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Abstract

Background: Inflammation and oxidative stress can contribute to the development and progression of heart
failure. This study aimed to investigate the association between inflammatory and oxidative stress markers in dogs
with congestive heart failure (CHF). Associations between the disease severity marker N-terminal pro-B-type
natriuretic peptide (NT-proBNP) and markers of inflammation and oxidative stress were also determined.

Results: Thirty-seven dogs with cardiovascular diseases (dilated cardiomyopathy, DCM (16 dogs), myxomatous
mitral valve disease, MMVD (21 dogs)) and ten healthy dogs were included in this prospective study. The patients
were further divided into groups with (26) and without CHF (11). We found a significantly higher serum
concentration of C-reactive protein (P = 0.012), white blood cell (P = 0.001), neutrophil (P = 0.001) and monocyte
counts (P = 0.001) in patients with CHF compared to control dogs. The concentration of tumor necrosis factor-alpha
(TNF-α) was significantly higher in patients with CHF compared to patients without CHF (P = 0.030). No significant
difference was found in most of the measured parameters between MMVD and DCM patients, except for
glutathione peroxidase (GPX) and NT-proBNP. In patients with CHF, TNF-α correlated positively with
malondialdehyde (P = 0.014, r = 0.474) and negatively with GPX (P = 0.026, r = − 0.453), and interleukin-6 correlated
negatively with GPX (P = 0.046, r = − 0.412). NT-proBNP correlated positively with malondialdehyde (P = 0.011, r =
0.493). In patients without CHF none of the inflammatory and oxidative stress markers correlated significantly.
Furthermore, in the group of all cardiac patients, GPX activity significantly negatively correlated with NT-proBNP
(P = 0.050, r = − 0.339) and several markers of inflammation, including TNF-α (P = 0.010, r = − 0.436), interleukin-6
(P = 0.026, r = − 0.382), white blood cell (P = 0.032, r = − 0.369), neutrophil (P = 0.027, r = − 0.379) and monocyte
counts (P = 0.024, r = − 0.386).

Conclusion: Inflammatory and oxidative stress markers are linked in canine CHF patients, but not in patients
without CHF. These results suggest complex cross communication between the two biological pathways in
advanced stages of CHF.

Keywords: Canine congestive heart failure, C–reactive protein, Interleukin–6, Malondialdehyde, Tumour necrosis
factor–alpha, White blood cell count
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Background
Increasing evidence suggests that processes of inflamma-
tion are implicated in the pathophysiology and progres-
sion of congestive heart failure (CHF) [1, 2]. Inflammation
can cause myocardial dysfunction, which leads to endo-
thelial dysfunction and cardiac cachexia. Inflammatory
markers are released from the cells of failing myocardium
and endothelial cells, blood leukocytes, and platelets, as
well as from the liver and lungs [1–3]. Markers of inflam-
mation, such as C–reactive protein (CRP), cytokines, and
their corresponding soluble receptors, white blood cell
count (WBC) and markers of an activated immune sys-
tem, have been reported to be elevated in human heart
failure patients [4–7]. In canine patients with CHF, WBC,
and concentrations of CRP and monocyte chemoattract-
ant protein-1 have been found to be significantly higher in
comparison to control dogs [8–15]. Besides, interleukin
(IL)-2, IL-7, and IL-8 decreased with increasing severity
indices of myxomatous mitral valve disease (MMVD) [14].
On the other hand, Rubio and colleagues found no signifi-
cant differences in a number of cytokines (IL-2, IL-6, IL-7,
IL-8, IL-10, IL-15, IL-18, interferon gamma-induced pro-
tein, monocyte chemoattractant protein-1, granulocyte
macrophage-colony stimulating factor, tumour necrosis
factor-α (TNF-α) and interferon-gamma) between dogs
with different stages of heart failure due to MMVD or di-
lated cardiomyopathy (DCM) [15].
Inflammation and oxidative stress play an important

role in various features of cardiovascular disease, involving
endothelial dysfunction, lipid disorders, and myocardial
injury [1, 2, 16]. Clinical and experimental studies have
provided considerable evidence that oxidative stress, de-
fined as a disturbance in the balance between reactive oxy-
gen species (ROS) and antioxidants, is increased in heart
failure and consequently contributes to cardiac remodel-
ling and heart failure [1, 17]. Increased production of ROS
and thus increased oxidative stress is implicated in the de-
velopment of a variety of cardiovascular diseases in human
and animal patients [1, 15, 17–22].
Congestive heart failure, regardless of etiology, is

linked with inflammation and enhanced oxidative stress,
whereas short-term inotropic support results in the re-
duction of inflammatory and oxidative stress markers
[23]. Biomarkers of oxidative stress and inflammation
are promising diagnostic and prognostic markers in
heart failure patients [15, 20]. Despite the fact that oxi-
dative stress and inflammation are involved in the pro-
gression of heart failure [1, 15, 24] there is still a lack of
data on the association between inflammatory and oxi-
dative stress markers in human and canine cardiovascu-
lar patients.
Our hypothesis was that inflammatory and oxidative

stress markers are associated in canine patients with
CHF resulting from MMVD or DCM. To test the

hypothesis, we measured selected inflammatory and oxi-
dative stress markers. We correlated them with each
other, as well as with the disease severity marker N-
terminal pro–B–type natriuretic peptide (NT–proBNP).

Results
Dogs
Forty-seven privately owned dogs were included in the
study: 37 of them were cardiovascular patients, and ten
of them were control dogs. Cardiovascular patients were
further divided into two groups; patients with (26) and
without (11) CHF. The progression algorithm of dogs
during the inclusion into the study is shown in Fig. 1.
The baseline demographic characteristics of cardiovascu-
lar patients with and without CHF and control dogs are
presented in Table 1. Control dogs and cardiac patients
with and without CHF did not differ significantly in
weight; however, patients with and without CHF were
significantly (P < 0.001) older compared to control dogs.
Furthemore, patients with and without CHF did not dif-
fer significantly in age.
Age and weight (Table S1) were compared between

DCM (16) and MMVD (21) patients and control dogs.
Dogs with MMVD were significantly older compared to
DCM patients (P = 0.027) and control dogs (P < 0.001).
In addition, dogs with DCM were significantly older
compared to control dogs (P = 0.011) and had signifi-
cantly higher (P < 0.001) weight than MMVD dogs.

Inflammatory and markers of oxidative stress and NT–
proBNP concentrations
Concentrations of IL-6 were excluded from the statis-
tical comparison because they were below the lower
level of detection.
The results of inflammatory markers and NT–proBNP

are presented in Table 2. NT–proBNP concentration
was significantly higher in patients with CHF than in pa-
tients without CHF (P = 0.009) and control dogs (P <
0.001); however, NT–proBNP concentration between
patients without CHF and control dogs did not differ
significantly.
Serum CRP concentration was significantly higher in

patients with CHF than in control dogs (P = 0.012). The
concentration of TNF-α was significantly (P = 0.030)
higher in patients with CHF compared to patients with-
out CHF, while no significant difference was found in
comparison to control dogs.
White blood cell and monocyte counts were signifi-

cantly higher in patients with CHF compared to control
dogs (P = 0.001; and P = 0.001, respectively) and patients
without CHF (P = 0.024 and P = 0.049, respectively).
Neutrophil counts were significantly (P = 0.001) higher
in patients with CHF than in control dogs. We found
significantly (P = 0.020) higher lymphocyte counts in
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patients with CHF than in patients without CHF. Fur-
thermore, we found significantly higher neutrophil
percentages and significantly lower lymphocyte per-
centages in patients without (P = 0.002 and P = 0.010,
respectively) and with CHF (P = 0.003 and P = 0.006,
respectively) in comparison to control dogs.
Regarding oxidative stress parameters (Table 3), we

found no significant difference in malondialdehyde
(MDA) concentration between groups of patients and
control dogs. On the other side, glutathione peroxidase

(GPX) activity was significantly (P = 0.042) higher in pa-
tients without CHF than in control dogs.
Inflammatory and oxidative stress markers and NT-

proBNP concentrations were also compared between
DCM and MMVD patients and control dogs (Tables S2
and S3). We found no significant difference between
DCM and MMVD patients in TNF-α and CRP concen-
trations, WBC, NEUT, LYMPH, MONO and percent-
ages of neutrophils, lymphocytes and monocytes, and
MDA concentration; however, GPX activity was

Fig. 1 The progression algorithm of dogs during the inclusion into the study. DCM: dilated cardiomyopathy; MMVD: myxomatous mitral valve disease

Table 1 Baseline demographic characteristics of canine cardiac patients and control dogs

Control All patients No CHF CHF

Number 10 37 11 26

Sex

Male/Female 3/7 31/6 9/2 22/4

Age (years)

Mean ± SD 4.4 ± 2.5* 8.8 ± 2.8 9.3 ± 3.6 8.6 ± 2.5

Min–Max 1.0–12.5 2.4–14.3 2.4–14.3 4.2–12.5

Weight

Median (IQR) 22.4 (19.2–34.3) 27.8 (13.2–41.9) 31.4 (13.6–61.5) 27.2 (12.8–39.3)

Disease

DCM/MMVD / 16/21 4/7 12/14

*significant difference when compared to the groups of canine patients with CHF (P < 0.001) and without CHF (P < 0.001), and the group of all cardiac
patients (P < 0.001)
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significantly higher in MMVD than in DCM patients
(P = 0.003) and control dogs (P = 0.003). NT-proBNP
concentration was significantly higher in DCM com-
pared to MMVD patients (P = 0.018) and control dogs
(P < 0.001), while NT-proBNP in MMVD patients was
significantly higher than in control dogs (P = 0.010). On
the other hand, we found a significant difference (P <
0.05) between the control dogs and both groups of pa-
tients (MMVD and DCM) in WBC, NEUT, MONO and
percentages of neutrophils and lymphocytes.

Correlations
In CHF patients, TNF-α concentrations correlated sig-
nificantly positively with MDA concentrations (P =
0.014, r = 0.474) and negatively with GPX activities (P =
0.026, r = − 0.453). Furthermore, we found a significant
negative correlation (P = 0.046, r = − 0.412) between IL-6
concentrations and GPX activities. Percentages of neu-
trophils and monocyte counts correlated significantly
negatively with GPX activities (P = 0.024, r = − 0.460 and
P = 0.031, r = − 0.441, respectively). On the other hand,
percentage of lymphocytes correlated significantly posi-
tively with GPX activities (P = 0.006, r = 0.542), and
lymphocyte counts correlated significantly negatively
with MDA concentrations (P = 0.050, r = − 0.388). In this
group of patients, we found a significant positive

correlation between NT-proBNP and MDA concentra-
tions (P = 0.011, r = 0.493).
In patients without CHF, none of the inflammatory

and oxidative stress markers correlated significantly.
Additionally, we correlated inflammatory and oxidative

stress markers and NT-proBNP in the group of all 37
patients and found several significant correlations. Inter-
estingly, GPX activities correlated significantly negatively
with several inflammatory markers, including TNF-α
concentrations (P = 0.010, r = − 0.436), IL-6 concentra-
tions (P = 0.026, r = − 0.382), WBC (P = 0.032, r = −
0.369), and neutrophil (P = 0.027, r = − 0.379) and mono-
cyte counts (P = 0.024, r = − 0.386). On the other hand,
GPX activities correlated significantly positively with
percentages of lymphocytes (P = 0.043, r = 0.348). Fur-
thermore, we found a significant negative correlation
(P = 0.009, r = − 0.423) between MDA concentrations
and lymphocyte counts. In the group of all pateints, NT-
proBNP concentrations correlated significantly nega-
tively with GPX activities (P = 0.050, r = − 0.339) and
positively with TNF-α concentrations (P = 0.022; r =
0.378) and monocyte count (P = 0.019, r = 0.385).

Discussion
This paper reports novelties with respect to markers of
inflammation and oxidative stress in canine cardiac pa-
tients and their relationship as well as their correlation
with the disease severity marker NT–proBNP. Numer-
ous papers reported that heart failure is characterized by
local and systemic chronic inflammation [1, 2]. Studies
in people have already demonstrated that oxidative
stress and chronic inflammation are linked in heart fail-
ure patients [1, 2, 16, 20, 25, 26]. Canine and human pa-
tients with heart failure have elevated levels of a number
of inflammatory markers [1, 8, 10, 12–15, 20].

Table 2 Inflammatory markers (Median, IQR) and NT–proBNP concentrations (Median, IQR) in patients and control dogs

Control
(n = 10)

No CHF
(n = 11)

CHF
(n = 26)

TNF-α (pg/mL) 3.90; 3.90–10.50 3.90; 3.90–3.90 3.90; 6.85–11.90a

IL-6 (pg/mL) 31.3; 31.3–31.3 31.3; 31.3–31.3 31.3; 31.3–31.3

CRP (mg/L) 0.90; 0.78–1.33 1.45; 0.57–7.74 3.53; 1.10–13.18b

WBC (× 109/L) 6.2; 5.2–8.2 7.7; 6.3–8.9 10.5; 8.1–13.6c

NEUT (× 109/L) 3.4; 2.8–5.2 5.2; 3.2–6.8 7.2; 5.7–10.3b

Neutrophils (%) 57.3; 51.2–60.7d 66.3; 63.2–75.9 69.5; 61.3–73.5

LYMPH (× 109/L) 1.83; 1.47–2.35 1.28; 1.18–2.26 1.96; 1.57–2.89a

Lymphocytes (%) 30.7; 24.8–35.0d 17.4; 14.2–26.0 20.0; 14.7–24.6

MONO (× 109/L) 0.28; 0.21–0.39 0.42; 0.28–0.55 0.60; 0.44–0.84c

Monocytes (%) 4.2; 3.6–6.4 5.5; 4.5–6.2 5.7; 4.3–7.7

NT–proBNP (pmol/L) 822; 507–1201 1207; 927–3086 4773; 2828–8529c

aSignificant difference (P < 0.05) when compared to patients without CHF; bSignificant difference (P < 0.05) when compared to control dogs; cSignificant difference
(P < 0.05) when compared to control dogs and patients without CHF; dSignificant difference (P < 0.05) when compared to patients without and with CHF

Table 3 Oxidative stress markers (mean ± SD) in patients and
control dogs

Control
n = 10

No CHF
n = 11

CHF
n = 26

MDA (μmol/L) 1.34 ± 0.31 1.77 ± 0.75 1.32 ± 0.72

GPX (U/g Hgb) 393.7 ± 43.6 457.6 ± 43.7* 429.2 ± 65.6

* Significant difference (P < 0.05) when compared to control dogs
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Proinflammatory cytokines, especially TNF-α, IL-1, and
IL-6, aggravate hemodynamic abnormalities, exert direct
toxic effects on the heart and play a role in inflamma-
tion, tissue wasting, and weight loss [2]. It has been re-
ported that dogs with CHF had alerations in blood
mRNA expression of inflammatory and pro- and anti-
fibrotic markers. Namely, dogs with decompensated
CHF had significantly higher mRNA levels of the proin-
flammatory cytokines (IL1-β and IL-2), matrix metallo-
proteinase1, and tissue inhibitor of metalloproteinase
(TIMP3) and lower TNF-α, transforming growth fac-
torβ3, TIMP1 and TIMP2 compared to healthy dogs
[27]. In addition, altered myocardial cytokine expression
was demonstrated in dogs with systemic and end-stage
cardiac disease compared with control dogs, and dogs
with end-stage cardiac disease had significantly increased
myocardial expression of interleukins (IL -1, IL -6, IL -8,
IL -10), TNF-α, and interferon-gamma compared with
dogs with systemic disease [28]. Our results showed sig-
nificantly higher TNF-α concentration in patients with
CHF compared to patients without CHF, but not com-
pared to healthy dogs. Significantly higher TNF concen-
tration was determined in dogs with CHF due to DCM
compared to healthy dogs in the preliminary study of
Freeman and colleagues [29]. However, different method-
ology was used in our study (ELISA, TNF-α) and theirs
(cytotoxicity bioassay, TNF) to determine the concentra-
tion of this cytokine. In another study, Freeman and col-
leagues found no significant difference in TNF
concentration between healthy dogs and canine patients
with CHF due to DCM, which is in line with our results
[30]. In the studies of Zois and colleagues [14] and Kim
and colleagues [31] TNF-α was not quantifiable in any
MMVD dog. Furthermore, no significant difference in
TNF-α concentration was observed in dogs with different
stages of heart failure due to MMVD or DCM [15]. Due
to negative inotropism of TNF–α, this cytokine contrib-
utes to interstitial fibrosis, myocyte apoptosis, ventricular
remodelling, and systolic dysfunction, [27]. Several papers
demonstrated the increased circulatory concentration of
proinflammatory cytokines in human heart failure patients
[4, 25, 32]. In our study majority of dogs (87%) had non-
quantifiable concentrations of IL-6, which is in agreement
with the study of Zois and colleagues where more than
75% of dogs had non-quantifiable concentrations of this
cytokine [14].
C-reactive protein, WBC, and white blood cell differential

counts are common markers of systemic inflammation. In
our study serum CRP concentration was significantly
higher in CHF patients in comparison to healthy dogs. In-
creased levels of CRP in dogs with various cardiovascular
diseases and CHF have also been found in other studies [9,
11, 12, 15, 33]. In our study, significantly higher WBC and
monocyte counts and neutrophil percentages and counts

compared to control dogs and/or non-CHF dogs and sig-
nificantly increased neutrophil percentages in patients with-
out CHF compared to control dogs indicate some degree of
inflammation. Although the median values of WBC and
white blood cell differential counts were within our refer-
ence ranges, significant differences in these parameters be-
tween our cardiac patients and healthy dogs indicate the
development of the inflammatory process. The results are
partially in accordance with other studies [8, 10, 13, 15]
and our previous study [12]. There have been a few stud-
ies investigating WBC and white blood cell differential
counts in people [7, 34, 35]. Wall stress present in over-
loaded heart, causes sterile inflammation that contributes
to heart failure. Ischemia in various tissues, including skel-
etal muscles and gut as a consequence of vasoconstriction
and underperfusion in heart failure, also induces inflam-
mation. Underperfused intestinal mucosa leads to in-
creased gut permeability and enhances the translocation
of bacteria and their toxins into the blood, thus contribut-
ing to systemic inflammation [36].
Increased production of ROS, induced by various trig-

gers, is associated with the severity of inflammation. De-
creased pulmonary capillary clearance of ROS positive
WBC and platelets in CHF as a consequence of pulmon-
ary congestion increases the production of ROS by mito-
chondria. A significantly higher number of ROS positive
WBC and platelets were found in human patients with
CHF in comparison to controls. It has been suggested
that circulating WBC, and platelets boost oxidative
stress in CHF [37]. Our oxidative stress parameters in-
cluded MDA, a marker of lipid peroxidation, and GPX,
one of the three major intracellular antioxidant enzymes.
We found no significant difference in MDA concentra-
tions between groups of cardiac patients and control
dogs; however, the activity of GPX was significantly
higher in patients without CHF than in control dogs.
Similar results were found in canine cardiovascular pa-
tients by Freeman and colleagues [21, 22]. These investi-
gators reported no significant difference in MDA
concentration between CHF patients and healthy dogs
while they found a significantly higher concentration of
another reliable biomarker of lipid peroxidation, 8-F2α-
isoprostanes, in the CHF patients compared to healthy
dogs [22]. According to our results regarding MDA con-
centrations, we could assume that oxidative damage to
lipids less likely occurred in our cardiac patients; how-
ever, that should be further investigated by determin-
ation of other lipid peroxidation biomarkers. Increased
GPX activity in patients without CHF may indicate a
compensatory response to increased production of
ROS in the early phase of heart disease. In human
CHF patients, increased concentration of MDA [19,
38] and decreased GPX activity have been reported
[19, 39].
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We found many significant correlations that indicate
an association between the inflammatory process and
oxidative stress in our CHF patients but not in patients
without CHF. The significant positive correlation be-
tween TNF-α and MDA found in our study indicates that
there is a higher degree of lipid peroxidation with an in-
creased concentration of TNF-α. In human patients with
CHF lipid peroxidation markers (MDA, lipid peroxide),
and soluble receptors of TNF-α correlated significantly
positively [19]. Our results are in agreement with the re-
sults of Tsutamoto and colleagues [25], who found a rela-
tionship between TNF-α and oxidative stress in patients
with dilated cardiomyopathy. No significant correlations
between TNF-α and total antioxidant capacity and total
thiol were found in canine cardiovascular patients with
DCM and MMVD [15]. TNF-α induces ROS synthesis via
endothelial mitochondria and NAD(P)H and the plasma
membrane; furthermore, TNF-α is implicated in the regu-
lation of nitric oxide metabolism [32]. Negative correla-
tions of proinflammatory cytokines TNF-α and IL-6 with
GPX suggest that GPX activity decreases with increased
inflammation in our CHF patients. This statement is also
supported by the negative correlations of neutrophil and
monocyte counts with GPX activity. Conversely, percent-
ages of lymphocytes significantly positively correlated with
GPX, and lymphocyte count significantly negatively corre-
lated with MDA. The obtained correlations further con-
firm that inflammation and oxidative stress are associated
in canine patients with CHF.
In our study, markers of inflammation and oxidative

stress and NT-proBNP correlated significantly in the
group of all cardiac patients. Interestingly, GPX activity
significantly negatively correlated with several markers
of inflammation, such as TNF-α, IL-6, WBC, and neu-
trophil and monocyte counts. These results suggest the
importance of this antioxidant enzyme in cross commu-
nication between inflammatory processes and oxidative
stress in canine cardiac patients. Furthermore, GPX sig-
nificantly positively correlated with the percentage of
lymphocytes, whereas MDA concentration significantly
negatively correlated with lymphocyte count. Addition-
ally, in the group of all patients, we found a significant
negative correlation of NT-proBNP with GPX and a sig-
nificant positive correlation with TNF-α and monocyte
count. These results suggest that the severity of the dis-
ease is associated with a decrease in GPX activity and
increased inflammation. All these correlations further
document the cross communication between inflamma-
tion and oxidative stress in canine cardiac patients.
Similarly, Rubio and colleagues found significant corre-
lations between selected inflammatory parameters and
antioxidant biomarkers and echocardiographic vari-
ables, suggesting that inflammation and oxidative stress
collaborate in the pathogenesis of heart failure [15].

Although, it was not our major goal, we compared oxi-
dative and inflammatory parameters between DCM and
MMVD patients and healthy dogs. Interestingly, we found
no significant differences in any of the inflammatory pa-
rameters between DCM and MMVD patients, but there
was a significant difference in several inflammatory pa-
rameters between healthy and both groups of patients
(supplementary material) indicating ongoing inflammation
in both diseases. Similarly, Hamilton-Elliott and colleagues
found no significant differences in individual white blood
cell differentials between DCM and MMVD patients [13].
In contrast to our results, the study by de Laforcade and
colleagues reported significantly lower TNF levels in
DCM compared with MMVD [40]; the difference could
be due to methodological reasons. Malondialdehyde con-
centration did not differ significantly between all investi-
gated groups (DCM and MMVD patients, healthy dogs),
which suggests that the extent of lipid peroxidation
process is not affected by disease itself. Similar results
were found by Freeman and colleagues who reported no
significant difference in both lipid peroxidation markers,
MDA and 8-F2α-isoprostanes [22]. Contrary to MDA, we
found a significantly higher GPX activity in MMVD dogs
in comparison to DCM and control dogs. This might be
due to the effect of age, as the MMVD patients were sig-
nificantly older than the DCM patients and control dogs,
or disease etiology. Significanlty higher GPX activity was
found in older healthy male dogs comparing to young
males [41]. In our study males predominated in both dis-
eases. A significant increase of whole blood GPX with
aging was reported in Labrador Retrievers [42]. A recent
study in healthy dogs reported a tendency of higher GPX
activity in old dogs [43]. As expected, NT-proBNP con-
centration was significantly higher in DCM and MMVD
patients in comparison to healthy dogs; at the same time
DCM patients had significantly higher NT-proBNP than
MMVD patients. The latter might be due to the fact that
more DCM than MMVD dogs were in CHF.
Our study has some limitations that should be noted.

Sex and age were not matched between our patients and
control dogs. Age and/or sex, as well as neuter status,
might influence the measured parameters [44, 45].

Conclusion
In conclusion, most of the measured inflammatory
markers were significantly higher in canine patients with
CHF than in control dogs. Furthermore, we found that
the activity of the antioxidant enzyme, GPX, decreased
with increasing concentration of inflammatory markers
in the group of all cardiac patients. Significant correla-
tions between markers of inflammation and oxidative
stress in patients with CHF but not in patients without
CHF suggest complex cross communication between the
two biological pathways with the development of CHF.
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Methods
Dogs
In the present study, 88 privately owned dogs were eval-
uated. Forty-one dogs were excluded due to allergic dis-
eases, cancer, kidney disease, endocrine disorders, or
infectious diseases. Thirty-seven patients with either
MMVD or DCM and ten healthy control dogs were pro-
spectively recruited. The same cohort of dogs have been
used in our previous study [46]. The ten control dogs
were considered healthy according to their history, phys-
ical examination, and the routine laboratory results
(haematology, biochemical profiles), as well as NT-
proBNP levels. Myxomatous mitral valve disease, DCM
and heart failure were diagnosed with the help of his-
tory, clinical examination, standard electrocardiogram,
thoracic radiography, and echocardiography (Vingmed
System Five, General Electric Healthcare, Milwaukee,
Wisconsin, USA) with one- and two-dimensional modes
and colour and spectral Doppler modes. Diseases were
diagnosed following ECVIM/ACVIM guidelines [47]. Pa-
tients were classified as subclinical (without signs of con-
gestive heart failure) DCM and MMVD or congestive
heart failure groups. Congestive heart failure was diag-
nosed on the basis of clinical signs and the presence of
pulmonary oedema on radiographs and supported by
signs of increased pressure in the left atrium with the
use of echocardiography. Cardiac therapy included di-
uretics, angiotensin-converting enzyme (ACE) inhibitors,
pimobendan, beta blockers, and digoxin, depending on
the needs of individual patients.
Signed consent was granted by the owners of the dogs.

The Ethical Committee of the Ministry of Agriculture,
Forestry and Food, Veterinary Administration of the Re-
public of Slovenia (Animal Protection Act UL RS 43/
2007) approved all procedures.

Blood sample collection and processing
Blood samples for all laboratory analyses were collected
from fasted dogs. Samples for determination of haem-
atological parameters were analysed within one hour
after collection. Serum tubes (Vaccuette; Greiner Bio-
One, Kremsmünster, Austria) stood for 30 min at room
temperature before centrifugation for 10 min at 1300×g
at room temperature. The serum used for CRP, TNF-α,
and IL-6 measurements was frozen at − 80 °C and ana-
lysed in batch at the end of the study. Serum biochem-
ical parameters were measured on the day of collection.
EDTA tubes (Vacuette; Greiner Bio-One, Kremsmun-
ster, Austria) were used for the collection of samples for
measurement of plasma NT-proBNP and MDA concen-
trations. These tubes were centrifuged for 15 min at
1500×g at 4 °C and obtained plasma samples immedi-
ately frozen at − 80 °C until analysis. Concentrations of
NT-proBNP and MDA were measured in batch at the

end of the study. Blood samples for determination of
whole blood GPX activity were collected into tubes con-
taining the anticoagulant lithium heparin (Vacuette;
Greiner Bio-One, Kremsmunster, Austria). Aliquots of
heparinized whole blood were prepared and immediately
frozen at − 80 °C until analysed in batch.

Haematological and biochemical analyses
An automated haematology analyser ADVIA 120 (Siemens,
Munich, Germany) was used for haematological measure-
ments. Biochemical parameters (results not reported; urea,
creatinine, alkaline phosphatase, alanine aminotransferase;)
were measured using automated biochemistry analyser RX
Daytona (Randox, Crumlin, United Kingdom). The concen-
trations of sodium, potassium, and chloride were measured
using an electrolyte analyser ILyte (Instrumentation La-
boratory, Lexington, MA, USA).

Determination of CRP, TNF–α and IL–6 concentrations
Serum CRP, TNF-α, and IL-6 concentrations were mea-
sured with commercially available canine-specific ELISA
kits (Canine CRP ELISA; Alpco, Salem, NH, USA;
Canine TNF-alpha Quantikine ELISA kit; R&D Systems,
Minneapolis, MN, USA; Canine IL − 6 Quantikine
ELISA kit; R&D Systems, Minneapolis, MN, USA) based
on quantitative sandwich enzyme immunoassay proce-
dures. Assays were performed according to the original
manufacturer’s instructions with all samples assayed in
duplicate. The concentrations of TNF-α and IL-6 in
serum were measured directly, whereas a sample dilu-
tion of 1:1000 was used for the measurement of CRP,
which was taken into account in the calculation of the
final results. The ranges of the tests were 3.9–250 pg/mL
(sensitivity 2.4 pg/mL) for TNF- α, 31.3–1000 pg/ml
(sensitivity 6.1 pg/mL) for IL-6 and 3.1–200 ng/mL (sen-
sitivity 3.1 ng/mL) for CRP. The precision of the assays
was monitored using control sera included in the kits
with known concentrations of the analytes. Coefficients
of variation were 8.9% for TNF- α, 2.75% for IL-6, and
9.8% for CRP.

Determination of GPX activity in whole blood
Glutathione peroxidase activity was measured spectro-
photometrically with an automated biochemistry analyser
RX Daytona (Randox, Crumlin, Great Britain) using a
commercial Ransel kit (Randox, Crumlin, Great Britain),
which is based on the method of Paglia and Valentine
[48]. According to the method, GPX activity is determined
indirectly by measuring the rate of formation of oxidized
glutathione. GPX activity was expressed as units per gram
of haemoglobin (U/g Hgb). Haemoglobin concentration in
the whole blood haemolysates was determined spectro-
photometrically by the cyano-methaemoglobin method
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using an automated biochemistry analyser RX Daytona
(Randox, Crumlin, Great Britain).

Determination of MDA and NT-proBNP concentrations
The plasma MDA concentration was analysed according
to a method described elsewhere [46, 49]. Briefly, two
hundred μL of plasma was added to a 2-mL plastic
microcentrifuge tube. The sample was mixed with 20 μL
0.2% butylated hydroxytoluene (BHT) and 200 μL 0.44
M H3PO4 and allowed to stand for 15 min. Absolute
ethanol (600 μL) was added to each sample, and the
samples were centrifuged (15,000×g, 15 min, 4 °C). In the
glass tubes, the supernatant (700 μL) was mixed with 1.5
mL of 0.44M H3PO4, 1.5 mL of 0.6% thiobarbituric acid
(TBA), and 0.3 mL of ultrapure water and heated at
90 °C for 60 min. The MDA-TBA2 adduct was separated
using an Agilent HPLC system (Santa Clara, CA, USA)
equipped with a 1260 Infinity FLD fluorescence detector.
The mobile phase consisted of 50 mmol/l of a 65%
KH2PO4 buffer (pH 6.9) and 35% methanol. The flow
rate of the mobile phase was 1.0 mL/min. A 10-μL ali-
quot was injected into a reversed-phase HPLC column
(HyperClone 5-μm octadecylsilane [C18] 1, 4.6 mm ×
150mm × 5 μm, Phenomenex Inc., Torrance, CA, USA)
and C18 octadecylsilane guard column (4 × 3mm, Phe-
nomenex Inc.). The results of the analysis were evaluated
using OpenLab CSD Chem Station ed. rev. C.01.05 (35)
software.
All frozen EDTA plasma samples were sent on dry ice

to IDEXX laboratory (IDEXX Laboratories Inc., Maine,
USA) by air transport. Plasma NT–proBNP concentra-
tions were measured in IDEXX laboratory using a
second-generation Cardiopet® proBNP enzyme-linked
immunosorbent assay (ELISA; IDEXX Laboratories Inc.,
Westbrook, Maine, USA). The second-generation canine
NT-proBNP assay is a sandwich ELISA with colorimetric
end-point detection at 450 nm for quantitative determin-
ation of canine NT-proBNP. The second-generation
assay eliminates the need for the specialized protease in-
hibitor blood collection tube by using new antibodies
that target a more stable contiguous fragment of NT-
proBNP and offers an upper reporting limit of 10000
pmol/L [50].

Statistical analysis
Commercial software (IBM® SPSS® 24, Chicago, IL, USA)
was used for data analysis. The normality test (Shapiro-
Wilk) was used to assess the distribution of the data. Pa-
rameters of interest were compared between groups of
dogs (cardiac patients with or without CHF and healthy
dogs; DCM and MMVD and healthy dogs) using one-
way ANOVA and Tukey’s HSD test (Gaussian distribu-
tion of the data), or Kruskal-Wallis test followed by Bon-
ferroni’s method for multiple pairwise comparisons

(non-Gaussian distribution of the data). An independent
t-test (Gaussian distribution of the data) and the Mann-
Whitney U test (non-Gaussian distribution of the data)
were used to compare age and weight between healthy
dogs and all patients, respectively. The results are re-
ported as means and standard deviations (SD) (Gaussian
distribution of the data) and as a median and interquar-
tile range (IQR, 25th to 75th percentile; non-Gaussian
distribution of the data). In the groups of patients with
and without CHF and the group of all cardiac patients,
we performed correlation analyses (non-parametric
Spearman’s rank correlation) to assess associations be-
tween inflammatory and oxidative stress markers and
between NT-proBNP and markers of inflammation and
oxidative stress. A probability value of less than 0.05 was
considered statistically significant.
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