination, thorax X-rays, positive blood culture) (Hauptmann et al., 

1997); 

• Group C, non-septic inflammation or trauma: 23 dogs (13 males, 1 castrated male, 7 females, 

2 neutered females; median age 24 months; age range: 3 months–15 years) polytraumatized 

after motor vehicle accidents (n=15) or falls (n=3) or blunt trauma of unknown origin (n=5): 

in these dogs, sepsis was excluded based on history and collateral tests reported above. 
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Serum samples collected within two hours since first presentation and before starting any 

treatment or just after the administration of treatment were included in this study. Then, all the 

dogs from Groups B and C received appropriate treatments according to the diagnosis. For each 

sick patient, clinical data and outcome were recorded. All the samples were collected from client-

owned dogs for diagnostic purposes or during routine examinations; an informed consent about 

the use of residual amounts of samples for research purposes was signed by the owners. 

Therefore, according to the regulations of our Institution, it was not necessary to require a formal 

authorization to the Institutional animal care committee (Decision of the institutional committee 

no. 2/16 dated 15/02/16).  The serum activity of PON-1 was measured in all the samples included 

in this study as previously described. The serum concentration of CRP was measured in 87 serum 

samples (35 from Group A, 32 from Group B and 20 from Group C) using the automated analyzer 

BT3500 (Biotecnica Instruments SPA, Roma, Italy) using an immunoturbidimetric method 

provided by the manufacturer of the analyzer. The serum concentration of PCO was measured 

in 41 samples (15 from Group A, 14 from Group B and 12 from Group C) using a commercially 

available ELISA kit (Enzo Life science, 3V Chimica, Roma, Italy) following manufacturer’s 

instructions. The plate was read with an automated plate reader (Dasit multiscan, Dasit, 

Cornaredo, Milan, Italy) using a wavelength of 450 nm. A regression standard curve was then 

designed by plotting the lot specific nmoL/mg protein carbonyl concentration of the standards, 

against their absorbances. The concentration of PCO in each sample was then calculated by 

interpolating the absorbance of each sample with the standard curve. The mortality rates 

recorded in the two pathologic groups were compared to each other using a Pearson chi-square 

test. Results regarding PCO, PON-1 and CRP were compared in each group of dogs using the 

Kruskal-Wallis test, followed by a Mann-Whitney U test to assess the differences between single 

groups. The Mann-Whitney U test was used also to compare the results obtained at admission 

from animals that died with those that survived. These comparisons were performed either on 

the whole caseload or on sick dogs (Groups B and C), in order to draw information more relevant 

to the clinical application of the test. A Spearman’s correlation test was used to correlate the 

results of PCO, PON-1 and CRP in the 36 samples on which all the analytes were measured. 

In order to assess the discriminating power of the three analytes in detecting dogs with sepsis or 

with a poor outcome and to establish the optimal diagnostic cut-off, for each numerical value 

recorded in the study (operating point), we classified as true or false positive the dogs with or 

without sepsis or the dogs that died or not, that had PCO or CRP values higher and PON-1 values 
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lower than each operating point, and as true or false negative the dogs with or without sepsis or 

the dogs that died or not that had PCO or CRP values lower and PON-1 values higher than each 

operating point. Sensitivity and specificity and the positive likelihood ratio were calculated for 

each analyte and for each operating point, using standard formulae (Gardner and Greiner, 2006; 

Christenson, 2007), and receiver operating characteristic (ROC) curves were designed by plotting 

sensitivity versus (1–specificity) (Gardner and Greiner, 2006). The Youden index (i.e., the 

operating point that maximizes the difference between true positives and false positives) and 

the operating points characterized by the highest LR+ and by absolute specificity were then 

calculated (Ruopp et al., 2008). Additionally, the evaluation of sensitivity and specificity and ROC 

curve analyses were performed first by also including the control group and then excluding the 

control group.  

Results 

The mortality rate was significantly lower (P=0.027) in the non-septic group (3/23; 13.0%) than 

in the septic group (14/34; 41.2%). No significant differences were found regarding the age 

(P=0.150) or the proportion of male or female dogs (P=0.211) among the three groups. 

A significant difference among groups was found for the serum concentrations of PCO and CRP 

as well as for PON-1 activity (P<0.001 for all the analytes, Table 5, Figure 5). 

 

Table 5. Mean ± SD, median (between parenthesis) and min-max range of PCO, CRP and PON-1 in dogs 
with sepsis, trauma and clinically healthy dogs. 

 PON-1 
(U/mL) 

CRP 
(mg/L) 

PCO 
(nmol/mg of protein) 

SEPSIS 96.4 ± 44.4 (88.7) *** ††† (‡) 
14.1-180.9 

24.22 ± 12.47 (20.60) *** ††† (‡‡‡) 
5.66-60.70 

0.40 ± 0.22 (0.31) *** 
0.22-0.89 

TRAUMA 126.6 ± 25.1 (111.5) *** 
89.6-184.4 

9.46 ± 9.36 (6.17) * 
0.00-30.60 

0.27 ± 0.08 (0.30) ** 
0.11-0.35 

HEALTHY 176.8 ± 24.4 (179.5) 
126.0-220.6 

2.88 ± 3.76 (1.72) 
0.00-20.50 

0.20 ± 0.06 (0.21) 
0.10-0.29 

*** P<0.001 vs Clinically healthy; ** P<0.01 vs Clinically healthy; * P<0.05 vs clinically healthy; ††† P<0.001 
vs trauma; ‡‡‡ P<0.001 vs trauma when only dogs with sepsis and trauma were compared to each 
other; ‡ P<0.05 vs trauma when only dogs with sepsis and trauma were compared to each other 
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Figure 5. Serum PON-1 activity (A) and concentration of CRP (B) and PCO (C) in clinically healthy dogs, in 
dogs with sepsis and in those with polytrauma. The boxes indicate the I-III interquartile range (IQR), the 
horizontal black line indicates the median values, whiskers extend to further observation within quartile 
I minus 1.5 × IQR or within quartile III plus 1.5 × IQR. Black dots indicate the results that are not classified 
as outliers. White dots indicate near outliers (values exceeding the third quartile ± (1.5 × IQR)) and grey 
dots indicate far outliers (values exceeding the third quartile ± (3.0 × IQR)). 
 

In particular, the concentration of PCO was significantly higher in dogs with sepsis and in dogs 

with trauma than in clinically healthy dogs, but no significant differences were found between 

dogs with trauma or sepsis. Conversely, the serum concentration of CRP was significantly higher 

in dogs with sepsis than in dogs with trauma and in clinically healthy dogs; a significant difference 

was also found between dogs with trauma and clinically healthy dogs. Similarly, PON-1 activity 

was significantly lower in dogs with sepsis than in dogs with trauma and in clinically healthy dogs, 

and a significant difference was found also between dogs with trauma and clinically healthy dogs. 
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The same differences were found when only results from dogs with sepsis or trauma were 

compared to each other, although the level of significance was lower than in the previous 

comparison for PON-1 (P<0.05). On the whole caseload, PON-1 was negatively correlated either 

with PCO (P<0.001, r=-0.594) or with CRP (P<0.001, r=-0.510) while PCO and CRP were positively 

correlated to each other (P=0.007, r=0.440) (Figure 6). 

 

 
Figure 6. Correlations between CRP and PCO (A), PON-1 and PCO (B), and CRP and PON-1 (C). 
 

The ROC curve analysis (Figure 7) on the whole caseload demonstrated that all the three analytes 

had a discriminating power for sepsis (P<0.001 compared with the line of no discrimination) 

(Table 6). However, the area under the curve (AUC) of PON-1 and of CRP were significantly higher 

than the AUC of PCO, but not significantly different to each other (P=0.990). 

 

 
Figure 7. Comparison of ROC curves to support a diagnosis of sepsis designed for PCO (black circles, 
continuous line), CRP (black triangles, dotted line) and PON-1 (black squares, dashed line). The graph on 
the left (A) includes the results of the three groups of dogs, the graph on the right (B) includes only the 
results of dogs with sepsis or trauma. The grey line indicates the line of no discrimination. TPF, true 
positive fraction; FPF, false positive fraction. 
 



 46 

Table 6. Area under the ROC curves (AUCs), Youden index and operating points characterized by the 
highest LR+ and by absolute specificity for PON-1, CRP and PCO to support a diagnosis of sepsis, calculated 
either including or excluding clinically healthy dogs from the analysis. 

 Whole population Only sick dogs 

 PON-1 
(U/mL) 

CRP 
(mg/L) 

PCO 
(nmol/mg of protein) 

PON-1 
(U/mL) 

CRP 
(mg/L) 

PCO 
(nmol/mg of protein) 

AUC (%) 
95 

(87-104) * 
95 

(91-100) * 
78 

(63-93) 
90 

(76-104) * 
90 

(79-100) * 
63 

(41-86) 

Youden 
index 

98.6 
(Y: 0.554) 

5.64 
(Y: 0.764) 

0.23 
(Y: 0.447) 

91.5 
(Y: 0.515) 

15.90 
(Y: 0.600) 

0.35 
(Y: 0.429) 

Max LR+ 
90.9 

(LR+ 30.7) 
29.20 

(LR+ 20.6) 
0.35 

(LR+ 11.6) 
91.1 

(LR+ 12.8) 
29.20 

(LR+ 7.5) 
0.35 

(LR+ 5.1) 

100% Sp 89.6 30.60 0.35 89.6 30.30 0.35 

* P<0.05 compared with PCO 
 

Results were substantially similar when the comparison above was repeated excluding clinically 

healthy dogs, despite all the AUCs were slightly lower than those recorded in the previous 

comparison and only the ROC curve of PON-1 and of CRP, but not that of PCO, had a 

discriminating power (P=0.001, P<0.001 and P=0.115, respectively). As in the previous 

comparison, the AUCs of PON-1 and CRP were significantly higher than that of PCO (P=0.034 and 

P=0.035, respectively), but not significantly different to each other (P=0.928). CRP had the 

highest Youden index, although the cut-off to discriminate septic vs. non-septic dogs was higher 

when clinically healthy dogs were excluded from the analysis, as expected. The same occurred 

for PCO and PON-1, whose optimal cut-offs were, respectively, higher and lower when clinically 

healthy dogs were excluded from the analysis. Conversely, all the tests had the highest LR+ or 

absolute specificity at similar cut-offs regardless of the presence or absence of clinically healthy 

dogs, but the LR+ was obviously lower when clinically healthy dogs were excluded. 

Overall, PON-1 activity was significantly lower in dogs that died compared with dogs that survived 

(Table 7, Figure 8).  Similarly, the concentration of CRP was significantly different in dogs that 

died compared with dogs that survived, although with lower level of significance. Conversely, 

despite the P value was very close to the level of statistical significance (P=0.078), the 

concentration of PCO was not significantly different in dogs that survived compared with dogs 

that died.  
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Table 7. Mean ± SD, median (between parenthesis) and min-max range of PCO, CRP and PON-1 in dogs 
that died and dogs that survived, both including and excluding clinically healthy dogs. 

 
PON-1 
(U/mL) 

CRP 
(mg/L) 

PCO 
(nmol/mg of protein) 

DEAD 
79.1 ± 39.0 (67.6) *** ††† 

14.1-167.4; n=17 
17.36 ± 11.70 (18.50) * 

0.00-40.60; n=16 
0.37 ± 0.22 (0.33) 

0.15-0.89; n=9 

ALIVE 
(ALL GROUPS) 

146.6 ± 40.9 (146.7) 
28.9-220.6; n=74 

11.25 ± 13.24 (5.20) 
0.00-60.70; n=70 

0.26 ± 0.14 (0.25) 
0.10-0.86; n=32 

ALIVE 
(SEPSIS-TRAUMA) 

121.1 ± 34.3 (121.7) 
14.1-106.4; n=40 

19.07 ± 14.22 (15.35) 
0.00-60.70; n=36 

0.32 ± 0.16 (0.28) 
0.11-0.86; n=17 

*** P<0.001 vs Alive (all the groups); * P<0.05 vs Alive (all the groups); ††† P<0.001 vs Alive (only dogs with 
sepsis or trauma) 
 

 
Figure 8. Serum activity of PON-1 (A, E) and concentration of CRP (B, D) and PCO (C, F) in dogs that survived 
or died during the follow up. The analysis was performed either on the whole caseload (upper graphs) or 
after exclusion of clinically healthy dogs (lower graphs). The boxes indicate the I-III interquartile range 
(IQR), the horizontal black line indicates the median values, whiskers extend to further observation within 
quartile I minus 1.5 x IQR or to further observation within quartile III plus 1.5 x IQR. Black dots indicate 
the results that are not classified as outliers. White dots indicate near outliers (values exceeding the third 
quartile ± [1.5 x IQR]), and grey dots indicate far outliers (values exceeding the third quartile ± [3.0 x IQR]). 
 

Excluding healthy controls from the analysis, PON-1 activity was still significantly lower in dogs 

that died compared with dogs that survived, and the concentration of PCO was still not 

significantly different (P=0.726) in dogs that survived compared with dogs that died. On the 

contrary, the concentration of CRP showed no significant differences (P=0.897) in dogs that died 

compared with dogs that survived.  

Based on the ROC curve analysis on the whole caseload (Table 8, Figure 9) only the AUC of PON-

1 had a discriminating power (P<0.001 compared with the line of no discrimination) and was 

significantly higher than the AUC of CRP (P<0.001).  
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Table 8. AUCs, Youden index and operating points characterized by the highest LR+ and by absolute 
specificity for PON-1, CRP and PCO to support a poor outcome, calculated either including or excluding 
clinically healthy dogs from the analysis. 

 Whole population Only sick dogs 

 PON-1 
(U/mL) 

CRP 
(mg/L) 

PCO 
(nmol/mg of protein) 

PON-1 
(U/mL) 

CRP 
(mg/L) 

PCO 
(nmol/mg of protein) 

AUC (%) 
90 *** 
(82-99) 

54 
(38-70) 

70 
(48.90) 

82 *** 
(68-96) 

39 
(22-57) 

54 
(27-82) 

Youden 
index 

132.7 
(Y: 0.635) 

13.90 
(Y: 0.454) 

0.35 
(Y: 0.351) 

90.9 
(Y: 0.531) 

15.90 
(Y: 0.243) 

0.35 
(Y: 0.268) 

Max LR+ 
57.7 

(LR+ 22.1) 
15.90 

(LR+ 2.9) 
0.44 

(LR+ 7.1) 
57.7 

(LR+ 11.8) 
15.90 

(LR+ 1.5) 
0.44 

(LR+ 3.8) 

100% Sp 28.9 60.70 0.86 28.9 60.70 0.86 

*** vs CRP 
 

 
Figure 9. Comparison of ROC curves to support a poor outcome designed for PCO (black circles, 
continuous line), CRP (black triangles, dotted line) and PON-1 (black squares, dashed line). The graph on 
the left (A) includes the results of the three groups of dogs, the graph on the right (B) includes only the 
results of dogs with sepsis or trauma. The grey line indicates the line of no discrimination. TPF, true 
positive fraction; FPF, false positive fraction. 
 

The AUC of PCO and CRP did not significantly differ from the line of no discrimination although 

the P value of PCO was close to the level of significance (P=0.068). No significant differences were 

found between the AUCs of PCO and CRP (P=0.218) or of PCO and PON-1 (P=0.062). The exclusion 

of clinically healthy dogs provided the same results: although the AUCs were lower for all the 

analytes, only the AUC of PON-1 was significantly different from the line of no discrimination 

(P<0.001) and significantly higher than the AUC of CRP (P<0.001).  
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The AUC of PCO and CRP did not significantly differ from the line of no discrimination and were 

not significantly different to each other (P=0.339) as well as no significant differences were found 

between the AUCs of PCO and PON-1 (P=0.069). The highest Youden index was found for PON-

1, although the cut-off to discriminate dead vs alive dogs was lower when clinically healthy dogs 

were excluded from the analysis, as expected. The same occurred for PCO and CRP whose 

optimal cut-offs were higher when clinically healthy dogs are excluded than when clinically 

healthy dogs are included in the analysis. All the tests had the highest LR+ or absolute specificity 

at similar cut-offs, independent of the presence or absence of clinically healthy dogs. However, 

the LR+ were obviously lower when clinically healthy dogs were excluded, and the maximum 

specificity was detected only at very high values of CRP or PCO or at very low values of PON-1. 

Discussion 

In several species, it has already been proved that sepsis induces an acute phase reaction, that 

in turn is characterized by an increase of acute phase proteins such as CRP (Ceron et al., 2005; 

Cray et al., 2009; Tothova et al., 2016), and by oxidative phenomena. The latter may induce 

protein oxidation, leading to the increase of the serum concentration of PCO (Abu-Zidan et al., 

2002; Dalle Donne et al., 2005) and to the decrease of antioxidant compounds, including the 

enzyme paraoxonase-1 (Feingold et al., 1998; Cabana et al., 2003; Novak et al., 2010). Different 

studies are available about the utility of CRP to distinguish dogs with sepsis from dogs with sterile 

inflammation (Yamamoto et al., 1994; Martinez-Subiela et al., 2002; Fransson et al., 2004; 

Jitpean et al., 2014; Viitanen et al., 2014) but only a recent study demonstrated that PON-1 may 

be useful to discriminate dogs with sepsis from dogs with non-septic inflammation, although 

ultimately, CRP and albumin may better predict the outcome (Torrente et al., 2019) and no 

information is available about the utility of PCO in dogs as diagnostic or prognostic marker, 

differently from human medicine (Takeda et al., 1984; Goode et al., 1995; Amorim de Oliveira et 

al., 2017; Novak et al., 2010; Bavunoglu et al., 2016; Camps et al., 2017; Bednarz-Misa et al., 

2019).  

Therefore, the aim of this study was to evaluate which analyte (CRP, PCO or PON-1) better 

differentiates dogs with sepsis from those with polytrauma or from healthy dogs and predicts 

the outcome in dogs in septic conditions. In the case a possible diagnostic or prognostic role 

could be demonstrated, the evaluation of CRP, PCO and/or PON-1 could be recommended as a 

tool to better focus on the severity of the inflammatory status in the enrolled patients.  
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To this aim, two different approaches have been followed. First, the comparison of results, the 

evaluation of sensitivity and specificity and the ROC curves analysis was performed by including 

the whole caseload, composed by both sick and clinically healthy dogs, in order to simulate the 

use of the markers for screening purposes independently of a pre-test probability of disease. 

Then, the comparison was performed excluding the control group, to simulate the use of the 

markers for diagnostic purposes in animals on which a diagnosis of a condition potentially 

associated with sepsis has already been formulated. 

This study confirmed the possible role of CRP in supporting a clinical diagnosis of sepsis, as 

already evidenced by previous studies (Ceron et al., 2005; Fransson et al., 2007; Gebhardt et al., 

2009), since, regardless of the inclusion or the exclusion of clinically healthy dogs, the highest 

concentration of CRP was found in dogs with sepsis and the ROC curve analysis demonstrated 

that CRP had the highest AUC. However, CRP concentration was increased also in dogs with 

trauma, that likely had an hyperacute, although non-infectious, inflammation. This confirmed 

that increases of CRP may occur in different inflammatory conditions and are thus not specific 

for sepsis (Ceron et al., 2005; Jergens et al., 2003; Tecles et al., 2005; Raila et al., 2011; 

Polizopoulou et al., 2015; Fazio et al., 2015; Hindenberg et al., 2020) and slightly decreased the 

diagnostic performance of CRP when the test was applied only on sick dogs. A similar trend was 

observed for PON-1, that was significantly lower in septic dogs than in the other two groups and 

decreased also in dogs with polytrauma compared with controls. The AUC of the ROC curve 

referred to PON-1, in agreement with what reported by Torrente et al. (2019), was slightly lower 

but not significantly different from that of CRP, although, also in this case, the diagnostic 

performance of the test decreased, but remained acceptable, when only sick dogs were 

considered. From this perspective and compared with PCO, CRP and PON-1 seem to be better 

markers to differentiate the three conditions considered in this study. This hypothesis is 

confirmed both by the group comparisons and by the analysis of the ROC curves. Additionally, 

the LR+ of CRP and, to a lesser extent, of PON-1 were notably higher than that of PCO either on 

the whole caseload or when the tests were applied to discriminate groups of sick dogs. However, 

the concentration of CRP characterized by absolute specificity was relatively high, and the PON-

1 activity characterized by absolute specificity was relatively low, compared with the upper and 

lower limits of the reference interval, respectively. Hence, moderate increases of CRP or 

moderate decreases of PON-1 may not differentiate dogs with sepsis from dogs with non-septic 

conditions. 
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Moreover, the comparison of results from dogs that died during the follow up with survivors 

suggests that the decrease of PON-1 and, to a lesser extent, the increase of CRP may predict a 

poorer outcome. More specifically, the analyte that better differentiated dogs with a poor 

outcome in clinical settings on which the likelihood of death is high, was found to be PON-1 

activity. In fact, the concentration of CRP did not show significant differences between survivors 

and non-survivors when healthy controls, which are obviously not supposed to die, were 

excluded from the analysis. Ultimately, when data were examined on the whole caseload, results 

were in contrast with those of Meisner et al. (2006), who demonstrated that CRP levels did not 

differ between survivors and non-survivors but were in agreement with the study of Kjelgaard-

Hansen et al. (2003), in which CRP was considered a potentially useful clinical marker for the 

presence and resolution of systemic inflammation induced by infectious agents in dogs. Our 

results also agree with those of Torrente et al. (2019), although these authors reported increased 

CRP as a better predictor of negative outcome than decreased PON-1. These discrepancies may 

be explained by the different composition of the caseload, as demonstrated by the subsequent 

analysis after exclusion of clinically healthy dogs, that highlighted a superior role of PON-1 

compared with CRP in predicting the outcome. This clinical scenario, however, is much more 

adherent to what may happen in practice, when prognostic information is needed in dogs with 

a high pre-test probability of disease. In any case, based on the analysis of LR+ and cut-off values 

characterized by maximum specificity, it should be stressed that either PON-1 or CRP may be 

excellent indicators of a poor prognosis only if recorded values are respectively extremely low or 

high compared with the refence intervals. Independently of all the comments above or of the 

inclusion/exclusion of clinically healthy dogs, PCO seems not to predict the outcome in dogs. 

A limitation of this study is that the presence of oxidation was not confirmed by the 

measurement of oxidants such as reactive oxygen species, or other indirect reliable markers of 

oxidation, such as thiobarbituric acid reactive substances or malondialdehyde (Da Silva et al., 

2016; Bottariet al., 2015). However, the study was focused on markers that can be easily used in 

routine practice and that are known to be associated with oxidation. This association is further 

confirmed by the negative correlation found, as expected, between PCO and PON-1. Ultimately, 

the comparison of results of CRP, PCO and PON-1 confirm the hypothesis that in dogs with sepsis 

oxidative phenomena are stronger than in dogs with non-septic inflammation, as already 

demonstrated for people (Povoa, 2008; Lisboa et al., 2008; Cals et al., 2009; Povoa et al., 2011; 

Teggert et al., 2020).  
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This hypothesis is supported also by the positive correlation between CRP and PCO and by the 

negative correlation between PCO and the other two markers. However, the magnitude of 

oxidation seems to affect the kinetic of the two analytes in different ways. More specifically, 

oxidation of proteins, which is responsible for the increased concentration of PCO, seems to 

occur in any inflammatory condition able to determine an increase of CRP, including those not 

associated with infectious agents. On the contrary, the decrease of PON-1 activity, which 

depends on a more complex mechanism involving decreased hepatic production and 

displacement of circulating PON-1 from oxidized lipoproteins (Rossi et al., 2013), seems to occur 

only when inflammation is more severe, as it usually happens in sepsis. Independent of the 

possible mechanisms by which oxidation differently affects the two compounds, based on our 

results, PCO cannot be considered reliable markers to distinguish dogs with sepsis from dogs 

with non-septic inflammation or predict the outcome, while PON-1 and CRP may be considered 

adequate markers to support a clinical diagnosis of sepsis and provide prognostic information on 

the possible outcome. A second limitation of the study was the lack of clinical information about 

severity of disease and organ dysfunction for many dogs. These aspects would have been 

remarkable to evaluate, but unfortunately, as a retrospective study, the retrieval of such 

information was frequently troublesome. Finally, another limitation was the lack of repeated 

sampling during the follow up. This would be particularly important to assess a possible 

prognostic role of PCO not detected by a single measurement at admission. Fluctuations over 

time of PCO concentration may have provided prognostic information, as demonstrated for 

other markers with a limited prognostic role at admission, such as calprotectin, procalcitonin, 

CRP or PON-1 (Troia et al., 2018; Ibba et al., 2015; Nielsen et al., 2007; Alexandrakis et al., 2017; 

Kanno et al., 2019; Thames et al., 2019). 
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IV. C-reactive protein, Paraoxonase-1 activity and serum protein electrophoresis in dogs 
seropositive for Borrelia burgdorferi sensu lato 

Study design  

The collection of samples was performed in collaboration with a private veterinary facility 

located in Chiavenna. Inclusion criteria for dogs were age older than 8 months and having spent 

at least one summer in the area of Valchiavenna (Northern Italy). Overall, 151 dogs living or 

frequently attending the area and admitted to the facility throughout the period from April to 

October 2019 were included in a serosurveillance plan for Borrelia burgdorferi sensu lato. Ethical 

approval was granted by decision n°2/2016 of the Ethical committee of the University of Milan 

and written informed consent of the owner to use samples was obtained. Dogs underwent 

physical examination and different diagnostic procedures based on the clinical condition and the 

reason for the visit. Therefore, the caseload included both sick dogs, affected by a wide range of 

diseases, and healthy dogs undergoing health checks and/or vaccination. Signalment and origin 

of the dogs were recorded.  

Fasting blood samples were taken from the cephalic or jugular vein and collected into plain tubes 

(PROMED®, FL Medical S.r.l) and tubes were centrifuged within 15 minutes. Serum was collected 

in 1.5 ml Eppendorf tubes, transported on ice to the Veterinary Teaching Hospital of Lodi and 

stored at -20°C until analyses were performed. Samples were processed at the end of the period 

of collection in a single batch to reduce inter-assay variability. Serum level of anti-Borrelia IgM 

and IgG class antibodies was determined using an indirect immunofluorescence assay 

(MegaFLUO® BORRELIA canis, MEGACOR Diagnostik GmbH, Hörbranz, Austria) according to 

manufacturer’s instructions. Briefly, 20 μL of serum samples were diluted 1:64 with phosphate-

buffered saline (PBS) and incubated in duplicate with pre-prepared slides for 30 minutes at 37°C. 

After washing with PBS, fluorescein-labelled anti-dog IgG and IgM conjugates were added to 

wells and incubated again for 30 minutes at 37°C. Slides were washed with PBS, mounted with 

anti-fluorescence medium and observed using a fluorescence microscope at 400x magnification. 

Sera showing a fluorescent signal at a titer of 1:64 were considered positive and serially diluted 

on a two-fold basis until negative results were obtained, to determine the antibody titer. 

Negative and positive control samples were included on each slide.  
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18/151 (11.9%) dogs, 11 of which clinically healthy, tested seropositive for anti-Borrelia IgM 

and/or IgG (threshold antibody titer 1:64). In particular, 9.3% (14/151) tested positive for IgM, 

6.6% (10/151) tested positive for IgG and 4% (6/151) tested positive for both. None of 

seropositive dogs was vaccinated for B burgorferi. 

To evaluate inflammatory and oxidative status, based on immunofluorescence results and 

clinical data, 56 samples were selected in order to create four groups:  

• Healthy seronegative (n=22): seronegative dogs without clinical or clinico-pathological 

abnormalities;  

• Sick seronegative (n=17): seronegative dogs with clinical or clinico-pathological 

abnormalities consistent with inflammatory conditions of different etiology and severity; 

• Healthy seropositive (n=11): seropositive dogs without clinical or clinico-pathological 

abnormalities; 

• Sick seropositive (n=6): seropositive dogs with clinical or clinico-pathological abnormalities 

consistent with inflammatory conditions of different etiology and severity. 

Median age of dogs was 5 years (age range: 8 months-16 years), 22 were males, 8 castrated 

males, 15 females and 11 neutered females. Eighteen dogs were mongrels, while the other dogs 

were: Golden Retriever (n=7), Border Collie (n=6), German Shepherd (n=3), Bergamasco 

Shepherd, Cocker Spaniel, English Setter, Labrador Retriever, Siberian Husky (n=2 for each 

breed), Alaskan malamute, Australian Kelpie, Australian Shepherd, Belgian Shepherd, Boxer, 

Dogo Argentino, English Bulldog, French Bulldog, Maltese Dog, Pit Bull, Shih Tzu, Welsh Terrier 

(n=1 for each breed). Serum C-reactive protein (CRP) concentration was measured with an 

automated chemistry analyzer (BT3500, Biotecnica Instruments SPA, Rome, Italy) with an 

immunoturbidimetric assay and manufacturer’s reagents. Serum protein concentration was 

measured using the same analyzer with the biuret colorimetric method and manufacturer’s 

reagents. Serum PON-1 activity was measured as described above. Serum protein 

electrophoresis was performed on agarose gel using an automated analyzer (Hydrasys, Sebia 

Italia S.r.l., Bagno a Ripoli, Florence, Italy) and specific manufacturer’s reagents (Hydragel 15 β1-

β2). The Mann-Whitney U tests was used to compare the results recorded in seropositive vs. 

seronegative dogs or in symptomatic vs. non-symptomatic dogs. The Kruskal-Wallis test was used 

to compare the results of the four groups of dogs cited above.  
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Results  

Overall, sick dogs had significantly higher CRP levels (mean ± SD, 7.42 ± 7.70 mg/L; median, 4.60 

mg/L; I-III interquartile range, 0.86-11.57 mg/L; n=23) (P=0.004) compared with healthy dogs 

(2.18 ± 2.66 mg/L; 1.17 mg/L; 0.03-3.39 mg/L). Similarly, significantly lower PON-1 activity was 

observed in sick dogs (158.43 ± 30.53 U/mL; 162.90 U/mL; 139.05- 183.73 U/mL) compared with 

healthy dogs (197.85 ± 31.99 U/mL; 198.80 U/mL; 176.40-222.53 U/mL) (P<0.001).  

Comparison of CRP concentration and PON-1 activity between groups of seropositive and 

seronegative dogs are shown in Table 9 and Figure 10. The concentration of CRP was significantly 

higher only in seronegative sick compared with seronegative healthy dogs (P=0.006). PON-1 

activity was significantly lower in seronegative sick (P<0.001) and seropositive sick (P=0.006) 

compared with seronegative healthy dogs. Furthermore, PON-1 activity was significantly lower 

in seropositive healthy compared with seronegative healthy dogs (P=0.029).  

 

Table 9. Mean ± SD, median (between parenthesis), I-III interquartile range and min-max range (between 
parenthesis) of serum CRP concentration and PON-1 activity in B. burgdorferi seronegative and 
seropositive sick and healthy dogs. 

 CRP (mg/L) PON-1 (U/mL) 

NEGATIVE SICK 
7.95 ± 8.63 (4.06) * 

0.41-13.17 
(0.00-26.30); n=17 

57.42 ± 34.8 (154.50) ** 
133.80-185.90 

(94.90-215.50); n=17 

NEGATIVE HEALTHY 
1.83 ± 2.47 (0.75) 

0.00-3.25 
(0.00-7.96); n=21 

208.33 ± 32.64 (217.20) 
197.19-229.55 

(122.80-265.40); n=22 

POSITIVE SICK 
5.92 ± 4.35  (5.16) 

2.57-8.84 
(0.95-13.1); n=6 

161.32 ± 14.57 (163.55) * 
150.90-181.40 

(138.80-181.40); n=6 

POSITIVE HEALTHY 
2.85 ± 2.98 (1.74) 

0.33-6.1 
(0.00-7.70); n=11 

176.87 ± 17.69 (180.00) *** 
163.60-190.98 

(149.10-200.30); n=11 

* P<0.01 vs seronegative healthy; ** P<0.001 vs seronegative healthy; *** P<0.05 vs seronegative healthy 
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Figure 10. Serum CRP concentration (left) and PON-1 activity (right) in B. burgdorferi seronegative and 
seropositive sick and healthy dogs. The boxes indicate the I-III interquartile range (IQR), the horizontal 
black line indicates the median values, whiskers extend to further observation within quartile I minus 1.5 
× IQR or within quartile III plus 1.5 × IQR. Grey dots indicate the results that are not classified as outliers. 
White dots indicate near outliers (values exceeding the third quartile ± (1.5 × IQR)). NS, negative sick; NH, 
negative healthy; PS, positive sick; PH, positive healthy.  
 

Overall, albumin concentration (4.23 ± 1.05 g/L; 3.87 g/L; 3.54-4.73 g/L; P=0.038) and 

albumin/globulin ratio (1.54 ± 0.60; 1.58; 0.97-1.97; P=0.008) were significantly lower in sick dogs 

compared with healthy dogs (albumin: 4.75 ± 0.99 g/L; 4.62 g/L; 4.23-5.05 g/L; A/G ratio: 1.96 ± 

0.41; 1.98; 1.71-2.21) and β1-globulin and β2-globulin concentrations were significantly higher 

in sick dogs (β1-globulin: 0.38 ± 0.122 g/L; 0.37 g/L; 0.29- 0.46 g/L; P=0.024; β2-globulin 0.87 ± 

0.34 g/L; 0.82 g/L; 0362-1.06 g/L; P=0.011) compared with healthy dogs (β1-globulins: 0.32 ± 0.09 

g/L; 0.29 g/L; 0.26-0.35 g/L; β2-globulins: 0.68 ± 0.18 g/L; 0.63 g/L; 059-0.71 g/L). On the contrary, 

α1-, α2 and γ-globulins did not show significant differences between sick and healthy dogs.  

Among seronegative and seropositive groups, significant differences in total protein, albumin 

and α1-globulins concentration were not detected. Sick dogs showed higher α2-globulins 

compared with healthy dogs, but significant differences were detected only between 

seropositive sick and seropositive healthy dogs (P=0.016). Both β1- and β2-globulins were 

significantly higher in seropositive sick dogs compared with seropositive (P=0.001; P<0.001) and 

seronegative (P=0.003; P<0.001) healthy dogs, and also in seropositive sick compared with 

seronegative sick dogs (P=0.003; P=0.002). On the contrary, γ-globulins were significantly higher 

in seropositive sick compared with seronegative healthy dogs (P=0.021). Albumin/globulin ratio 

was significantly lower in seropositive sick compared with seropositive dogs (P=0.022) and 

seronegative healthy dogs (P=0.006).  
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Discussion 

Overall and independent of seropositivity, sick dogs had significantly higher CRP levels and 

significantly lower albumin concentration, albumin/globulin ratio and PON-1 activity compared 

with healthy dogs. These results support the presence of inflammatory and/or oxidative 

processes in dogs that were classified as sick on a clinical or clinico-pathological basis. However, 

PON-1 activity, CRP values and globulin fractions recorded in sick and healthy dogs showed 

partial overlapping, likely due to the heterogeneity of clinical conditions affecting sick dogs. 

However, it is not possible to definitely exclude that clinically healthy dogs were affected by 

ongoing subclinical disease. Similarly, as expected, among seronegative dogs, sick subjects had 

significantly higher CRP levels and significantly lower PON-1 activity than seronegative healthy 

dogs. On the contrary, electrophoresis didn’t show significant differences between seronegative 

healthy and sick dogs for any of the protein fraction or albumin/globulin ratio.  

Among seropositive dogs, more than half (65%, 11/17) did not show clinical signs and were 

sampled as part of health checks and/or vaccinations. Symptoms of Lime disease are reportedly 

present only in 5-10% of infected dogs and are mainly represented by lethargy, anorexia, fever, 

depression, lymphadenopathy, lameness and joint swelling (Parry, 2016). However, seropositive 

clinically sick dogs included in our study did not show signs of arthritis and were affected by 

clinical conditions apparently not linked to B. burgdorferi infection, such as dermatitis (n=4), 

keratoconjunctivitis (n=1), keratoconjunctivitis and mitral valve disease (n=1). 

Unexpectedly, significant differences in CRP concentration were not observed between 

seropositive sick and healthy dogs, even if values tended to be higher in seropositive sick dogs. 

This overlap is likely due to low CRP values detected in sick dogs (rather than to the detection of 

high values in healthy dogs), which were affected by low grade inflammatory localized diseases 

reported above. The concentrations of α2-, β1- and β2-globulins were significantly higher in 

seropositive sick compared with healthy dogs. This finding was expected, because acute phase 

protein, complement and immunoglobulins migrate in these fractions (Tappin et al., 2011). 

Furthermore, β1- and β2-globulins were significantly higher in seropositive sick than 

seronegative sick dogs, as to suggest that inflammatory phenomena in seropositive dogs could 

be more prominent than in seronegative dogs. Albumin/globulin ratio was predictably lower in 

seropositive sick compared with both seropositive and seronegative healthy. This finding is more 

likely due to an increase in globulin fractions rather than to a decrease in albumin in sick dogs, 

given that significant differences were detected for globulin fractions and not for albumin.  
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Among healthy dogs, mean and median values of CRP were higher in seropositive compared with 

seronegative dogs but differences were not significant. Different from CRP, PON-1 activity was 

significantly lower in seropositive than in seronegative healthy dogs. Even if the low numerosity 

of seropositive healthy dogs has to be considered, the graphical distribution of samples is 

noticeably tight (Figure 10). This is an interesting finding, which leads to the hypothesis that 

clinically occult inflammatory and/or oxidative phenomena, possibly due to B. burgdorferi 

infection, may occur in clinically healthy seropositive subjects. Obviously, it must be considered 

that indirect tests, such as serology, demonstrate a previous contact with the pathogen but does 

not necessarily imply the presence of active infection (Little et la., 2010). Similarly, it is not 

possible to exclude that healthy dogs were affected by clinically latent inflammatory processes 

due to other unknown causes. Direct tests, such as bacterial culture, cytology and PCR, were not 

performed in our study due to difficulties in collecting bioptic samples and limited diagnostic 

performance of direct tests themselves. In persistently infected animals, spirochetes are 

predominantly present in tissues (Krupka and Straubinger, 2010). Culture of tissue samples such 

as skin or synovial fluids, requires long time for bacterial growth and most importantly can have 

low sensitivity because of low bacterial load in tissues, as well as polymerase chain reaction (PCR) 

and cytology (Littman, 2020). Performing skin biopsy increases chances of spirochetes detection 

if a punch sample is collected near the site of tick bite (Krupka and Straubinger, 2010). This was 

not feasible in dogs included, and PCR was not performed on blood samples because Borrelia is 

very rarely found in blood (Chang et al, 1996). Detection by direct methods is reportedly difficult 

and of little practical relevance (Pantchev et al., 2015) and serology is the only recommended 

modality to evaluate exposure to B. burgdorferi (Littman et al., 2018). However, to better 

interpret these results, it would have been advisable to confirm the presence of B. burgdorferi 

infection and exclude other possible causes of oxidation in seropositive dogs, especially 

coinfections such as Anaplasma spp. (Greig and Armstrong, 2006), Ehrlichia spp. (Little et al., 

2010), Babesia spp., and possibly Bartonella spp., Hepatozoon canis, Dirofilaria spp. and L. 

infantum (Otranto et al., 2009).  

In our study, the simultaneous decrease of PON-1 activity and lack of increase in CRP values could 

be explained by the presence of oxidative responses developed by the host towards Borrelia 

(Showman et al., 2016), which contribute to keep infection latent, as demonstrated for other 

pathogens causing persistent infection, like Leishmania spp. (Almeida et al., 2013).  
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It has to be noted however, that despite significantly lower compared with other groups, PON-1 

values were within the reference interval established by Rossi et al. (2013). 

The numerosity of seropositive samples represents a limitation of this study. However, 

considering the prevalence of Lyme borreliosis in our country and the number of dogs included 

in the study, the number of dogs that tested seropositive could not have been much higher. 

Further studies including a wider caseload of dogs might increase the number of seropositive 

subjects and possibly confirm our preliminary findings. 
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V. Measurement of Paraoxonase-1 activity in hospitalized dogs  

Study design 

The study was performed on 554 serum samples sent to the Laboratory of Clinical Pathology of 

the University Veterinary Teaching Hospital throughout the period from April to September 

2021. Samples were collected as part of routine diagnostic procedures from 401 privately owned 

dogs admitted to the different units of the hospital: Cardiology (n=50), Hospitalization (n=83), 

Internal Medicine (n=75), Oncology (n=71), Neurology (n=17), Radiology (n=19), Reproduction 

(n=25), Surgery (n=42), Ultrasonography (n=19). Overall, median age of dogs included in the 

study was 100 months (age range: 1 month-17 years and 10 months), with no meaningful 

differences of distribution among different hospital units. For 7 dogs, sex was not reported, 

among the others 160 were males, 42 castrated males, 102 females and 90 neutered females. 

For 10 dogs breed was unknown, 109 dogs were mongrels, whereas the other dogs were: 

Labrador Retriever (n=20), French Bulldog (n=18), Poodle (n=16), Golden Retriever (n=15), Jack 

Russell Terrier, German Shepherd (n=13 for each breed), Bernese Mountain Dog (n=11), Boxer 

(n=10), Dachshund, Cocker Spaniel (n=9 for each breed), Rottweiler (n=8), Dobermann, Maltese, 

Weimaraner (n=7 for each breed), Cavalier King Charles Spaniel, Chihuahua (n=6 for each breed), 

American Staffordshire Terrier, (n=5), Border collie, German Pointer, Dogo Argentino, Fox 

Terrier, Pitbull, Shih Tzu, Brittany, West Highland White Terrier (n=4 for each breed), Akita Inu, 

Beagle, Bracco Italiano, English Setter, Yorkshire Terrier, Maremmano-Abruzzese Sheepdog, Pug, 

Siberian Husky (n=3 for each breed), Miniature Poodle, Bolognese, Boston Terrier, Bull Terrier, 

English Bulldog, Dalmatian, Greyhound, Australian Shepherd, Belgian Shepherd, Rhodesian 

Ridgeback, Whippet (n=2 for each breed), American Bulldog, Bobtail, Entlebucher Mountain Dog, 

Cane Corso, Drahtaar, Dogue de Bordeaux, Flat coated retriever, Foxhound, Leonberger, Saluki, 

Czechoslovakian Wolfdog, Caucasian Shepherd Dog, Italian Greyhound, Doberman Pinscher, 

Pointer, Pomeranian, Samoiedo, Schnauzer, Segugio Italiano, Shar Pei, Shetland Sheepdog, 

Springer Spaniel, Newfoundland (n=1 for each breed).  

Dogs underwent different diagnostic procedures and pharmacological/surgical treatment 

including hospitalization, based on clinical status and diagnosed disease. When it was necessary 

or required by the veterinary, sampling was repeated after admission during the follow up, to 

monitor clinical condition until discharge or death/euthanasia. In the latter case, when allowed 

by the owner, necropsy was performed to improve diagnosis. An informed consent about the 
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use of residual amounts of samples for research purposes was signed by the owners. Therefore, 

according to the regulations of our Institution, it was not necessary to require a formal 

authorization to the Institutional animal care committee (Decision of the institutional committee 

no. 2/16 dated 15/02/16). Fasting blood samples were collected from the jugular, cephalic or 

saphenous vein in potassium ethylene diamine tetra-acetic (K2EDTA) tubes for complete blood 

count using an automated analyzer (Sysmex XN-V, Sysmex Corporation, Kobe, Japan), and in plain 

tubes for biochemical analyses. Serum was separated within 15 minutes from collection and the 

parameters requested by referral veterinarians were measured within the day using an 

automated chemistry analyzer (BT 3500, Biotecnica Instruments SPA, Rome, Italy) and reagents 

provided by the manufacturer. Serum PON-1 activity was measured on residual volume of 

samples using the same instrument and the adapted method described above. For each patient, 

data regarding signalment, history, clinical examination and referral hospital unit were recorded.   

Further samples were collected from the same dogs when required by different clinical 

conditions for diagnostic purposes, to perform further laboratory analyses such as coagulation 

tests, parasitology tests, urinalysis, body fluid analysis, molecular tests, and cytological or 

histological examination of any lesion. The frequency of PON-1 values lower than reference 

interval in samples coming from different hospital units was firstly evaluated regardless of 

diagnosis/availability of clinical information and hospitalization of patients. Second, PON-1 

values at admission were evaluated based on symptoms severity (acute or severe vs. chronic or 

mild), need for hospitalization (hospitalization or discharge) and clinical outcome (discharge with 

good prognosis, death, or euthanasia). Finally, PON-1 values recorded at first sampling and 

subsequently during follow up were evaluated among hospitalized dogs.  

Statistical analysis was performed in an Excel spreadsheet using a specific software (Analyse-it v. 

5.66, Analyse-it Software Ltd., Leeds, UK). Statistical differences were set for P<0.05. 

The Mann-Whitney U test was used to compare the results obtained at admission from dogs that 

died with dogs that survived. Comparison between more than two groups (e.g. comparison 

between hospital units) was performed using the Kruskal-Wallis test, followed by the Wilcoxon 

signed rank test to compare paired groups. A Pearson chi-square test was used to compare the 

frequency rates of PON-1 values within or lower than reference interval recorded in two or more 

groups. To assess the discriminating power of PON-1 in detecting dogs requiring hospitalization, 

a receiver operating characteristic curve (ROC) was designed, classifying for each numerical value 

recorded in the study (operating point), as true or false positive dogs requiring or not 
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hospitalization respectively, that had PON-1 values lower than reference interval, and as true or 

false negative the dogs requiring or not hospitalization that had normal PON-1 values. Sensitivity, 

specificity and positive likelihood ratio were calculated for each operating point, using standard 

formulae (Gardner and Greiner, 2006; Christenson, 2007), and receiver operating characteristic 

(ROC) curves were designed by plotting sensitivity versus (1–specificity) (Gardner and Greiner, 

2006). The Youden index (i.e., the operating point that maximizes the difference between true 

positives and false positives) and the operating points characterized by the highest LR+ and by 

absolute specificity were then calculated (Ruopp et al., 2008).  

Results 

Results of PON-1 activity in samples sent from the different hospital units are reported in Table 

10 and Figure 11. The Hospitalization unit showed significantly lower PON-1 values compared 

with all other units, except for Ultrasonography, and, overall, the highest number and frequency 

of values lower than reference interval (27/52, 51.9% of total low PON-1 values) (27/133, 20.3% 

of samples from Hospitalization unit). The same statistical analysis was repeated excluding follow 

up samples collected from the same dogs and considering for each dog only results of the first 

sample submitted at the laboratory (Table 11 and Figure 12). 
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Table 10. Mean ± SD, median (between parenthesis), I-III interquartile range and min-max range (between 
parenthesis) of serum PON-1 activity in samples sent from the different hospital units. 

 PON-1 (U/mL)   PON-1 (U/mL) 

Cardiology 
195.91 ± 57.47 (192.50) ** 

159.33-238.08 
(63.34-330.00); n=66 

 Neurology 
210.20 ± 52.41 (194.50) * 

171.00-246.25 
(134.40-351.00); n=18 

Surgery 
205.32 ± 55.24 (205.00) ** 

173.00-240.00 
(80.73-346.00); n=46 

 Oncology 
184.91 ± 45.24 (184.00) * *** 

155.37-216.25 
(61.70-314.00); n=126 

Hospitalization 
162.86 ± 57.95 (163.00) 

122.67-204.33 
(18.50-309.00); n=133 

 Radiology 
196.01 ± 42.39 (191.00) * 

162.80-228.20 
(130.40-292.00); n=21 

Ultrasonography 
185.34 ± 43.09 (180.90) 

158.93-223.47 
(58.30-259.00); n=21 

 Reproduction 
202.34 ± 37.84 (198.20) ** 

179.30-225.67 
(127.80-281.00); n=25 

Internal medicine 
185.08 ± 56.32 (188.00) * 

152.45-223.33 
(23.80-320.00); n=98 

   

* P<0.01 vs Hospitalization; ** P<0.001 vs Hospitalization; *** P<0.05 vs Surgery 
 

 
Figure 11. Serum PON-1 activity in samples sent from the different hospital units. The boxes indicate the 
I-III interquartile range (IQR), the horizontal black line indicates the median values, whiskers extend to 
further observation within quartile I minus 1.5 x IQR or to further observation within quartile III plus 1.5 
x IQR. Black dots indicate the results that are not classified as outliers. White dots indicate near outliers 
(values exceeding the third quartile ± [1.5 x IQR]). The dotted line indicates the lower limit of the RI 
reported in healthy dogs. 
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Table 11. Mean ± SD, median (between parenthesis), I-III interquartile range and min-max range (between 
parenthesis) of serum PON-1 activity in samples sent from the different hospital units excluding follow up 
samples.  

 
PON-1 
(U/mL) 

  
PON-1 
(U/mL) 

Cardiology 
200.62 ± 58.35 (204.00) * 

165.55-238.78 
(63.34-330.00); n=55 

 Neurology 
213.62 ± 51.90 (195.00) * 

172.33-247.00 
(134.40-351.00); n=17 

Surgery 
205.45 ± 53.28 (206.50) * 

173.00-240.00 
(80.73-346.00); n=42 

 Oncology 
190.82 ± 47.21 (189.60) * 

157.36-224.75 
(91.20-314.00); n=84 

Hospitalization 
167.88 ± 62.20 (165.00) 

130.00-221.00 
(18.50-309.00); n=93 

 Radiology 
196.71 ± 43.36 (191.20) ** 

159.50-230.38 
(130.40-292.00); n=20 

Ultrasonography 
185.14 ± 49.96 (188.00) 

160.68-224.17 
(58.30-259.00); n=19 

 Reproduction 
202.34 ± 37.84 (198.20) * 

179.30-225.67 
(127.80-281.00); n=25 

Internal medicine 
184.14 ± 56.08 (184.90) *** 

151.03-222.58 
(42.80-320.00); n=80 

   

* P<0.01 vs Hospitalization; ** P<0.05 vs Hospitalization; *** P<0.05 vs Surgery 
 

Figure 12. Serum PON-1 activity in samples sent from the different hospital units excluding follow up 
samples.  
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The Hospitalization unit still showed significantly lower PON-1 values compared with all other 

units, except for Ultrasonography and Internal Medicine, and overall still had the highest number 

and frequency of values lower than reference interval (17/37, 45.9% of total low PON-1 values) 

(17/93, 18.3% of samples from Hospitalization unit).  

For 409/435 samples collected at admission, it was possible to distinguish, based on symptoms 

severity, two groups of dogs: dogs affected by acute or severe disease (e.g. life-threatening or 

septic conditions, acute infectious diseases, pulmonary edema, neoplastic disease with systemic 

involvement or at end stage) and dogs affected by chronic or mild disease (e.g. health checks, 

non-traumatic orthopedic disease, neoplastic disease without complications or systemic 

involvement). PON-1 activity was significantly lower in dogs with acute or severe disease (mean 

± SD, 173.86 ± 59.57 U/mL; median, 177.00 U/mL; I-III interquartile range, 136.67-221.33 U/mL; 

n=113) compared with dogs with chronic or mild disease (193.87 ± 53.06 U/mL; 192.95 U/mL; 

162.59-228.00 U/mL; n=296) (P<0.05) (Figure 13).  

In 378 cases information about hospitalization or discharge of dogs was available. PON-1 activity 

was significantly lower in hospitalized dogs (152.26 ± 64.13 U/mL; 150.00 U/mL; 97.83-192.63 

U/mL; n=65) compared with non-hospitalized dogs (195.52 ± 51.40 U/mL; 193.00 U/mL; 163.67-

228.33 U/mL; n=313) (P<0.001) (Figure 13). 

  

 
Figure 13. Serum PON-1 activity in dogs with acute/severe and chronic/mild clinical conditions (left) and 
in hospitalized and non-hospitalized dogs (right).  
 

The ROC curve analysis designed to assess the discriminating power of PON-1 in detecting dogs 

requiring hospitalization, showed an AUC (0.72; 95%CI=0.62-0.78) significantly different from the 

line of no discrimination (P<0.001) (Figure 14). The optimal cut-off for clinical decision was 119.50 

U/mL, with 95.2% specificity, 35.4% and 7.38 LR+. The highest LR+ (14.4) and absolute specificity 

were reached at cut-offs of 45.7 U/mL and 32.8 U/mL respectively.  
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Figure 14. ROC curve designed to assess the discriminating power of PON-1 in detecting dogs requiring 
hospitalization. The grey line indicates the line of no discrimination. TPF, true positive fraction; FPF, false 
positive fraction. 
 

For 103 cases information regarding outcome was available and PON-1 activity was compared 

between dogs with a positive (improvement of clinical condition and or discharge) or a negative 

(death or euthanasia) outcome, regardless of hospitalization. No significant differences were 

observed between survivors (162.97 ± 56.78 U/mL; 162.00 U/mL; 130.00-206.42 U/mL; n=55) 

and non-survivors (163.23 ± 66.84 U/mL; 161.35 U/mL; 109.58-206.47 U/mL; n=48), even 

considering as separated groups dogs that spontaneously died (158.38 ± 84.59 U/mL; 156.00 

U/mL; 86.65 ± 213.63 U/mL; n=19) and dogs subjected to euthanasia (166.40 ± 53.59 U/mL; 

167.20 U/mL; 136.83-196.33 U/mL; n=29) (Figure 15). 

 

  
Figure 15. Serum PON-1 activity in dogs with positive (improvement of clinical condition and or discharge) 
or negative (death or euthanasia) outcome (left), considering as separated groups dogs that died and dogs 
subjected to euthanasia (right). 
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The same trend was observed restricting the analysis to 47 samples collected at admission from 

40 hospitalized dogs (Table 12, 13 and 14). Dogs that were hospitalized more than once, for a 

different clinical condition or after a significant period of time were considered as distinct events. 
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Table 12. Signalment, clinical data and PON-1 activity of dogs that were discharged following 
hospitalization.  

N Breed Sex Age 
(months) 

Diagnosis PON-1 
(U/mL) 

1 Siberian Husky  M 67 Intervertebral disc disease 210 

2 WHWT FN 168 Diabetes 311 

3 Mongrel  FN 141 Chronic kidney disease 167 

4 Dobermann M 22 Patent ductus arteriosus 323 

5 English setter MC 126 Tracheal collapse and laringeal paralysis  273 

5* English setter MC 129 Lung carcinoma 293 

6 Mongrel  F 138 Otitis 209 

7 Labrador retriever  FN - Phlegmon 117 

8 Shih tzu M 135 Politrauma  187 

8* Shih tzu M 137 Exudative dermatitis 125 

9 Mongrel  F 78 Polyneuropathy 269 

10 Labrador retriever  M 100 Politrauma  108 

11 Drahtaar  M 95 Urolithiasis 160 

12 Mongrel  MC - Politrauma  134 

13 Fox terrier  FN 132 Lung carcinoma 292 

14 Mongrel FN 24 Hypoadrenocorticism 45.7 

15 Golden retriever  F 2 Bilateral ectopic ureter 96.7 

16 French bulldog MC 127 Intracranic neoplasia 224 

17 Mongrel  M 125 Multiple mast cell tumor 153 

18 Maltese  M 121 IMHA 95.7 

18* Maltese  M 122 IMHA 177 

19 WHWT M 8 Portosystemic shunt 67.27 

20 Mongrel  M 119 Rodenticide poisoning 115.9 

21 Labrador retriever  F 134 Heart failure  93.8 

22 Labrador retriever  FN 150 Linfoma 213 

23 Mongrel  M 3 Portosystemic shunt 173 

24 Setter irlandese  M 95 Politrauma  181 

25 Mongrel  - 132 Splenic angiosarcoma, heart failure 260 

26 Mongrel  FN 192 Hypothyroidism and heart failure 246 

27 Amstaff  F 9 Pyometra 139 

F, female; FN, neutered female; M, male; MC, castrated male; IMHA, immune-mediated hemolytic 
anemia; WHWT, West Highland White Terrier; ‘*’ indicates second hospitalization of the same dog 
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Table 13. Signalment, clinical data and PON-1 activity of dogs that were subjected to euthanasia following 
hospitalization. 

N Breed Sex Age 
(months) 

Diagnosis PON-1 
(U/mL) 

28 German Shepherd M 117 Cauda equina syndrome 173 

29 Pinscher  M 147 Squamous cell carcinoma 138 

30 Leonberger  M 66 Histiocytic neoplasia 98.1 

31 Fox terrier  MC 180 Polyostotic lesions 142.5 

32 Poodle  MC 108 Transitional cell carcinoma 218 

33 Fox terrier  FN 132 Lung carcinoma 283 

2* WHWT FN 168 Diabetes 219 

4* Dobermann M 26 Patent ductus arteriosus 249 

17* Mongrel  M 128 Multiple mast cell tumor 116 

25* Mongrel  - 132 Splenic angiosarcoma, heart failure 209 

FN, neutered female; M, male; MC, castrated male; WHWT, West Highland White Terrier; ‘*’ indicates 
second hospitalization of the same dog 
 
Table 14. Signalment, clinical data and PON-1 activity of dogs that spontaneously died following 
hospitalization. 

N Breed Sex Age 
(months) 

Diagnosis PON-1 
(U/mL) 

34 Cavalier King  FN 129 Chronic kidney disease, pancreatitis 258 

35 Mongrel M 142 Splenic angiosarcoma, heart failure 184 

36 Epagneul breton  M 85 Acute renal failure 155 

37 Cocker spaniel  M 157 Enterectomy for jejunal neoplasia 85.1 

38 Jack Russel  M 57 Mitral and tricuspid dysplasia 156.4 

39 Jack Russel  M 147 Pulmonary edema 156 

40 - M 72 Gastric dilatation and volvulus 193.6 

FN, neutered female; M, male 
 

Significant differences were not observed between survivors (178.45 ± 56.01 U/mL; 173.00 

U/mL; 141.00-218.33 U/mL; n=30) and non-survivors (181.97 ± 76.25 U/mL; 175.00 U/mL; 

116.91-247.17 U/mL; n=17), even considering as separated groups dogs that died (169.73 ± 52.14 

U/mL; 156.40 U/mL; 155.17-192.00 U/mL; n=7) and dogs subjected to euthanasia (184.56 ± 60.54 

U/mL; 191.00 U/mL; 136.17-221.50 U/mL; n=10) (Figure 16).  
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Figure 16. Serum PON-1 activity in hospitalized dogs with positive or negative outcome (left), considering 
as separated groups dogs that spontaneously died and dogs subjected to euthanasia (right). 
 
In 21 cases, PON-1 measurement was repeated at different time points after admission and 

during hospitalization follow up until discharge or death/euthanasia (Table 15, Figure 17).   

 
Table 15. PON-1 activity measured at multiple time points during hospitalization.  

N Outcome T0 T1 T2 T3 T4 T5 T6 T7 T8 T9 

2 Discharged 311 219         

4 Discharged 323 249         

5 Discharged 273 293         

7 Discharged 117 124 180 199 186      

8 Discharged 187 125         

10 Discharged 108 184 120 198       

12 Discharged 134 95.3 81.6 88.6 103 101 166 124 197 196 

12* Discharged 91.8 94.9 106 110 183 228 211    

14 Discharged 45.7 23.8         

15 Discharged 96.7 87.2 80.7        

17 Discharged 153 116         

18* Discharged 95.7 177         

20 Discharged 115.9 163.1 162        

21 Discharged 93.76 103.5         

25 Discharged 260 209         

28 Euthanasia 173 119 149 127       

29 Euthanasia 138 118.1         

33 Euthanasia 283 198 220        

34 Dead 258 181 225 237 149.2      

35 Dead 184 107         

36 Dead 155 142         
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Figure 17. Graphical representation of PON-1 activity measured at multiple time points during 
hospitalization in dogs with a positive or a negative outcome. 
 

A univocal trend was not observed among dogs with different outcome, and given the 

impossibility to analyze paired data for all cases at each time point, results of PON-1 activity at 

admission were compared with results at last sampling in dogs with a positive or a negative 

outcome (Table 16, Figure 18).  

 
Table 16. PON-1 activity at admission and at last sampling in dogs with a positive (improvement of clinical 
condition and or discharge) or a negative (death or euthanasia) outcome.  

 Survivors (n=15) Non-survivors (n=6) 

 T0 T-last T0 T-last 

mean ± SD 160.37 ± 88.77 169.93 ± 69.44 198.50 ± 58.47 140.22 ± 32.22 

median 117.00 186.00 178.50 134.50 

I-III IQR 95.87-247.83 117.50-210.67 153.58-260.08 117.18-153.27 
 

min-max 45.70-323.00 23.80-293.00 138.00-283.00 107.00-198.00 
 

 

 
Figure 18. PON-1 activity at admission and at last sampling in dogs with a positive (improvement of clinical 
condition and or discharge) (left) or a negative (death or euthanasia) (right) outcome. 

0

50

100

150

200

250

300

350

T0 T1 T2 T3 T4 T5 T6 T7 T8 T9

Discharged

0

50

100

150

200

250

300

T0 T1 T2 T3 T4

Euthanasia

0

50

100

150

200

250

300

T0 T1 T2 T3 T4

Dead

T0 T-last
100

140

180

220

260

300

PO
N-
1(
U/

m
L)

T0 T-last
0

50

100

150

200

250

300

PO
N-
1(
U/

m
L)



 72 

Significant differences between admission and last sampling were not observed among survivors, 

whereas in dogs with a negative outcome PON-1 values measured at last sampling were 

significantly lower than at admission (P=0.031). 

The same trend was observed comparing values recorded at admission and in second samplings 

performed within 15 days (mean 3.8 ± 4.1 days, median 2 days) (Table 17, Figure 19). PON-1 

values measured in second samplings was significantly lower than at admission (P=0.031). 

 

Table 17. PON-1 activity at admission and at second samplings performed within 15 days in dogs with a 
positive (improvement of clinical condition and or discharge) or a negative (death or euthanasia) 
outcome.  

 
Survivors (n=10) Non-survivors (n=6) 

T0 T-1 T0 T-1 

mean ± SD 120.96 ± 70.69 127.20 ± 58.07 198.50 ± 58.47 144.20 ± 37.30 

median 102.35 113.75 178.50 130.50 

I-III IQR 93.60-118.42 94.26-177.58 153.58-260.08 117.18-182.42  

min-max 45.70-311.00 23.80-219.00 138.00-283.00 107.00-198.00  
 

 

 
Figure 19. PON-1 activity at admission and at second samplings performed within 15 days in dogs with a 
positive (improvement of clinical condition and or discharge) (left) or a negative (death or euthanasia) 
(right) outcome. 
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Discussion 

Among hospital units, the Hospitalization unit showed significantly lower PON-1 values. This 

finding is not surprising, since this unit usually manages dogs in emergency first visit or dogs 

requiring hospitalization and monitoring referred by other units. Clinical conditions leading to 

hospitalization are usually severe and often characterized by oxidative and/or inflammatory 

phenomena, which are expected to cause a decrease in PON-1 activity (Torrente et al., 2018; 

Ruggerone et al., 2021; Ruggerone et al., 2020). Likewise, this group showed the highest 

frequency of values lower than reference interval. It must be noted that this unit included the 

highest number of samples and, most importantly, samples subsequently collected from the 

same dogs during follow up. Hospitalized dogs are usually subjected to repeated sampling over 

monitoring period. As a result, it is more likely that dogs with low PON-1 activity at admission, 

had low values at subsequent samplings until clinical normalization and discharge, or death. On 

the contrary, other units usually manage scheduled visits and/or second opinion visits, and do 

not usually manage severe or life-threatening conditions and do not require strict monitoring, at 

least in the near future. An exception to this assumption is represented by chronic conditions, 

such as metabolic or oncologic diseases, which require periodic clinical checks. However, to 

overcome these possible sources of bias, statistical analysis was repeated excluding follow up 

samples and considering for each dog only samples collected at admission and results were very 

similar. Overall, our results confirmed that the evaluation of PON-1 activity is primarily useful for 

clinical conditions related to emergency and/or hospitalization.  

Therefore, to investigate the usefulness of PON-1 as marker of disease severity and progression, 

values measured at admission were evaluated based on clinical severity of disease, 

hospitalization and outcome. PON-1 activity was significantly lower in dogs with acute or severe 

disease (classified based either on the type of disease – ie. diseases that are known to induce 

more severe clinical conditions – or based on the clinical records of each single dog that allowed 

to detect severe clinical presentations also in some case of diseases usually associated with 

chronic course) compared with dogs with chronic or mild disease, and in hospitalized compared 

with non-hospitalized dogs, regardless of hospital units. These results further confirm that PON-

1 could be a useful marker of disease severity and that hospitalization might be required when 

admission values are particularly low. In particular, the test had the highest LR+ and absolute 

specificity at cut-offs of 45.7 U/mL and 32.8 U/mL respectively. 
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Contrarily to what reported in other studies and other species (Bojic et al., 2014; Ruggerone et 

al., 2021; Ruggerone et al., 2020; Li et al., 2013; Draganov et al., 2010), no significant differences 

of PON-1 activity at admission were observed between dogs with a positive or a negative 

outcome, neither considering dogs that died and dogs subjected to euthanasia as one or different 

groups. The lack of differences is likely due to the dispersion among groups of PON-1 values, 

which mostly fell within reference interval regardless of the outcome. Accordingly, severe clinical 

conditions characterized by low values can improve if adequately treated, as well as more 

chronic conditions characterized by poor outcome can show normal values.  

Among hospitalized dogs with positive outcome, five dogs showed low PON-1 activity at 

admission. One dog (n°19) was brought to visit because of neurologic signs and was diagnosed 

with portosystemic shunt. In this case, low PON-1 values could be due to decreased PON-1 

synthesis related to insufficient hepatic mass. In human patients with chronic liver disease, PON-

1 activity is correlated with the degree of liver damage and is lower in patients with cirrhosis than 

in those with hepatitis (Ferré et al., 2002a). This correlation is supposed to be a consequence of 

hepatic dysfunction or abnormal HDL synthesis and/or secretion (Marsillach et al., 2010; Ferré 

et al., 2002a). Dog n°15 was a two month old pup diagnosed with bilateral ectopic ureter. Even 

if a correlation with the clinical condition could not be excluded, low PON-1 activity could be 

imputable to the young age. Several studies in people showed low serum PON-1 activity and low 

liver genic expression at birth, which progressively increase reaching a plateau between 6 to 15 

months of age (Ecobichon e Stephens, 1973; Mueller et al., 1983; Cole et al., 2003). In other 

species as well, PON-1 activity is reportedly lower in young individuals compared with adults 

(Giordano et al., 2013; Ruggerone et al., 2018). Dog n°21 was affected by severe right dilated 

cardiomyopathy with tricuspid insufficiency and was hospitalized because of ventricular 

tachycardia. Despite most studies focus on left-sided heart disease, a negative correlation 

between PON-1 activity and severity of heart failure is known to exist in dogs (Mahadesh et al., 

2014; Kulka et al., 2017; Rubio et al., 2020). Following discharge, a third control sampling was 

performed after two months of treatment and PON-1 activity was within reference interval, 

according with clinical improvement. Dog n°18 was affected by primary immune-mediated 

hemolytic anemia, a hyperacute and severe clinical condition which was promptly treated with 

immunosuppressive therapy with rapid clinical improvement and normalization of PON-1 values 

two weeks after hospitalization. Finally, dog n°14 was hospitalized because of severe weakness 

associated to hypotension and bradycardia consequent to hypoadrenocorticism.  
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In this case, which showed the lowest values of our caseload, decrease of PON-1 activity could 

possibly be due to decreased hepatic synthesis secondary to hepatic hypoperfusion and hypoxia 

(Peterson et al., 1996; Van Lanen and Sande, 2014). Interestingly, significantly increased PON-1 

activity was reported in dogs with hyperadrenocorticism compared with healthy controls 

(Tvarijonaviciute et al 2015b), possibly due to a direct influence of glucocorticoids on PON-1 gene 

expression (Bin Ali et al., 2003; Tvarijonaviciute et al 2015b). Unfortunately, except for a second 

sampling two days after hospitalization and one day after corticosteroid treatment, still showing 

low values, a long time follow up to verify the possible normalization of PON-1 activity was not 

available for this patient.  

In 21 cases of hospitalization, PON-1 measurement was repeated at multiple time points after 

admission. A univocal visual trend in time was not observed among hospitalized dogs with 

different outcome, even if dogs that died or underwent euthanasia appeared to show a decrease 

of PON-1 activity in time (Figure 17). However, none of them reached values below reference 

interval, and decrease of PON-1 activity in time was observed also in dogs with a positive 

outcome, possibly representing physiological fluctuations of enzyme activity in time. Notably, an 

increase in PON-1 activity in time was observed only in dogs with a positive outcome and not in 

those with a negative outcome. To statistically verify the trend among repeated sampling, 

admission values were compared with those recorded at second and last sampling. Contrarily to 

hospitalized dogs with a positive outcome, in dogs with a negative outcome PON-1 values 

measured at second and last sampling were significantly lower than admission levels. These 

findings may be relevant for clinicians monitoring hospitalized patients, suggesting that increase 

of PON-1 activity may parallel or possibly predict the improvement of clinical conditions, as 

reported for dogs with leishmaniosis (Rossi et al., 2014a). However, effective evaluation of PON-

1 activity trend in time is impaired by the lack of standardization in number and time of multiple 

sampling among patients. In many cases included in our study, repeated samplings were limited 

due to financial restraints of the owners, or not performed because not required for monitoring 

purpose, for example in case of clinical improvement and discharge. To evaluate PON-1 trend 

and correlation with clinical symptoms in hospitalized dog in a more accurate way, it would be 

advisable to perform repeated samplings at standardized multiple time points, possibly including 

also post-discharge follow up, in a wider caseload.  
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Conclusive remarks 

Regardless of disease involved, PON-1 activity can decrease in particularly severe clinical 

conditions, and hospitalization may be recommended when low values are detected at 

admission. However, our results suggest that a single measurement of PON-1 activity is not 

predictive of the outcome, while monitoring of PON-1 activity following hospitalization could be 

useful in predicting outcome and clinical improvement. As regards sepsis in particular, our results 

confirm that this clinical condition is characterized by severe oxidation and support the role of 

CRP and PON-1 in confirming a clinical diagnosis of sepsis. Moreover, the measurement of PON-

1 and CRP at admission, but not of PCO, may predict the possible outcome of dogs with sepsis. 

Future studies on a larger caseload or on serial measurements of these markers over time may 

provide additional information about their prognostic role in septic dogs. 

Finally, the presence of oxidative phenomena potentially due to Borrelia infection seemed to 

emerge in seropositive healthy dogs. However, this finding must be carefully considered, given 

the low number of samples and considering the fact that seropositivity does not reflect an 

undergoing infection, but only an immune response to a previous contact with the pathogen. 

Therefore, studies including a wider caseload are warranted and the concurrent presence of 

Borrelia infection in seropositive dogs should be confirmed while other possible causes of 

oxidation should be excluded. 
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PARAOXONASE ACTIVITY IN CATS 

Rationale and aims 

Contrarily to dogs, PON-1 activity has been measured only in few studies related to feline health 

and disease. Studies based on the paraoxon-based method employed in this thesis are limited to 

the analytical validation of the method and on the possible role of PON-1 in supporting a clinical 

diagnosis of feline infectious peritonitis. Feline leishmaniosis is an emerging disease, increasingly 

diagnosed and reported in the last decades in endemic areas and sporadically also in non-

endemic areas in rehomed cats (Pennisi et al., 2015). PON-1 activity has never been evaluated in 

cats with Leishmania infantum infection, whereas many studies in dogs have detected huge 

changes related to this disease, which is reportedly characterized by oxidative stress (Panaro et 

al., 1998; Sisto et al., 2001; Almeida et al., 2013). Therefore, we investigated PON-1 activity in 

cats screened for L. infantum positivity or seropositivity by the Department of Veterinary 

Medicine of the University of Bari (Study VII). As shown below, results of this study are still 

preliminary, and the caseload will be furtherly increased in order to prepare a scientific report to 

be submitted to peer-reviewed journals. 

VI. Assessment of Paraoxonase-1 activity in cats infected with Leishmania spp. 

Study design 

The study was performed on 64 serum samples previously collected during another study 

performed at the University of Bari in the time frame from June 2017 to August 2018 (Iatta et al., 

2019). Six veterinary laboratories distributed throughout Italy received blood and serum samples 

collected from clinical practitioners for health check analyses. Animal data (i.e. age, sex, breed, 

clinical signs) and results of laboratory analyses (i.e. hematology and biochemistry, including 

measurement of serum amyloid A, as a major feline acute phase reactant) were recorded. 

Samples were subsequently sent on dry ice to the Parasitology Unit of the Department of 

Veterinary Medicine, University of Bari (Italy) for serological and molecular testing. The protocol 

of this study was therefore approved by the ethical committee of the Department of Veterinary 

Medicine of the University of Bari, Italy (Prot. Uniba 7/17). A slightly modified IFAT protocol 

previously described by Otranto et al. (2009) was used to detect anti-Leishmania infantum 

antibodies in serum samples.  
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In particular, after the incubation of serum samples and fluorescein-labelled rabbit anti-cat 

immunoglobulin G (IgG) the slides were washed by immersion in phosphate-buffered saline 

three times for 10 min each by shaking. In addition, the conjugated anti-cat IgG was diluted 1:50 

(Sigma-Aldrich, Germany). A serum sample from a cat positive for L. infantum by cytological and 

molecular analyses was used as positive control, and serum samples from 10 healthy cats living 

in a non-endemic area (Westbrook, Maine, USA), were used as negative controls. Samples were 

classified as positive when producing a clear cytoplasmic and membrane fluorescence of 

promastigotes from a cut-off dilution of 1:80, as recommended by LeishVet guidelines (Pennisi 

et al., 2015). Positive sera were titrated by serial dilutions until negative results were obtained. 

Genomic DNA was extracted from blood using the GenUP DNA Kit (Biotechrabbit, Germany), 

following manufacturer’s recommendations. The detection of a fragment (120 bp) of L. infantum 

kDNA minicircle was achieved by qPCR, using primers, probes and protocol described in another 

study (Francino et al., 2006). For all qPCR tests, DNA extracted from blood samples of a cat 

positive to L. infantum by cytological examination was used as positive control and DNA 

extracted from blood samples of 10 healthy cats living in a non-endemic area (i.e., Westbrook, 

ME 04092 USA) was used as negative control. Samples were scored as positive when a threshold 

cycle less than 37 was recorded. FeLV and FIV proviral DNAs were tested using primers and 

protocol previously described (Endo et al., 1997; Stiles et al., 1999). Afterwards, aliquots of 

samples were transferred on dry ice to the University of Milan, where measurement of serum 

PON-1 activity was performed as described above. Based on results of serological and molecular 

testing, cats were classified into four groups: 

• negative healthy: cats that tested negative to both IFAT and PCR and did not show clinical 

signs of disease or abnormalities at clinical examination, 

• negative sick: cats that tested negative to both IFAT and PCR and showed history with 

symptoms of disease or abnormalities at clinical examination, 

• positive healthy: cats that tested positive to IFAT and/or PCR and did not show clinical signs 

of disease or abnormalities at clinical examination, 

• positive sick: cats that tested positive to IFAT and/or PCR and showed history with symptoms 

of disease or abnormalities at clinical examination. 
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In order to investigate if a correlation may exist between L. infantum positivity and PON-1 

activity, results of PON-1 activity in positive and negative cats were compared using the Mann-

Whitney U test. The same test was used to compare results from sick and healthy cats. 

Comparison of results between more than two groups was performed using the Kruskal-Wallis 

test followed by Bonferroni post-hoc test.  

Results and discussion 

Overall, among 64 cats, 12 (18.8%) tested positive to IFAT and two (3.1%) to PCR, while 50 cats 

tested negative to both methods. As regards the presence of clinical abnormalities, 10 cats were 

classified as healthy because of the absence of clinical signs (Table 18), while 53 showed 

symptoms (Tables 19 and 20). For one cat (cat n°64), which by the way tested positive at PCR, 

data regarding clinical status were not available. This cat was therefore excluded from the 

statistical analyses regarding groups based on clinical status.  

 

Table 18. Signalment, clinical data and results of serological and molecular testing for Leishmania 
infantum, Feline Immunodeficiency Virus and Feline Leukemia Virus of clinically healthy cats. 

N BREED SEX AGE 
(mth) 

IFAT 
(titer) 

PCR FIV FeLV SYMPTOMS / DIAGNOSIS 

1 DSH M 36 neg neg neg neg no symptoms 

2 DSH M 24 neg neg neg pos no symptoms 

3 DSH F 13 neg neg neg neg no symptoms 

4 DSH M 13 neg neg neg neg no symptoms 

5 DSH M 13 neg neg neg neg no symptoms 

6 DSH F 28 neg neg neg neg no symptoms 

7 DSH F 28 neg neg neg neg no symptoms 

8 DSH F 28 neg neg neg neg no symptoms 

9 DSH F 24 160 neg neg neg no symptoms 

10 DSH F 24 80 neg neg neg pregnant 

DSH, domestic shorthair; mth, months; M, male, F, female; neg, negative; pos, positive  
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Table 19. Signalment, clinical data and results of serological and molecular testing for Leishmania 
infantum, Feline Immunodeficiency Virus and Feline Leukemia Virus of cats with localized pathologic 
conditions. 

N BREED SEX AGE 
(mth) 

IFAT 
(titer) 

PCR FIV FeLV SYMPTOMS / DIAGNOSIS 

11 DSH M 168 neg neg neg neg chronic rhinitis  

12 DSH M 108 neg neg neg neg head and neck pruritus, iatrogenic diabetes 

13 DSH F 60 neg neg neg neg pruritus, parasitic infection 

14 DSH M 40 neg neg neg neg asthma 

15 M Coon F 8 neg neg neg neg nasal polyp, gingivostomatitis 

16 M Coon F 8 neg neg neg neg nasal polyp 

17 M Coon F 20 neg neg neg neg nasal polyp 

18 DSH F 12 neg neg neg neg keratitis, conjunctivitis 

19 DSH F 96 neg neg neg neg right eye conjunctivitis, right nasal discharge 

20 Siberian M 48 neg neg neg neg urinary tract infection 

21 DSH F 60 neg neg neg neg gingivostomatitis 

22 DSH M 36 neg neg neg neg bladder atony, urinary tract infection 

23 British M 84 neg neg neg neg cough, nasal discharge 

24 DSH F 132 neg neg neg neg lymphoplasmacytic enteritis 

25 DSH F 24 neg neg neg neg stomatitis  

26 DSH M 8 neg neg neg neg stomatitis  

27 DSH M 42 160 neg neg neg gingivostomatitis 

DSH, domestic shorthair; mth, months; M Coon, Maine Coon; M, male, F, female; neg, negative; pos, 
positive  
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Table 20. Signalment, clinical data, results of serology and molecular tests for L. infantum, FIV and FELV 
of cats with systemic diseases. 

N BREED SEX AGE 
(mth) 

IFAT 
(titer) 

PCR FIV FeLV SYMPTOMS / DIAGNOSIS 

28 DSH F 159 neg neg neg neg anorexia, icterus, proteinuria 

29 DSH F 192 neg neg neg neg weight loss , alopecia, gingivostomatitis, diabetes 

30 DSH F 144 neg neg neg neg weight loss, anorexia 

31 DSH M 72 neg neg pos pos fever, icterus, dysorexia, gingivostomatitis 

32 DSH M 163 neg neg neg neg weight loss, dysorexia 

33 DSH F 162 neg neg neg neg gingivostomatitis, chronic vomiting, CKD 

34 DSH M 192 neg neg pos neg weight loss, dysorexia, CKD 

35 Ragdoll M 72 neg neg neg neg vomiting, abdominal lymphadenomegaly 

36 Persian F 76 neg neg neg neg weight loss, enteritis 

37 DSH F 132 neg neg neg neg fever, pneumonia 

38 DSH M 168 neg neg neg neg weight loss, alopecia, chronic vomiting, CKD 

39 DSH M 72 neg neg neg neg weight loss, weakness, anorexia, icterus  

40 DSH M 60 neg neg neg neg weakness, anorexia, vomiting 

41 DSH F 18 neg neg neg neg fever, stomatitis 

42 DSH M 204 neg neg neg neg gingivostomatitis, splenomegaly, hepatic fibrosis  

43 DSH M 168 neg neg neg neg weight loss, gingivostomatitis 

44 DSH M 36 neg neg neg neg weight loss, weakness, dysorexia, urinary infection  

45 DSH F 26 neg neg neg neg leukopenia 

46 DSH M 36 neg neg neg neg anemia 

47 DSH F 73 neg neg neg pos weight loss, weakness, anorexia, icterus 

48 DSH F 48 neg neg neg neg bronchopneumonia 

49 DSH F 28 neg neg neg neg vomiting, diarrhea, anorexia 

50 DSH F 48 neg neg neg neg weakness, fever, neurological signs 

51 DSH M 132 neg neg neg neg CKD 

52 DSH M 24 neg neg neg neg weakness, dysorexia 

53 DSH F 11 neg neg neg neg weakness, dysorexia 

54 DSH F 241 80 neg neg neg chronic vomiting 

55 Persian F 108 neg pos neg neg gingivostomatitis, chronic vomiting, CKD 
56 DSH F 24 80 neg neg neg anorexia, gingivostomatitis (ulcers and nodules) 

57 DSH F 9 640 neg neg neg lymphadenomegaly, alopecia, oral ulcers 

58 DSH M 186 80 neg neg neg weakness, weight loss, anorexia, uveitis 

59 DSH M 84 320 neg neg neg weakness, uveitis 

60 DSH F 24 80 neg neg neg weight loss, dysorexia, gingivostomatitis 

61 DSH M 74 160 neg pos neg fever, lymphadenomegaly, weight loss, weakness, 
dysorexia, ulcerative skin lesions, gingivostomatitis 

62 DSH M 48 80 neg neg neg subcutaneous abscess, neurological symptoms 

63 DSH F 11 160 neg neg neg ocular discharge, keratitis, ulcerative skin lesions 

64 DSH F 180 neg pos neg neg NA 

CKD, chronic kidney disease; DSH, domestic shorthair; F, female; M, male; NA, not available 
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Among healthy cats (n=10), two tested positive to IFAT (cats n°9 and n°10). This finding is not 

surprising, given that in cats infection is frequently subclinical and clinical disease is rarer than in 

dogs (Pennisi et al., 2015). It was not possible to establish if these cats were just exposed or 

subclinically infected, because infection was not confirmed by direct tests. It would have been 

interesting to test again these subjects with serology after a few months to verify clinical status 

and possible increase or decrease of antibody titer. Furthermore, one of them was reported as 

pregnant (n°10), and to test kittens to assess vertical transmission would have been of great 

interest. Unfortunately, follow-up of these cats was not available. Seventeen cats were affected 

by pathologic conditions that were classified as localized and most frequently involved the upper 

airways, the oral cavity, or the lower urinary tract (Table 19). Among these cats only one subject 

(cat n°27), which was affected by gingivostomatitis, showed a positive IFAT.  On the contrary, 36 

cats showed clinical signs of different kinds of systemic disease (Table 20). Of these, 9 tested 

positive to IFAT and one to PCR. 

As expected, the most frequently reported symptoms in positive cats were gingivostomatitis, 

ulcerative lesions of skin and oral cavity, lymphadenomegaly, anorexia, weight loss, chronic 

vomiting, alopecia, ocular lesions (e.g. uveitis, corneal lesions). Such clinical signs are the same 

commonly reported in literature in cats with leishmaniosis (Pennisi et al., 2015). As discussed 

above, clinical disease is relatively rare in cats and is often associated with immunosuppressive 

conditions and comorbidities such as malignant neoplasia or diabetes mellitus (Pennisi, 2015). 

One of the 14 positive cats (cat n°61) was coinfected with FIV and showed overt clinical disease. 

The remaining cats tested negative for retroviral infection but based on available data, it is not 

possible to exclude that other immunosuppressive factors such as drugs or comorbidities could 

be present.  

As regards biochemistry abnormalities in seropositive or PCR positive cats (Table 21), results 

were not available for three cats. 
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Table 21. Main abnormalities of complete blood count, biochemistry and acute phase proteins in 
Leishmania positive cats. 

N 

WBC 

x103/μL 

5.5-12 

Hgb 

g/dL 

9.5-15 

PLT 

x103/μL 

130-400 

ALP 

U/L 

<62 

ALT 

U/L 

<70 

Urea 

mg/dL 

29-60 

Crea 

mg/dL 

<1.70 

Prot 

g/dL 

5.8-7.7 

Alb 

g/dL 

2.8-3.7 

A/G 

<0.6 

SAA 

mg/L 

>0.5 

PON 

U/mL 

>58 

9 15.3 12.1 539 57 49 32 1.04 4.6 3.2 0.70 0.2 56.8 

10 26.5 13 526 28 35 53 1.1 8.8 2.7 0.44 1.8 65 

27 15.3 12.9 259 29 87 54 1.53 5.4 3.2 0.59 0.1 91.2 

54 11.1 7.6 148 52 84 176 3.13 7.2 2.6 0.78 0.1 11.7 

55 12.6 10.4 310 22 133 33 1.12 7.3 2.9 0.74 79.4 88.5 

56 26.9 6.9 491 11 22 54 1.19 8.7 1.7 0.24 129.1 43.6 

57 23.8 9.4 332 30 89 57 1.17 9.2 2.2 0.34 88.1 99.2 

58 12.1 9.8 139 10 41 54 1.7 9 4.2 0.72 165.1 47.9 

59 5.1 11.6 280 17 34 68 2.35 6.5 2.9 0.81 0.1 72 

60 15.1 6.7 542 - - - - - - - - 33.6 

61 18.8 4.7 127 - - - - - - - - 24.3 

62 - - - - - - - - - - - 68.1 

63 19.9 11.5 179 40 66 36 0.87 10.2 2.3 0.29 34.8 76 

64 3.3 10.5 196 11 34 74 2.11 9.7 2.9 0.43 - 31.5 

Alb, albumin; A/G, albumin/globulin ratio; ALP, alkaline phosphatase; ALT, alanine aminotransferase; 
Crea, creatinine; Hgb, hemoglobin; PLT, platelets; Prot, total protein; WBC, white blood cells. Values 
exceeding reference intervals are highlighted in bold  
 

Mild to moderate leukocytosis was often present, including in cats that were classified as healthy 

based on clinical signs. On the contrary, leukopenia was present only in one case. Mild to 

moderate anemia was observed in about a third of cases and thrombocytopenia, which by the 

way was very mild and not reliable without blood smear evaluation, only in one case. Moderate 

azotemia was present in three cases and mild to moderate increase in ALT activity was observed 

in four cases. Hyperproteinemia was observed in about half of the cats, often associated with 

decreased albumin concentration and albumin/globulin ratio. As reported above, all these 

abnormalities are consistent with Leishmania infection (Pereira and Maya, 2021). 

Results of serum SAA concentration and PON-1 activity from positive and negative cats were 

compared regardless of clinical information (Table 22 and Figure 20). 
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Table 22. Results of serum SAA concentration and PON-1 activity from Leishmania positive and negative 
cats. 

  
SAA (mg/L) 

(Neg=36; Pos=10) 
PON-1 (U/mL) 

(Neg=50; Pos=14) 

NEGATIVE 
mean ± SD (median) 

min-max (I-III quartile) 
16.0 ± 46.9 (0.1) 

0.1-222.1 (0.1-1.1) 
67.2 ± 24.3 (59.9) 

27.8-134.6 (52.2-78.1) 

POSITIVE 
mean ± SD (median) 

min-max (I-III quartile) 
49.9 ± 61.8 (18.3) 

0.1-165.1 (0.1-91.5) 
57.8 ± 26.7 (60.9) 

11.7-99.2 (33.4-77.0) 

P  0.043 0.350 

 

  

 
Figure 20. Serum PON-1 activity (left) and SAA concentration (right) in Leishmania negative and positive 
cats. The boxes indicate the I-III interquartile range (IQR), the horizontal black line indicates the median 
values, whiskers extend to further observation within quartile I minus 1.5 x IQR or to further observation 
within quartile III plus 1.5 x IQR. Grey dots indicate results that are not classified as outliers, white dots 
indicate near outliers (values exceeding the third quartile + (1.5 x IQR)), ‘+’ indicates far outliers (values 
exceeding the third quartile + (3 x IQR)). The dotted line represents the lower reference limit of PON-1 
activity and SAA concentration in healthy cats respectively.  
 

As regards PON-1 activity, statistically significant differences between positive and negative cats 

were not detected. On the contrary, SAA concentration was significantly higher in positive cats 

than in negative cats, even if P value was close to the cut off for statistical difference. Considering 

the distribution of PON-1 activity values reported in the figure, we can observe that among 

negative cats many samples (23/50) showed values lower than the reference interval set for this 

species in a previous study (Rossi et al., 2020) and this causes the lack of significant differences 

between groups. Accordingly, many of the negative samples (10/36) showed values of SAA 

higher than reference interval, even if most of these values are considered outliers compared 

with the more compact distribution of positive values.  
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Overall, these results suggest that the distribution of values of PON-1 activity and SAA 

concentration among positive and negative cats, is likely more dependent on the presence of 

sick cats in both groups than on the positivity to Leishmania.  

The hypothesis explained above, is partly supported by analyzing data from sick and healthy cats 

regardless of the positivity (Table 23 and Figure 21). 

 

Table 23. Results of serum SAA concentration and PON-1 activity from sick and healthy cats. 

  
SAA (mg/L) 

(sick=38; healthy=8) 
PON-1 (U/mL) 

(sick=53; healthy=10) 

SICK 
mean ± SD (median) 

min-max (I-III quartile) 
27.8 ± 56.0 (0.1) 

0.1-222.1 (0.1-23.7) 
66.8 ± 26.6 (62.8) 

11.7-134.6 (49.4-89.0) 

HEALTHY 
mean ± SD (median) 

min-max (I-III quartile) 
2.4 ± 5.8 (0.1) 

0.1-16.7 (0.1-1.1) 
59.6 ± 10.0 (57.7) 

43.8-75.6 (54.0-65.9) 

P  0.356 0.591 

 

 
Figure 21. Serum PON-1 activity (left) and SAA concentration (right) in sick and healthy cats.  
 

Despite the absence of significant differences, it is possible to observe that except for rare 

exceptions, values of PON-1 activity and/or SAA concentration respectively lower and higher 

than reference intervals were prevalently observed in the group of sick cats. The absence of 

statistically significant differences is due to the wide distribution of values in the group of sick 

cats. In particular, among healthy cats, all values were centered close to the median, while an 

evident dispersion of values was observed among sick cats, which in many cases showed values 

within or close to reference intervals. This dispersion of values likely derives from the 

heterogeneous composition of the group of sick cats, which included subjects with more or less 

severe systemic or localized disease.  
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This hypothesis was confirmed by analyzing the same data with different grouping. Sick cats were 

furtherly divided into two groups based on the local or systemic involvement of disease and 

compared with healthy cats (Table 24 and Figure 22). 

 

Table 24. Results of serum SAA concentration and PON-1 activity from cats grouped based on the local or 
systemic involvement of disease. 

  
SAA (mg/L) 

(L=15; S=23; H=8) 
PON-1 (U/mL) 

(L=17; S=36; H=10) 

LOCAL (L) 
mean ± SD (median) 

min-max (I-III quartile) 
2.6 ± 7.3 (0.1) 

0.1-27.5 (0.1-0.2) 
73.3 ± 22.6 (67.5) 

45.4-120.9 (54.0-91.2) 

SYSTEMIC (S) 
mean ± SD (median) 

min-max (I-III quartile) 
44.2 ± 67.3 (0.5) 

0.1-222.1 (0.1-86.6) 
63.7 ± 28.0 (57.7) 

11.7-134.6 (43.8-83.6) 

HEALTHY (H) 
mean ± SD (median) 

min-max (I-III quartile) 
2.4 ± 5.8 (0.1) 

0.1-16.7 (0.1-1.1) 
59.6 ± 10.0 (57.7) 

43.8-75.6 (54.0-65.9) 

P  0.055 0.265 

 

 

 
Figure 22: Serum PON-1 activity (left) and SAA concentration (right) in cats grouped based on the local or 
systemic involvement of disease.  
 

Significant differences were still not observed, even if for SAA concentration the P value was 

close to the cut off for statistical difference. However, the distribution of data confirmed that 

cats with localized disease had PON-1 and SAA values most similar to that of healthy cats. 

Furthermore, PON-1 and SAA values respectively lower and higher than reference interval were 

frequently detected in cats with systemic disease and only occasionally detected in the group of 

cats with localized disease as well as in healthy cats. Actually, post-hoc tests showed a significant 

difference of SAA concentration in cats with localized and systemic disease (P=0.029). 
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The group of sick cats included many subjects with normal PON-1 activity and SAA concentration. 

This is not unexpected, since group formation was based on the presence of symptoms related 

to systemic diseases, that were not necessarily characterized by inflammation or oxidation. 

Clinical signs like weakness, anorexia, weight loss, vomiting and many others can be due to non-

inflammatory systemic disease, such as neoplasia or chronic kidney disease. However, very low 

and high PON-1 activity and SAA concentration respectively, were observed only in cats with 

systemic disease, thus confirming what reported in literature about the specificity of both 

markers for systemic illness characterized by an inflammatory or oxidative etiopathogenesis 

(Rossi et al., 2013; Rossi et al., 2014a; Meazzi et al., 2021).  

Results reported above seem to suggest that abnormalities of SAA and PON-1 could be related 

to the presence of inflammatory or oxidative systemic illness. To verify if the same trend was 

present in the groups of positive and negative cats, results from positive and negative sick and 

healthy cats were compared (Table 25 and Figure 23). 

 
Table 25. Results of serum SAA concentration and PON-1 activity from cats grouped based on clinical 
status and positivity to Leishmania. 

  
SAA (mg/L) 

(NS=30; NH=6; PS=8; PH=2) 
PON-1 (U/mL) 

(NS=42; NH=8; PS=11; PH=2) 

NEGATIVE 
SICK (NS) 

mean ± SD (median) 
min-max (I-III quartile) 

18.6 ± 51.1 (0.1) 
0.1-222.1 (0.1-1.7) 

68.7 ± 25.9 (62.0) 
27.8-134.6 (51.7-90.1) 

NEGATIVE 
HEALTHY (NH) 

mean ± SD (median) 
min-max (I-III quartile) 

2.9 ± 6.8 (0.1) 
0.1-16.7 (0.1-1.5) 

59.3 ± 11.1 (56.9) 
43.8-75.6 (53.0-68.6) 

POSITIVE  
SICK (PS) 

mean ± SD (median) 
min-max (I-III quartile) 

62.1 ± 63.6 (57.1) 
0.1-165.1 (0.1-112.0) 

59.6 ± 29.2 (68.1) 
11.7-99.2 (35.3-86.4) 

POSITIVE 
HEALTHY (PH) 

mean ± SD (median) 
min-max (I-III quartile) 

1.0 ± 1.1 (1.0) 
0.2-1.8 (0.2-1.8) 

60.9 ± 5.8 (60.9) 
56.8-65.0 (56.8-65.0) 

P  0.149 0.798 
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Figure 23. Serum PON-1 activity (left) and SAA concentration (right) in cats grouped based on clinical 
status and positivity to Leishmania. NS, negative sick; NH, negative healthy; PS, positive sick; PH, positive 
healthy. 
 

This comparison is strongly affected by the low number of healthy cats in both negative and 

positive groups, but particularly in the latter which included only two subjects. Anyway, 

significant differences among groups were not detected and post-hoc test confirmed that 

differences were not present neither between healthy and sick within positive and negative cats 

nor between negative and positive within healthy and sick. The same trend discussed above was 

confirmed for both SAA and PON-1, especially considering the distribution of individual results. 

In other words, cats with SAA and PON-1 values respectively higher and lower than reference 

intervals were prevalently detected among sick cats and more rarely among healthy cats, which 

by the way represented a low number as mentioned above. As regards SAA, the dispersion of 

values among sick cats appears to be more uniform in positive ones, while the majority of 

negative cats showed normal or normal to high values, except for some outliers. This finding 

seems to suggest that negative cats are more frequently affected by non-inflammatory diseases, 

while positive cats more frequently show inflammatory abnormalities possibly associated to 

Leishmania infection as discussed previously. On the contrary, the distribution of values of PON-

1 activity was more variable, and normal and low PON-1 values were equally observed both in 

negative and positive healthy cats. This is in line with what reported in dogs. In fact, only dogs 

with severe clinical forms of leishmaniosis showed decreased PON-1 activity, along with increase 

of other acute phase proteins such as C reactive protein (CRP). On the contrary, dogs with mild 

disease showed PON-1 activity within reference intervals, even if increase in CRP concentration 

was increased (Rossi et al., 2014a). This is likely due to the already mentioned different kinetic 

of PON-1, whose activity decreases only when inflammation is associated with oxidative 

phenomena, and other acute phase proteins, whose concentration increases regardless of the 
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presence of oxidation and severity of inflammation (Kotani et al., 2013). This finding seems to 

suggest that the evaluation of SAA concentration and PON-1 activity may be a useful tool for 

clinical scoring and monitoring of clinical disease due to Leishmania in cats, as happens in dogs. 

In practice, the finding of low PON-1 activity in association with seropositivity to L. infantum 

should lead to investigate the presence of infection by direct tests.  

Considering results from positive healthy cats, it is worth to make another consideration. In dogs, 

it was observed that positive non-symptomatic subjects showed an activation of oxidative stress 

(Panaro et al., 2008; Paltrinieri et al., 2010), which was interpreted as a protective response due 

to infected macrophages activation. Infected macrophages, by producing oxidizing radicals, 

manage to control intracellular parasites and prevent the dissemination of infection and 

emergence of symptoms. If clinical disease develops, a greater activation of the oxidative 

phenomena occurs in association with the appearance of inflammatory lesions, in which the 

production of ROS by phagocytes is no longer aimed to contain the infection but is a consequence 

of the uncontrolled activation of inflammatory cells within the lesions. From this point of view, 

data regarding symptomatic subjects (with the aforementioned limitations), seem to support this 

latter phenomenon. However, the detection of normal PON-1 activity in the only two clinically 

healthy subjects seems to suggest that the activation of infected phagocytes for protective 

purposes does not occur in cats. However, this interpretation is affected by the low number of 

positive clinically healthy cats, which, despite not showing clinical signs, showed hematochemical 

signs of inflammation (leukocytosis in both cats and increase in SAA concentration and total 

protein and decrease in A/G ratio in cat n°10). Furthermore, the lack of conclusive information 

on the real presence of the parasite in seropositive subjects also does not allow to make further 

considerations.  

Conclusive remarks 

Overall, our results seem to suggest that SAA concentration and PON-1 activity could be more 

affected by the presence of clinical disease than by positivity to Leishmania, even if among 

positive cats oxidative and inflammatory phenomena appeared variably present. 

This study however has some limitations. First of all, the low number of positive cats and in 

particular of positive healthy subjects. Furthermore, in most cases (12/14), cats tested positive 

at serology, sometimes with low antibody titers, but the presence of Leishmania was not 

confirmed by direct tests such as PCR or cytology. In other words, the majority of subjects 



 90 

included in this study had been definitely exposed to L. infantum, but were not necessarily 

infected. This consideration may be not so relevant, since a recent study reported that either 

seropositive cats in which infection was not demonstrated or seropositive cats in which infection 

was demonstrated by PCR, showed normal SAA concentration despite increased alpha 2 and 

gamma globulins (Savioli et al., 2021). However, it could be relevant to interpret our results of 

PON-1 activity, that in other species was hypothesized to vary dependent on exposition, 

infection, clinical symptoms and protective induced oxidative phenomena (Rossi et al., 2014a, 

Ibba et al., 2015), with the latter variably activated in infected non-symptomatic compared with 

symptomatic patients (Panaro et al., 2008; Paltrinieri et al., 2010). Finally, our classification into 

healthy and sick cats could have affected the distribution of results in the different groups. In 

fact, groups including sick cats (both negative and positive) were extremely heterogenous in 

terms of type and severity of disease and clinical signs. Furthermore, given the wide spectrum of 

possible clinical signs of feline leishmaniosis (Pennisi et al., 2015), it was not possible to relate 

clinical signs of sick cats with Leishmania infection for certain, only based on seropositivity. In 

other words, besides non-specific symptoms such as weakness, fever, anorexia or dysorexia and 

weight loss could possibly be related to Leishmania infection, it was not possible to exclude that 

cats had only been exposed to Leishmania and that symptoms were due to diseases other than 

leishmaniosis with systemic involvement. This, by the way, would also explain the overlap of 

results recorded in sick cats of positive and negative groups.  

Further studies with a higher and more standardized caseload are surely warranted. Anyway, 

what emerged from this study is that lowest PON-1 values were detected in sick positive cats and 

therefore it can be hypothesized that in cats with signs of systemic disease and low PON-1 activity 

and/or high SAA concentration, it is worth to consider leishmaniosis among differential 

diagnoses. On the contrary, for cats in which leishmaniosis is diagnosed, measurement of PON-

1 activity and SAA concentration could be considered a useful tool to evaluate possible systemic 

spread of infection and monitoring disease.  
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PARAOXONASE ACTIVITY IN PIGS  

Rationale and aims 

In livestock, clinical information is often incomplete and the extensive use of hematological or 

biochemical testing is limited due to cost-benefit issues. Therefore, acute phase proteins as 

surrogate markers of the health status can be very helpful. One of the strategies proposed in the 

management of the health status of livestock is the measurement of acute phase reactant in 

random blood samples collected at slaughter, in order to identify animals or groups of animals 

with subclinical condition that require a more extensive and accurate meat inspection to identify 

potential pathogens. Therefore, we designed a study to assess whether the measurement of 

PON-1 in blood collected at slaughter may predict the presence and severity of lesions detected 

during meat inspection (study VII). The results of this study will be presented as a poster at the 

75th Congress of Società Italiana delle Scienze Veterinarie (SISVet) in June 2022. 

VII. Paraoxonase-1 activity in slaughtering pigs 

Study design 

Samples were collected in three different abattoirs in batches of 20 samples per slaughtering 

session, to have sufficient time to complete the inspection of the carcass and internal organs and 

move to the laboratory to process samples within the same day. At slaughter, blood samples 

were collected during jugulation by percolation of whole blood in tubes without anticoagulant. 

For each sampled animal, data regarding the age group (piglets vs adults) and any information 

about external lesions or lesions detectable during inspection of the carcass and internal organs 

(with particular attention to pulmonary and hepatic lesions) were recorded. In a few cases, tissue 

slices were collected in 10% isosmotic buffered formalin and stored to be submitted for routine 

histology, if needed. Based on the macroscopical appearance of internal or external organs, the 

presence of lesions was recorded, and lesions were in turn classified as inflammatory or non-

inflammatory. After each sampling session, tubes were transported in cold chain at the 

laboratory and centrifuged within three hours. Serum was then harvested using a disposable 

plastic pipette and transferred to an Eppendorf tube to be stored at -20°C until analysis. On each 

sample, PON-1 was measured using the method described above, and results were used to run 

the following statistical analysis: a non-parametric t-test for independent data (Mann-Whitney 
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U test) was used to compare results of adults and piglets, of animals with or without lesions or 

with <2 or >2 pulmonary lesions. A non-parametric ANOVA test for independent samples 

(Kruskal-Wallis test) followed by a Mann-Whitney U test to compare each single groups was used 

for comparisons that involved more than 2 groups (i.e. comparison of results from animals 

without lesions, with inflammatory lesions or with non-inflammatory lesions, or comparison of 

results of animals with different numbers of pulmonary lesions, as specified in the results 

section). 

Results and discussion 

Overall, 56 animals were included in the study (39 sows, 9 piglets, 8 fattening hogs). Of these, 23 

animals did not have external or internal lesions. PON-1 values recorded in these animals were 

12.3 ± 2.2 U/mL (median 12.3 U/mL, min-max 8.2-15.9 U/mL). Using the Robust method after 

Box Cox transformation, that is the statistical approach recommended by the ASVCP guidelines 

for small datasets (Friedrichs et al., 2012), the reference interval of these animals was 7.2-16.7 

U/mL.  

The group of animals without lesions did not include piglets. Results recorded in sows (n=20) and 

fattening hogs (n=3) were not statistically different to each other (P=0.144), but a trend towards 

lower values in sows, likely not significant due to the low number of fattening hogs, was visually 

evident from the graph (Figure 24). 

 

 
Figure 24. Serum PON-1 activity in fattening pigs and sows included in the study. The boxes indicate the 
I-III interquartile range (IQR), the horizontal black line indicates the median values, whiskers extend to 
further observation within quartile I minus 1.5 × IQR or within quartile III plus 1.5 × IQR. Black dots indicate 
the results that are not classified as outliers. 
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Results of animals without lesions confirmed that PON-1 activity is lower in swine than in other 

species, in which values are usually higher than 50-100 U/mL, as reported above. This may 

suggest that swine PON-1 has a low paraoxonase activity. This is the first study based on 

paraoxonase activity while other studies investigated lactonase and arylesterase activity 

(Escribano et al., 2015). It is then possible than in this species the paraoxonase activity is lower 

than arylesterase activity, as happens in humans (Mackness et al., 1991). Alternatively, it may be 

supposed that the low PON-1 activity in swine depends on the peculiar lipid metabolism of this 

species. This hypothesis may be supported by the close interaction between PON-1 and 

molecules involved in lipid metabolism like HDL (Deakin et al., 2002). On the other hand, the 

design of this study, based on the collection of blood samples at slaughtering and on the 

macroscopic inspection of animals and organs, does not allow to exclude that animals without 

lesions were actually affected by metabolic diseases, or that histological lesions associated with 

early phases of inflammatory response could be present and not detected, with subsequent 

activation of oxidative phenomena potentially responsible of decreased PON-1 activity (Pallares 

et al., 2008). Moreover, the lack of piglets without lesions precluded to assess whether PON-1 

activity could be lower in young animals, as already reported in other species (Li et al., 1997; Cole 

et al., 2003; Giordano et al., 2013). This information would have been important, since the 

inclusion of piglets in the group of animals without lesions would have likely further decreased 

the lower limit of the reference interval. In this case, age-specific reference intervals should be 

created, in order to avoid that low values due to physiological factors like age, may be 

erroneously interpreted as associated with inflammation. Ultimately, the detection of low values 

also in adults limited the possibility to diagnose inflammation. Indeed, when the lower limit is 

low, it is difficult to accurately detect further decreases caused by disease. Another aspect that 

remains to be elucidated, is the trend to lower values in sows compared with fattening hogs. In 

other species low PON-1 values have been reported in young animals, as stated above, and in 

male (Ruggerone et al., 2018), both factors inducing decreased values in fattening hogs 

compared with sows and not vice versa. As stated above, all these findings should be verified on 

a larger study population, with equal distribution of male and female subjects. However, if 

fattening hogs had physiologically higher PON-1 activity than sows, the most likely explanation 

could be again the influence of a different lipid metabolism in this species (Ferretti e Bacchetti, 

2012). 
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PON-1 activity recorded in the whole group of animals with lesions was 11.9 ± 2.8 U/mL (median 

11.6 U/mL, min-max 5.2-17.8 U/mL). This result was not significantly different (P=0.489) from 

the one recorded in animals without lesions reported above, and only two animals with lesions 

had lower values than lower limit of the reference interval (Figure 25). 

 

 
Figure 25. Serum PON-1 activity in pigs with (positive) or without (negative) macroscopically evident 
lesions at slaughter.  
 

When results from the 9 piglets with lesions (that cannot be compared with results of healthy 

animals potentially characterized by physiologically low values) are excluded from the whole 

group, PON-1 activity (11.7 ± 2.9 U/mL; 12.0 U/mL; 5.2-17.6 U/mL) was not significantly different 

(P=0.443) from that of animals with lesions. In both cases above, the lack of significance may 

depend on the heterogeneity of the lesions detected at slaughter, either in terms of 

pathophysiology (presence/absence of inflammation, acute or chronic, local or systemic 

disease), or in terms of severity. This heterogeneity may account for a different PON-1 response, 

since in other species it has been demonstrated that not all inflammatory conditions influence 

serum PON-1 activity (Rossi et al., 2013). From this perspective, the following lesions were 

reported in our caseload (Table 26).  
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Table 26. Macroscopical lesions recorded at slaughter. 
Type of lesion N. of animals 

Lung nodule of possible purulent or parasitic origin 15* 

Chronic pleuritis 5 

Subacute or chronic pericarditis 4 

Milk spot 2 

Subacute or chronic catarrhal bronchopneumonia 2 

Umbilical hernia 2 

Pelvic hematoma 1 

Hepatic necrosis 1 

Podal lesions 1 

TOTAL 33 

* In 2 cases associated with milk spot, in 2 cases with umbilical hernia, in 2 cases with podal lesions 
 

As shown in Table 26, lesions were mostly located in the thoracic cavity, where nodular lesions 

(abscesses or nodules of possible chronic inflammatory or parasitic origin, sometimes associated 

with extrapulmonary lesions), pleuritis, pericarditis or bronchopneumonia (of different severity 

or chronicity) were detected. Extra-thoracic lesions were less frequently detected. The 

heterogeneity of lesions supports the hypothesis that PON-1 activity may be less affected in the 

presence of mild lesions with moderate or slight associated inflammation. In other species, in 

fact, only severe lesions or lesions with a more prominent oxidative pathogenesis may influence 

PON-1 activity (Rossi et al., 2014a).  

In order to assess whether PON-1 activity may help to identify animals with specific types of 

lesions, the following groups of animals based on type of lesions were created and compared: 

type of inflammation, severity of the lesions and localization of lesions. 

 

Based on the nature of lesions, 8 animals were classified as affected by lesions possibly 

associated with acute inflammation. This group included animals with evident purulent exudate 

in pulmonary nodular lesions (n=3), podal lesions (alone or associated with lung lesions) (n=2), 

pelvic hematoma (n=1), chronic pleuritis associated with enlarged mediastinal lymph nodes 

(n=1), hepatic necrosis (n=1). The remaining 25 animals were classified as affected by chronic or 

slight inflammation. 
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The comparison of these 2 groups and animals without lesions showed slight statistical 

significance (P=0.047), with lower values in animals with acute inflammation (mean ± SD: 10.18 

± 2.67; median: 9.60; interquartile range: 9.27-11.70) compared with animals with chronic 

inflammation (12.52 ± 2.64; 12.40, 10.94-14.48; P=0.019) and with animals without lesions 

(12.34 ± 2.20; 12.30; 10.55-13.80; P=0.027) (Figure 26). 

 

 
Figure 26. Serum PON-1 activity in pigs with lesion classified as acute or chronic and without lesions at 
slaughter. White dots indicate near outliers (values exceeding the third quartile ± (1.5 × IQR)). 
 

However, even some animals with slight or chronic inflammation showed very low PON-1 activity 

(and one piglet with umbilical hernia had values lower than reference interval). Conversely, most 

animals with acute inflammation showed values comparable with those of the other group, 

except for one fattening hog with bronchopneumonia, that had PON-1 values lower than 

reference interval. From this perspective, despite significant difference, the practical utility of 

PON-1 in identifying animals with acute inflammation at slaughter may be limited. To verify this 

hypothesis, the ability of PON-1 to discriminate animals with acute inflammation from others 

was assessed using a Receiver Operating Characteristic (ROC) curve, that was significantly 

different from the line of no discrimination (P=0.008) but with a moderate area under the curve 

(76.1%, 95% confidence interval: 56.6%-95.7%) (Figure 27).  
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Figure 27. ROC curve designed to assess the discriminating power of PON-1 in detecting pigs with 
acute inflammation. The grey line indicates the line of no discrimination. TPF, true positive 
fraction; FPF, false positive fraction. 
 

Moreover, the ROC curve showed that the specificity of PON-1 in identifying animals with acute 

inflammation was absolute only at values lower than reference intervals (<6.4 U/mL), although 

values close to the lower limit of the reference interval increased the diagnostic probability (e.g. 

at PON-1 <9.9 U/mL the specificity is 89.4%, the positive predictive value exceeds 90%, and the 

positive likelihood ratio is 5.22, indicating that the probability that an animals with PON-1 <9.9 

U/mL at slaughter had lesions associated with acute inflammation was 5.22 times higher than 

the probability that these lesions are not present). However, even at low PON-1 values, the 

negative predictivity was still low (less than 50%) and the negative likelihood ratio remained close 

to 1.00.  

These results suggest that low PON-1 values before slaughtering may allow to suspect the 

presence of lesions associated with acute inflammation, but values within the reference interval 

do not allow to exclude a possible acute pathogenesis. As stated above, this is not surprising 

since only in some cases of acute inflammation (i.e. only in those associated with severe 

oxidation) PON-1 activity decreases in serum (Rossi et al., 2014a). From a practical standpoint, 

however, the low negative predictivity limits the use of this test as a screening test to address 

the procedure of meat inspection at slaughtering. 
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As regards the severity of lesions, in 12 cases, lesions were considered as more severe and 

possibly associated with systemic changes compared with the other 21 cases. The group of 

“severe” lesions included the 8 cases with suspected acute pathogenesis, 2 cases of 

bronchopneumonia and 2 cases of pleuritis that, although classified as chronic, were considered 

particularly severe at post mortem examination. Despite the local extension of the lesion, the 

persistence of inflammatory stimuli may sustain the so-called acute phase reaction, which 

induces, among other effects, a modulation of hepatic protein synthesis potentially responsible 

of decreased gene expression of negative acute phase proteins (Ehlting et al., 2021). In other 

species, the decreased synthesis of PON-1 during prolonged inflammation, along with an 

increased peripheral consumption due to oxidative phenomena, is considered the main cause of 

decreased PON-1 activity (Feingold et al., 1998). 

However, this comparison did not reveal statistical differences among groups (P=0.578). Despite 

a visible trend to decreased PON-1 activity in animals with severe inflammation and possible 

systemic involvement, the values recorded in this group (11.41 ± 3.23; 10.40; 9.43-14.39) were 

not significantly different from those in which a systemic involvement was less likely (12.15 ± 

2.58; 11.80; 10.70-13.77) or from those without lesions (12.34 ± 2.20; 12.30; 10.55-13.80) (Figure 

28).  

 

 
Figure 28. Serum PON-1 activity in pigs without lesions at slaughter and in pigs with lesion classified as 
causing systemic impact and not.  
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Since intrathoracic lesions were more frequent, we investigated the possible association 

between pulmonary lesions and PON-1 activity or between the number of pulmonary lesions and 

PON-1 activity. These comparisons, however, did not reveal significant differences among 

groups, neither in terms of localization of lesions (P=0.503) nor in terms of number (P=0.254). 

More specifically, PON-1 values recorded in 26 animals with intrathoracic lesions (12.10 ± 2.73; 

12.10; 10.18-14.33) were similar in magnitude to those recorded in animals without lesions 

(12.34 ± 2.20; 12.30; 10.55-13.80), while the 7 animals with extra-thoracic lesions had lower 

values (11.09 ± 3.18; 10.90; 9.35-13.18) but without statistical significance (Figure 29).  

 

 
Figure 29. Serum PON-1 activity in pigs without lesions and in pigs with lesions grouped based on the 
localization (pulmonary or extra-pulmonary) (left) and based on the number of lesions (right). White dots 
indicate near outliers (values exceeding the third quartile ± (1.5 × IQR)). 
 
Similarly, although 11 animals with more than 2 pulmonary nodules had visually lower values 

(11.16 ± 2.20; 10.30; 9.65-13.05), compared with the 16 animals with less than 2 lesions (12.58 

± 2.95; 12.70; 11.13-14.48) and with the 29 animals without lesions or with extrapulmonary 

lesions (12.13 ± 2.46; 12.30; 10.33-13.80), significant differences were not observed (Figure 29). 

It should be noted, however, that the group of animals with low number of pulmonary lesions 

also included animals with diffuse pleuritis or bronchopneumonia, that, as noted above, were 

sometimes very severe. Therefore, the occasional detection of low PON-1 activity in this group 

likely masked a possible statistical significance.  
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Conclusive remarks 

The analysis of PON-1 activity did not provide encouraging results about the possibility to use 

this analyte as a surrogate marker of lesions at slaughter to optimize post mortem examination. 

However, some aspects recorded in this study may stimulate future studies.  

In particular, our results highlighted some limitations of PON-1 measurement in pigs. 

Paraoxonase activity is particularly low in this species, and this may hamper the possibility to 

detect further decreases induced by pathologic processes. From this perspective, it may be 

important in the future to investigate the need of age-specific reference intervals for young 

animals, through the analysis of serum from piglets not affected by lesions (lacking in the current 

caseload). Moreover, it would be interesting to investigate the mechanism responsible for the 

low paraoxonase activity in pigs, through the analysis of other methods than the paraoxon-based 

one used in this study. Inclusion of other substrates may reveal whether PON-1 activity in pigs is 

really low, possibly due to the peculiar fat and lipid metabolism of this species, or depends on 

the prevalence of lactonase or arylesterase activity over the paraoxonase activity investigated in 

this study. Regardless of these considerations, low values recorded in all the animals included in 

this study may have contributed to the lack of significant differences in most of the comparisons 

performed, suggesting that measuring PON-1 at slaughter may be not relevant in practice. 

Limitations of this study also included the heterogeneity of lesions included in the caseload, the 

lack of clinical or productive information useful to definitely classify animals as sick or healthy, 

and the lack of information about histological findings in the slaughtered pigs. However, the lack 

of histological data should not be considered a real limitation, since it actually allows to simulate 

what happens in field, where the identification and the classification of lesions is mostly based 

on their macroscopic appearance. Anyway, it would be interesting in the future to investigate 

the ability of serum markers to predict also histological changes. Despite all these limitations, 

the detection of low PON-1 values in pigs with severe lesions (possibly associated with a systemic 

response) or with acute inflammation may suggest a possible practical utility of PON-1 

measurement at slaughter. However, ROC curve analysis evidenced that although very low PON-

1 values may predict the presence of acute lesions, low or normal PON-1 values do not allow to 

exclude that acute lesions are present. Our results, however, encourage future studies based on 

a larger caseload and on a more standardized selection of cases.  
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PARAOXONASE ACTIVITY IN CATTLE 

Rationale and aims 

The diagnosis and classification of respiratory diseases in cattle is often challenging. Several 

scoring systems based on clinical signs have been proposed to stage the disease and to achieve 

prognostic information but none of these systems is considered sufficiently accurate. Additional 

information may be acquired by ancillary techniques, that are often invasive (e.g. 

bronchoalveolar lavages or transtracheal washes). Recently ultrasound-based evaluation of 

pulmonary lesions has shown to have a high accuracy in identifying sick animals and in staging 

the severity of the lesions, but the application of this technique in routine clinical examination in 

field may be time consuming, may require expensive instruments and skilled and experienced 

operators. Therefore, a surrogate marker able to identify sick regardless of clinical score, and to 

provide preliminary information about the possible presence of lesions, to be further 

investigated ultrasonographically, would be very useful. Based on its pathophysiology, PON-1 

may be a good non-invasive, cheap and rapid diagnostic tool to screen the herd and identify 

animals that need a more accurate investigation. 

VIII. Paraoxonase-1 activity in calves with bovine respiratory disease (BRD) 

Study design 

The study was performed on 199 blood samples collected from calves living in 9 herds located in 

the area of Lodi (Lombardy region, Northern Italy). The criteria to include animals in the study 

were: calves of Italian Friesian breed from farms with recent problems of BRD, of both sexes, 

aged between 30 and 90 days in the pre-weaning period reared in multiple pens. Blood samples 

were collected from the jugular vein under informed consent of the farmer within a screening 

plan for the presence of respiratory disease or, in clinically sick animals, as a part of the diagnostic 

protocol. Therefore, according to the decision 2/2016 of the Ethical committee of the University 

of Milan, residual aliquots of the serum used in the diagnostic approach may be used for research 

purposes without an additional step of approval from the Ethical Committee. Before each 

sampling, animals were visited and received a complete thoracic ultrasound. TUS Systematic 

thoracic ultrasound (TUS) is now considered the gold standard for the diagnosis of BRD in calves. 

Ultrasound examination was performed according to the procedure described by Ollivett and 
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Buczinski (2016), using a portable ultrasound machine with a linear probe (MyLab Five, Esaotem 

SpA, Genova, Italy) and vegetable oil was used to remove air from the animal's coat.  

The type of lesions observed and their location were noted, and each pathological appearance 

was assigned a score using the scoring system shown in Table 27 and Table 28 (Ollivett and 

Buczinski, 2016). 

 

Table 27. Criteria for scoring ultrasound findings and ultrasound appearance of lung lesions. 

Score 
Ultrasound 

finding 
Description Aspect Diagnosis 

0 
Reverberation 
artefacts 

Echogenic pleural line with parallel 
reverberation artefacts moving away 
from the probe 

 

Healthy, well-
ventilated lung 

1 
Comet tail 
artefacts 

Hyperechogenic artefact originating 
in the pleurae and moving vertically 
away from the probe  

Focal pleural 
roughening or 
thickening 

2 
Lobular 
consolidation 

Hyperechoic subpleural lesion at least 
1 cm in diameter within properly 
ventilated lung tissue  

Lobular pneumonia 

3 
Lung 
consolidation 

Consolidated, hepatized and non-
aerated portion of lung parenchyma 
in one lung lobe  

Lobar pneumonia 
affecting one lung 
lobe 

4 
Lung 
consolidation 

Consolidated, hepatized and non-
aerated portion of lung parenchyma 
at the level of two lung lobes  

Lobar pneumonia 
affecting two lung 
lobes 

5 
Lung 
consolidation 

Consolidated, hepatized and non-
aerated portion of lung parenchyma 
at the level of three lung lobes  

Lobar pneumonia 
affecting three or 
more lung lobes 
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Table 28. Calf Respiratory Scoring Criteria (Wisconsin University of veterinary medicine, 2012, Madison). 

 Calf Health Scoring Criteria 

 0 1 2 3 

Rectal 
temperature 

37.8 - 38.3 °C 38.4 - 38.8 °C 38.9 - 39.4 °C ≥ 39.5 °C 

Cough None Single induced cough Repeated induced coughs or 
occasional spontaneous  

Repeated spontaneous coughing 

Nasal discharge Normal serous secretion 
 

 

Small amount of one-sided cloudy 
discharge 

 

Bilateral turbid or mucous 
discharge 

 

Abundant bilateral mucopurulent 
discharge 

 

 

Eyes Normal 

 

Small amount of eye secretion 

 

Moderate eye discharge 

 

Severe eye discharge 

 

 

Head and ears Normal 

 

Shaking of the ears or head 

 

Slight drooping of one ear 

 

Rotation of head or lowered ears 
 

 

 

 



 104 

The following clinical scores were recorded.  

Clinical score according to Calf Respiratory Scoring Criteria (CRSC) was determined as follows: 

each animal received a complete clinical examination, recording following clinical findings: rectal 

temperature, ear bearing, presence and type of ocular and nasal discharges, presence of cough. 

Each of the above parameters was assigned a score from 0 to 3 based on the severity of the 

clinical signs observed as reported in the CRSC table (Table 28) (Ollivett and Buczinski, 2016). 

Nasal discharge, eye discharge and ear score were assigned without going into the calf pen. 

Occasional or repeated spontaneous coughing can also be noted from outside the pen, giving 

the calf respectively 2 or 3 points in that category. Cough induction was performed by tracheal 

compression and 1 or 2 points were assigned in this category for single or repeated induced 

cough respectively. Subsequently, rectal temperature was recorded. The value 0 is indicative of 

a normal condition, while a score of 3 is attributed to a very altered clinical state. A total score 

of less than 4 is indicative of a healthy calf, and which therefore would not need antibiotic 

therapy. A value of 4 identifies an animal potentially at risk of developing respiratory disease and 

which must therefore be monitored. Instead, values > 4 characterize an animal affected by BRD 

and therefore could require antibiotic treatment. The sum of scores gives a value between 0 and 

12 and the values for eye discharge and ear position are taken together. The accuracy of this 

clinical scoring system was recently assessed using a Bayesian latent class framework (Buczinski 

et al., 2015). The score sensitivity for detection of active BRD was 62.4% and specificity was 74.1% 

(Buczinski et al., 2018). 

TUS score was determined as follows: animals with no lesions or with comet-tail artifacts were 

given a score of 0 and 1 respectively and were considered healthy. Animals considered sick were 

given a score from 2 to 5, corresponding to lobular lesions or lobular lesions of increasing severity 

with involvement of one, two, three or more than three lung lobes (Ollivett and Buczinski, 2016).  

Blood was immediately transferred to the laboratory after each session of sampling 

(approximately 20 calves were sampled in each session) and serum was obtained by 

centrifugation within three hours. Serum samples were then used to measure PON-1 activity 

using the method described above. Results obtained in the different classes of the WRSC were 

compared to each other using a non-parametric ANOVA for unpaired samples (Kruskal-Wallis 

test), followed by a Mann-Whitney U test to compare the results of paired classes.  
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The same tests were used to compare the results obtained in the different classes of the TUS 

scoring system. Conversely, results from animals classified as healthy or sick based on the TUS 

score were compared to each other using a non-parametric t-test for unpaired samples (Mann-

Whitney U test). In order to assess the discriminating power of PON-1 activity to identify sick 

animals (i.e. animals with a TUS score ≥2) and to establish the optimal diagnostic cut-off, for each 

numerical value recorded in the study (operating point), we classified as true or false positive the 

calves that had or not a TUS score ≥2, that had PON-1 values lower than each operating point, 

and as true or false negative the calves that had or not a TUS score ≥2, that had PON-1 values 

higher than each operating point. Sensitivity and specificity and the positive likelihood ratio were 

calculated for each operating point, using standard formulae (Gardner and Greiner, 2006; 

Christenson, 2007), and Receiver Operating Characteristic (ROC) curves were designed by 

plotting sensitivity versus (1–specificity) (Gardner and Greiner, 2006). The Youden index (i.e., the 

operating point that maximizes the difference between true positives and false positives) and 

the operating points characterized by the highest LR+ and by absolute specificity were then 

calculated (Ruopp et al., 2008).  

Results: 

The results of different scoring system and PON-1 activity in healthy animals are summarized in 

table 29 and 30. 
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Table 29. Results of clinical examination (RCS), thoracic ultrasound (TUS) and PON-1 activity of healthy animals.  
N 
  

RSC 
  

TUS 
  

PON-1 
(U/mL) 

 N 
  

RSC 
  

TUS 
  

PON-1 
(U/mL) 

1 0 1 98.6  34 3 1 73.5 

2 2 1 131.2  35 3 1 93.2 

3 6 1 70  36 3 1 63.2 

4 2 1 64.5  37 3 1 93.6 

5 4 1 42  38 1 1 66.1 

6 3 1 87.6  39 2 1 79.1 

7 6 1 49.8  40 1 1 28 

8 6 1 92.6  41 1 1 54.1 

9 2 1 105.3  42 4 1 62.8 

10 2 1 38.1  43 3 1 52.1 

11 3 1 33.6  44 2 1 63.7 

12 3 1 118.1  45 2 1 49.9 

13 2 1 30.9  46 1 1 71.6 

14 3 1 48.8  47 4 1 77.1 

15 2 1 48.2  48 3 1 85.9 

16 1 1 31,1  49 4 1 72.3 

17 2 1 62,1  50 5 1 69.7 

18 2 1 67.3  51 5 1 111.4 

19 5 1 87  52 4 1 77.3 

20 4 1 109.7  53 2 1 79.4 

21 3 1 115.2  54 2 1 106.7 

22 3 1 94.4  55 2 1 61.9 

23 5 1 81.4  56 3 1 69.6 

24 2 0 121.6  57 4 0 96.5 

25 4 1 108.3  58 3 1 76 

26 2 1 79.3  59 2 1 119.8 

27 1 1 77.8  60 3 1 88.7 

28 1 1 75.9  61 2 1 119.2 

29 4 1 93.8  62 3 1 92.7 

30 4 1 62.7  63 0 1 135.3 

31 4 1 90.7  64 4 1 126.4 

32 6 1 58.8  65 3 1 106.3 

33 5 1 98.9  66 1 1 104.2 
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Table 30. Results of clinical examination (RCS), thoracic ultrasound (TUS) and PON-1 activity of sick animals.  

N 
  

RSC 
  

TUS 
  

PON-1 
(U/mL) 

 N 
  

RSC 
  

TUS 
  

PON-1 
(U/mL)  N 

 
RSC 

 
TUS 

 
PON-1 
(U/mL)  N 

 
RSC 

 
TUS 

 
PON-1 
(U/mL) 

67 5 3 73.3  101 4 4 78.9  134 2 3 32.7  167 1 2 47.8 

68 8 5 95.9  102 1 4 39.5  135 9 3 109.8  168 1 2 66.6 

69 3 3 35.7  103 1 5 3.1  136 7 3 65.1  169 3 5 27.3 

70 4 5 47.5  104 4 4 15.6  137 6 2 116.4  170 5 5 86.6 

71 6 5 70.2  105 1 5 76.2  138 8 2 98.9  171 5 2 113.1 

72 2 5 42  106 4 3 69.5  139 4 2 78.5  172 5 2 90.2 

73 6 2 112.2  107 2 5 42.1  140 2 2 59.5  173 3 2 79.3 

74 6 3 107.5  108 4 5 36.8  141 4 5 20.5  174 6 3 69 

75 2 2 108.8  109 1 3 44.5  142 5 3 67.4  175 4 4 68.2 

76 8 5 77.2  110 0 2 14.3  143 5 3 82.5  176 3 4 71.6 

77 4 4 69.7  111 0 4 27.4  144 1 5 50.3  177 8 4 59.1 

78 5 5 92.8  112 4 3 73.3  145 4 5 68.3  178 6 4 27.4 

79 3 3 106.6  113 1 3 36.2  146 3 3 84.8  179 3 2 119.6 

80 3 4 78  114 3 2 23.2  147 1 2 84.2  180 2 2 92.8 

81 5 2 69.6  115 4 2 40.4  148 7 5 74.2  181 4 3 82.3 

82 5 3 82.2  116 2 4 26  149 1 5 99.3  182 5 3 90.4 

83 6 5 97.8  117 1 2 25  150 5 5 64  183 8 5 59.2 

84 5 2 67.4  118 0 2 33.8  151 3 3 18.2  184 6 5 64.6 

85 2 3 67.5  119 2 2 47.8  152 1 4 88.7  185 5 3 54.8 

86 3 3 28.1  120 4 5 53  153 4 3 100.4  186 4 2 86.4 

87 3 4 47.7  121 4 3 29.2  154 0 4 70.3  187 3 3 56.8 

88 5 5 43.5  122 3 2 46.3  155 3 5 64.2  188 1 2 49.1 

89 5 2 53.2  123 3 5 35.8  156 3 3 65.3  189 3 2 68.3 

90 6 2 70.6  124 5 2 49  157 1 3 95.4  190 3 5 75.2 

91 4 5 39.6  125 4 2 78  158 3 3 66.8  191 3 3 57.9 

92 2 5 66.8  126 5 4 69  159 6 3 47.3  192 2 4 26.4 

93 4 3 51  127 4 5 28.2  160 4 5 65.9  193 2 5 92.1 

94 4 2 12.1  128 1 2 71.8  161 5 2 46.7  194 1 2 55.8 

95 5 5 29.3  129 5 4 59.4  162 2 3 68  195 1 5 29.4 

96 5 2 52.8  130 6 5 37.3  163 1 3 117.8  196 2 3 36.7 

97 6 4 23.9  131 3 5 59.5  164 3 4 57.3  197 4 4 36.9 

98 2 3 44.9  132 6 2 35.3  165 2 3 64.4  198 6 5 61 

99 2 5 64.5  133 5 3 29  166 3 3 79.1  199 3 3 24.9 

100 1 5 38.1                
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Results regarding PON-1 activity in calves with different WRSC are reported in Figure 30 and 

summarized in Table 31. Figure 31 summarizes the correlation between the WRSC and PON-1 

activity. 

 
Figure 30. Serum PON-1 activity in calves grouped according to Calf Respiratory Scoring Criteria by 
Wisconsin University.  
 

Table 31. Serum PON-1 activity in calves grouped according to Calf Respiratory Scoring Criteria by 
Wisconsin University (WCRSC). 

WCRSC 
PON-1 (U/mL)  

mean ± SD median I-III IQR min-max n 

0 63.28 ± 46.99 52.05 26.31-101.66 14.3-135.3 6 

1 60.28 ± 27.78 55.80 38.33-77.53 3.1-117.8 27 

2 68.89 ± 29.44 64.50 45.38-89.98 26.0-131.2 35 

3 68.33 ± 26.91 68.95 48.71-87.69 18.2-119.6 42 

4 63.27 ± 27.79 68.90 41.07-80.88 12.1-126.4 36 

5 70.91 ± 22.13 69.60 53.47-86.93 29.0-113.1 27 

6 67.32 ± 28.56 66.80 46.47-93.03 23.9-116.4 18 

7 69.65 ± 6.43 69.65 65.10-74.20 65.1-74.2 2 

8 78.06 ± 19.16 77.20 59-17-96.90 59.1-98.9 5 

9 109.80 109.80 109.80-109.80 109.80-109.80 1 
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Figure 31. Correlation between WRSC and PON-1 activity. 

 

As shown in Table 31, no significant differences were found in PON-1 activity among different 

WRSC classes and PON-1 activity seemed to increase with the WRSC score. This hypothesis was 

confirmed by the trend to a positive correlation between PON-1 activity and the WRSC score, 

which however, was not statistically significant (P= 0.152; r= 0.102). This finding is somehow 

unexpected, since, as already described, PON-1 activity is reportedly negatively correlated with 

disease clinical severity in many diseases of other species (Tvarijonaviciute et al 2015a; Torrente 

et al., 2019; Pardo-Marin et al., 2020; Rubio et al., 2020). However, it must be considered that 

the WRCS score mostly refers to symptoms related to the upper airways, and upper way 

respiratory forms are usually less severe than those affecting lower airways. Indeed, the WRSC 

score does not have high sensitivity and specificity in detecting BRD (Buczinski et al., 2018). It 

might be hypothesized that calves given high WRSC scores were not necessarily affected by 

severe pulmonary lesions leading to oxidative stress and PON-1 activity decrease, and vice versa. 

This is supported by results regarding PON-1 activity in the different classes of TUS and 

correlation between TUS and PON-1, which are summarized in Table 32 and Figures 32 and 33.  
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Table 32. Serum PON-1 activity in calves grouped according to systematic thoracic ultrasound (TUS) score. 

TUS 
PON-1 (U/mL)  

mean ± SD median I-III IQR min-max n 

0 109.05 ± 17.75 109.05 96.50-121.60 96.50-121.60 2 

1 79.45 ± 25.98 77.55 62.74-96.85 28.00-135.30 64 

2 65.69 ± 29.03 # * 67.00 47.16-85.48 12.10-119.60 36 

3 64.52 ± 25.99 # ** 66.80 44.57-82.28 18.20-117.80 39 

4 52.05 ± 22.39 # *** 58.20 27.40-70.05 15.60-88.70 20 

5 57.35 ± 23.62 # *** 60.25 38.03-74.28 3.10-99.30 38 

# P<0.05 compared with TUS 0; * P<0.05 compared vs TUS 1; ** P<0.01 compared vs TUS 1; *** P<0.001 
compared vs TUS 1   
 

 
Figure 32. Serum PON-1 activity in calves grouped according to systematic thoracic ultrasound score.  
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Figure 33. Correlation between TUS and PON-1 activity. 

 

Statistical analysis revealed significant differences between PON-1 activity recorded in the 

different TUS classes, with values significantly lower in the highest classes compared with the 

lowest ones. Similarly, a significant negative correlation was found between PON-1 activity and 

TUS (P<0.001; r=-0.338). This suggests that, as expected, inflammation and the subsequent 

oxidative reactions are progressively higher as soon as the TUS score increases. Based on the 

current knowledge about PON-1 pathophysiology, in these conditions, PON-1 activity might 

decrease either because of decreased hepatic synthesis (Feingold et al., 1998) or because of 

displacement from HDL and increased peripheral consumption (Van Lenten et al., 1995). 

Results regarding PON-1 activity were analyzed with respect to the presence or absence of 

disease based on the TUS score and are summarized in Figure 34. Calves with TUS score equal to 

or higher than 2 were considered diseased.  
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Figure 34. Serum PON-1 activity in calves classified as sick or healthy based on systematic thoracic 
ultrasound score (TUS). 
 

Briefly, PON-1 activity was significantly lower in clinically sick calves (mean ± SD: 60.91 ± 25.92; 

median: 64.20; interquartile range: 39.57-78.00; n=133) than in clinically healthy calves (80.34 ± 

26.18; 78.45; 28.00-98.63; n=66) (P<0.001). This result is not surprising, based on our current 

knowledge on the pathophysiology of PON-1 also in this species (Bionaz et al., 2007; Giordano et 

al., 2013) and is in line with previous preliminary reports about changes in PON-1 activity 

recorded in sick cows or calves of different age (Giordano et al., 2013).  

As an attempt to assess whether the magnitude of changes of PON-1 activity may predict the 

presence of pulmonary lesions and therefore classify as sick animals with potential respiratory 

disease, we designed a ROC curve. The curve was significantly different from the line of no 

discrimination (P<0.001). However, the area under the curve (AUC) was not particularly high 

(69.8%; 95% CI: 62.1-77.4) (Figure 35). The analysis of the diagnostic parameters designed by the 

ROC curve evidenced that only at very low PON-1 values (in our caseload 30.9 U/mL), the 

probability that animals have a respiratory diseases characterized by pathological values of TUS 

is notably higher than the probability to not have pathological changes (at the threshold above 

the LR+ was 10.42). Furthermore, the absolute specificity that allows to classify an animal as 

affected by pulmonary lesions without false positive results was even lower (<28.0 U/mL). 

Conversely, based on the youden index, PON-1 analysis may maximize its performances at PON-

1 values of 69.6 U/mL, when sensitivity and specificity are 64.7% and 66.7% respectively.  
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Figure 35. ROC curve designed to assess the discriminating power of PON-1 in detecting sick calves. The grey 
line indicates the line of no discrimination. TPF, true positive fraction; FPF, false positive fraction. 

Conclusive remarks 

In conclusion, these results confirm that the measurement of PON-1 may be a rapid tool to 

identify animals that will likely have a high TUS score. Conversely, this marker does not seem to 

well correlate with the clinical score, likely because the latter is poorly sensitive or specific. The 

comparison of results of the WRSC with those of PON-1 suggests that in some cases, animals 

with severe clinical signs are actually not affected by inflammatory processes so severe to induce 

oxidation and, vice versa, that oxidative phenomena may be already present despite the absence 

of severe clinical signs. This is not surprising, since also in other species it has been demonstrated 

that the severity of the clinical condition may not depend only on the severity and magnitude of 

the local inflammatory reaction. The design of this study did not allow to fully exploit this 

hypothesis. However, further studies based on the comparison of results of PON-1 with those of 

other markers of inflammation (e.g. major bovine acute phase proteins such as haptoglobin or 

SAA) should be designed to clarify this aspect. Therefore, PON-1 could be used when animals 

show clinical signs regardless of their severity, or as screening test in herds characterized by high 

prevalence of respiratory disorders, in order to select those animals that require additional 

invasive approaches or an ultrasound investigation.  The results of this study open new insights 

about the possible role of PON-1 in assessing health or disease in bovine species.  
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In particular, it would important, through future studies, to investigate the mechanisms that 

account for the discrepancy between the clinical status and PON-1 levels, to assess the 

correlation between PON-1 and other markers of inflammation, and to investigate whether the 

presence/absence or the magnitude of decrease of PON-1 activity may be associated with some 

specific type of pulmonary lesions. 
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CONCLUSIONS
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The results collected in the different studies described in this thesis provided further insights 

about the possible utility of PON-1 as a biomarker in veterinary clinical pathology. More 

specifically, this thesis confirmed the role of PON-1 as a marker of SIRS, possibly associated with 

sepsis in several species. This was particularly evident in horses, in which it was demonstrated 

an inverse relationship between PON-1 activity and clinical or laboratory signs suggestive of SIRS 

in animals with experimentally induced endotoxemia and with spontaneous diseases. We 

demonstrated that low PON-1 activity is potentially associated with SIRS (although normal levels 

of do not allow to exclude SIRS) and potentially indicative of a poor prognosis. In dogs as well, 

this marker had better diagnostic performance compared with other markers conventionally 

associated with severe inflammation, like C-reactive protein, or innovative markers of oxidation 

like protein carbonyls. In addition, PON-1 proved to be useful in identifying subclinical changes 

potentially consistent with an activation of the innate response, like in dogs with borreliosis or 

in cats with leishmaniasis. In these conditions, decreases of PON-1 may be observed also in 

seropositive animals not showing clinical signs, suggesting that host-pathogen interactions could 

be occurring in the absence of overt disease. We also highlighted the possibility to include PON-

1 analysis in laboratory profiles as an ancillary test to support clinical decisions or address further 

testing. In dogs, PON-1 activity was particularly decreased in subjects admitted to the hospital 

wards where acute or severe diseases are more likely (e.g. first aid/primary care service, 

oncology) and in subjects requiring hospitalization in the ICU. A practical recommendation could 

be to measure PON-1 activity at admission and to hospitalize dogs when values are very low, 

with following periodical assessment of PON-1 activity during the follow up. Indeed, the lack of 

increase in PON-1 activity in the first days after hospitalization may be associated with a negative 

outcome. In calves with respiratory disease, PON-1 values better correlated with 

ultrasonographic scores consistent with lung inflammation compared with clinical scores. 

Therefore, measurement of PON-1 activity may be recommended as a screening test, to select 

animals requiring more thorough clinical examination or time-consuming and laborious 

approaches like diagnostic imaging. The use of PON-1 as a screening test was also evaluated in 

swine at slaughter, assessing the ability to predict presence and severity of lesions, but 

differently from other species, the performances of this analyte as an ancillary test to address 

further post mortem analyses were not satisfactory. However, the multispecies approach 

followed in this thesis showed that the potential utility of PON-1 varies among species, likely due 

to species-specific metabolic peculiarities and/or different levels of expression of PON-1 genes. 
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Similar to what is recommended in people, further studies using substrates other than paraoxon, 

as well as genetic investigations on PON-1 polymorphisms, should be encouraged in the future 

in veterinary species, to provide a more extensive overview of the practical utility of PON-1. 

In conclusion, the information produced by the different studies allowed to satisfy the general 

aims of the thesis and may serve as basis for future studies about the additional research 

questions arisen within this thesis. Overall, this thesis demonstrated that PON-1 may be 

considered a useful, cheap and rapid diagnostic marker to provide basic information when SIRS 

or sepsis are clinically suspected. Moreover, it may be advisable to introduce measurement of 

PON-1 in routine testing in small and large animal practice, either for diagnostic or prognostic 

purposes or to provide ancillary information that may address clinical decisions.  
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