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We  investigated  the  hypothesis  that  the  increased  concentration  of  plasma  methylguanidine  (MG)
increases  oxidative  metabolism  and  accelerates  apoptosis  of neutrophils  from  dogs  with  chronic  kid-
ney  disease  (CKD).  To  achieve  this,  the levels  of  MG  were  quantified  in  healthy  (n = 16)  and  uremic  dogs
with  CKD  stage  4 of  according  to the guidelines  of  the  International  Renal  Interest  Society  (IRIS,  2015)
(n  = 16)  using  high  performance  liquid  chromatography  (HPLC).  To  evaluate  the  isolated  effect  of MG  on
neutrophil  oxidative  metabolism  and  apoptosis,  neutrophils  isolated  from  12 healthy  dogs  were  incu-
bated  with  the  highest  concentration  of plasma  MG  (0.005  g/L)  observed  in  dogs  with  CKD.  Neutrophil
oxidative  metabolism  was  assessed  by  flow  cytometry,  using  the  probes  hydroethidine  for  superoxide
production  and  2′,7′-dichlorofluorescein  diacetate  for hydrogen  peroxide  production,  with  or  without
phorbol  myristate  acetate  (PMA)  stimulus.  Neutrophil  apoptosis  and  viability  were  also  evaluated  in
flow  cytometer  using  the  Annexin  V-PE  system,  with  or without  the  apoptosis-inducing  effect  of  camp-
tothecin.  Uremic  dogs  presented  higher  concentrations  of MG  (p  < 0.0001),  increased  oxidative  stress  and

primed  neutrophils  with  higher  apoptosis  rate.  The  neutrophil  abnormalities  observed  in  vivo were  also
reproduced  in  vitro,  using  cells  isolated  from  healthy  dogs  and  incubated  with  MG.  We  obtained  strong
evidence  that in  dogs  with  CKD,  increased  MG  levels  contributed  to  oxidative  stress  and  potentially  com-
promised  the  non-specific  immune  response  by  altering  the  oxidative  metabolism  and  viability  of  canine
neutrophils.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

Neutrophils are the host’s first line of cellular defense, when
heir oxidative metabolism is activated causing a ‘respiratory burst’
hat generates large amounts of superoxide and derivatives, such
s hydrogen peroxide, which have an important microbicidal func-
ion (Laskay et al., 2003). However, excessive production of reactive
xygen species (ROS) can accelerate cell apoptosis (Cendoroglo
t al., 1999) and contribute to systemic oxidative stress (Chatterjee,
007). This oxidative stress can compromise cell function and plays
n important role in the pathogenesis of various biological pro-

esses (Reuter et al., 2010).

It is generally accepted that in human chronic kidney disease
CKD), neutrophil function is affected, contributing to increased

∗ Corresponding author.
E-mail address: anebosco@hotmail.com (A.M. Bosco).

ttp://dx.doi.org/10.1016/j.vetimm.2017.01.006
165-2427/© 2017 Elsevier B.V. All rights reserved.
mortality due to bacterial infections (Cohen and Hörl, 2012). Sim-
ilarly to that reported in humans, recent studies have shown
alterations in neutrophil oxidative metabolism and oxidative stress
in dogs with CKD (Almeida et al., 2013a,b; Bosco et al., 2016; Silva
et al., 2013). However, the mechanisms and relationships between
neutrophil dysfunction and oxidative stress in dogs with CKD have
not been fully elucidated. It has been suggested that certain uremic
toxins initially activate neutrophil oxidative metabolism and the
excess ROS generated induce cell apoptosis, resulting in the impair-
ment of superoxide production and increasing the susceptibility to
infections (Almeida et al., 2013b; Cendoroglo et al., 1999).

There are over 100 uremic toxins, making different con-
tributions to neutrophil oxidative metabolism and apoptosis
(Sardenberg et al., 2006). Various guanidino compounds are known

to be toxic, such as methylguanidine (MG), which is not exclu-
sively nephrotoxic, but acts as a neurotoxin (Noda and Mankura,
2009). In uremic dogs, increased levels of MG could be related
to polyneuropathy (Giovannetti et al., 1969). Moreover, a positive

dx.doi.org/10.1016/j.vetimm.2017.01.006
http://www.sciencedirect.com/science/journal/01652427
http://www.elsevier.com/locate/vetimm
http://crossmark.crossref.org/dialog/?doi=10.1016/j.vetimm.2017.01.006&domain=pdf
mailto:anebosco@hotmail.com
dx.doi.org/10.1016/j.vetimm.2017.01.006


gy and

c
i
i

h
r
a
s
M
w
m

i
a
R
c
t
a
n
m
2

i
i
t
n

2

2

i
E
U
t
f

b
C
i
a
a
s
l
u
c
p

a
R
a
i
a
a
s
c

k
n
e
n
(
b
c

A.M. Bosco et al. / Veterinary Immunolo

orrelation has been observed between MG  and creatinine dur-
ng uremia, which could be related to hypertension and seizures
n humans (Aoyagi, 2001).

Conflicting findings have been published on the effect of MG  on
uman neutrophil oxidative metabolism. Hirayama et al. (2000)
eported no effect on neutrophil ROS production, while others
uthors observed inhibition of ROS production in the presence of
timulus with E. coli (Glorieux et al., 2004; Schepers et al., 2010).
G presented no effect when neutrophil oxidative metabolism
as activated using phorbol myristate acetate (PMA) and n-formyl-
ethionyl-leucyl-phenylalanine (fMLP) (Schepers et al., 2010).
Although the CKD is common in dogs, few studies demonstrat-

ng the effect of uremic toxins on neutrophil function are available
nd to date we have found no studies on MG in this species.
ecently, our research group demonstrated increased plasma con-
entration of p-cresol in uremic dogs and the involvement of this
oxin in neutrophil oxidative metabolism inhibition and increased
poptosis (Bosco et al., 2016). Similar studies in humans generated
ew important contributions to guide therapies and the develop-
ent of more efficient hemodialysis membranes (Hedayat et al.,

013; Nakabayashi et al., 2011).
To expand current knowledge concerning the mechanisms

nvolved in neutrophil dysfunction described in canine CKD, we
nvestigated the hypothesis of associations among an increase in
he concentration of plasma MG,  oxidative stress, the activation of
eutrophil oxidative metabolism and apoptosis in dogs.

. Materials and methods

.1. Animal selection

The experiment was conducted in accordance with the eth-
cal principles of the use of animals, following approval by the
thics Committee for Animal Experimentation of São Paulo State
niversity (UNESP), under protocol no. FOA-00762/2012. The par-

icipation of dogs was authorized by their owners, who provided
ree and informed consent.

The experimental group comprised 32 adult dogs of different
reeds and sexes, 16 healthy and 16 uremic dogs, all from Araç atuba
ity. The owners of healthy dogs from control group authorized

ts participation in the experiment and uremic dogs were selected
t the moment of diagnosis at São Paulo State Veterinary Hospital
fter the tutor’s consent, no treatment was performed at the time of
ampling. All the dogs were submitted to the following clinical and
aboratory tests: complete blood count (CBC), reticulocytes count,
rinalysis and plasma determination of total protein, albumin, urea,
reatinine, total bilirubin, uric acid, cholesterol, glucose, calcium,
hosphorus, urine protein:creatinine ratio (UPC).

Dogs included in the uremic group presented CKD stage 4
ccording to the staging system proposed by the International
enal Interest Society (IRIS, 2015), with creatinine ≥440 mmol/L
nd systemic clinical signs compatible with uremic syndrome
ncluding gastritis, mouth ulcers and uremic halitosis. Laboratory
lterations included arregenerative normochromic normocytic
nemia, renal azotemia, isostenuric or hyposostenuric urinary den-
ity, intense proteinuria with UPC >1.0 and urinary sediment
haracterized by the presence of hyaline casts.

Dogs vaccinated or treated in the last 30 days with drugs
nown to affect leukocyte function and antioxidant status were
ot included in the study. Considering that Araç atuba City is an
ndemic area for canine leishmaniasis and that this disease alters

eutrophil oxidative metabolism and oxidative stress parameters
Almeida et al., 2013a,b), reagent dogs for visceral leishmaniasis
y indirect ELISA method with total crude antigen of Leishmania
hagasi (Lima et al., 2003) were also not included in the study.
 Immunopathology 185 (2017) 14–19 15

2.2. Study outline

In the in vivo assays, we evaluated the effect of uremia on oxida-
tive stress and neutrophil superoxide production and apoptosis.
Plasma oxidative stress markers (total antioxidant status-TAS, lipid
peroxidation measured by thiobarbituric acid reactive substances-
TBARS, uric acid and total bilirubin), superoxide production,
viability and apoptosis of neutrophils in healthy and uremic dogs
were also correlated with the levels of MG.

To assess the isolated effects of MG on neutrophil oxidative
metabolism, viability and apoptosis, we  performed the in vitro
assays, incubating neutrophils (106/mL) isolated from healthy
dogs (n = 12) under three different treatments: neutrophils were
incubated in RPMI 1640 medium alone (Control); in RPMI 1640
supplemented with 50% of uremic plasma pooled from the 16 ure-
mic  dogs; and in RPMI 1640 supplemented with 0.005 g/L of MG
(Sigma-Aldrich Co., St. Louis, USA). All the assays were conducted
paired with neutrophils incubated for 3 h at 37 ◦C in a thermocycler.

As recommended by the European Group of uremic toxins
(Cohen et al., 2007), the in vitro assays were performed using the
highest concentration of plasma MG  observed in the uremic dogs
(0.005 g/L).

2.3. Sample collection and laboratory analysis

The dogs were fasted for 8–12 h prior blood collection, then
10 mL  of blood were collected by jugular puncture, 1 mL  was  placed
in K2EDTA tube for CBC and 9 mL  was collected in heparinized tubes
for neutrophil isolation and to obtain plasma for biochemical anal-
yses, measurement of oxidative stress markers and quantification
of the concentrations of the uremic toxin methylguanidine.

Plasma biochemical analyzes were performed in an auto-
mated spectrophotometer (BS 200, Shenzhen Mindray Bio-Medical
Electronics Co., Nanshan, China) previously calibrated with a cal-
ibrator and control serum levels I and II and using commercial
reagents (Biosystems, Barcelona, Spain). The levels of the following
analytes were determined: urea (UV urease/glutamate dehydro-
genase enzymatic method); creatinine (alkaline picrate kinetic
method); albumin (bromocresol green method); cholesterol (oxi-
dase/peroxidase enzymatic method); total plasma protein (biuret
method); bilirubin (diazotized sulfanilic method); uric acid (uric-
ase/peroxidase enzymatic method); total calcium (cresolphthalein
complexone colorimetry), inorganic phosphorus (molybdate col-
orimetric method); AST and ALT (IFCC kinetic method) and urinary
protein (pyrogallol red method). All the biochemical reactions were
performed at 37 ◦C, following the manufacturer’s protocol.

CBC was  performed using a veterinary automated cell counter
(BC-2800 Vet, Shenzhen Mindray Bio-Medical Electronics) and
reticulocyte count was performed as described previously (Thrall
et al., 2004). Urine was collected by cystocentesis for urine exam-
ination. Urinary density was determined by refractometry and
chemical examination was  performed using commercial reagent
strips (Combur test, Roche, Germany). Microscopic evaluation of
urine sediment was performed following previous methodology
(Fettman and Rebar, 2004) to exclude causes of proteinuria other
than that of renal origin.

2.4. Measurement of oxidative stress

Plasma TAS was determined by colorimetry of the ABTS (2,2′-
azino-bis-3-ethylbenzthiazoline-6-sulfonic acid) cation, in which
antioxidants present in the plasma inhibit the oxidation of sub-

strates present in the reagents, preventing a change in the color of
the medium and, thereby, determining the plasma total antioxidant
capacity. The results were expressed as mmol Trolox/L equivalents
after comparing the samples with a standard curve with several
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Table 1
Viability and neutrophil apoptosis (mean and standard deviation) non-stimulated
(NS) and in the presence of camptothecin induction (CAM) measured by the Annexin
V-PE system in flow cytometry in healthy (n = 16) and uremic dogs (n = 16).

Healthy Uremic p-value

Viability NS (%) 98.76 ± 0.21 98.17 ± 0.82a 0.0087
Viability CAM (%) 85.15 ± 3.30 77.88 ± 4.12a <0.0001
Total apoptosis NS (%) 0.30 ± 0.12 0.48 ± 0.27a 0.0288
Total apoptosis CAM (%) 7.91 ± 2.48 15.73 ± 4.02a <0.0001
6 A.M. Bosco et al. / Veterinary Immunolo

rolox (Sigma-Aldrich Co., St. Louis, USA) concentrations, following
ethodology previously described (Erel, 2004).
Plasma lipid peroxidation was determined by quantification of

BARS using a commercial reagent (TBARS Assay Kit, ZeptoMetrix
orporation, USA) and an automatic 96-well plate reader (Readwell
ouch, Robonik PVT LTD, Thane, India) at 545 nm,  following the
anufacturer’s recommendations.

.5. Chromatographic dosage methylguanidine (MG)

Plasma samples were centrifuged at 10,000 rpm for 10 min
nd 250 �L of the supernatant were submitted to ultrafiltration
t 6000 rpm in a Centrifree ultrafiltration device with a 30,000-
a cutoff (Millipore, Billerica, MA,  USA). An aliquot of 100 �L of
ltrafiltrated sample was transferred to a microtube with 15 �L of

nternal standard MG solution, 5.6 �L of KOH 6.5 mol/L and 9.1 �L
f 1.8 mol/L ninhydrin solution. After 15 min  of reaction, 49.9 �L
f ascorbic acid solution 10% (w/v) and 10 �L of H3PO4 6.45 mol/L
ere added. Samples were heated at 90 ◦C for 30 min, cooled to

oom temperature and 10 �L were injected into the Shimadzu
rominence HPLC System (20A Fluorescence detector Shimadzu
F-10AXL) with an excitation wavelength of 390 nm and emission
avelength of 470 nm.

The method used was a gradient elution of 0.1% (v/v) formic acid
n water and acetonitrile, as follows (% acetonitrile/minute): 5%/0,
3%/9, 50%/12, 5%/13, 5%/17 at a flow rate of 380 mL/min and col-
mn  temperature of 45 ◦C. The method was validated according to
he orientation of the Food and Drug Administration for bioanalyt-
cal methods (FDA, 2001).

.6. Evaluation of neutrophil oxidative metabolism and apoptosis

Neutrophil oxidative metabolism and apoptosis were evalu-
ted according to previously described methodology (Bosco et al.,
016). Briefly, neutrophils isolated in double gradient were diluted
106/mL) in RPMI 1640 medium (Sigma-Aldrich Co., St. Louis, USA).
xidative metabolism was  evaluated by determining superoxide
roduction with a 10 �M hydroethidine probe (HE) (Invitrogen,
ugene, OR, USA) and hydrogen peroxide production with a 5 �M
′,7′-dichlorofluorescein diacetate probe (DCFH) (Sigma-Aldrich
o., St. Louis, USA), both with and without stimulus of 0.55 �M
MA (Sigma-Aldrich Co., St. Louis, USA) for 10 min at 37 ◦C. The
ean red (superoxide) or green (hydrogen peroxide) fluorescences
ere quantified by flow cytometry (Guava EasyCyte Mini

®
, Guava

echnologies, Industrial Boulevard Hayward, USA) with the acqui-
ition of 10.000 events within the population of cells presenting
eutrophil characteristics. Viability and total apoptosis (early + late
poptosis) were measured using the Annexin V-PE system (Guava
exin Kit, Guava Technologies, USA) in flow cytometry with the
cquisition of 10.000 events and following the manufacturer’s rec-
mmendations.

.7. Statistical analysis

In the in vivo assays, the variables were tested for normality
Shapiro-Wilk test) and homoscedasticity (Bartlett’s test) and the
ifferences between groups were evaluated by the Mann-Whitney
r unpaired t-tests. Correlation tests were performed by the Spear-
an  test. In the in vitro assays, the variables were tested for

ormality (Shapiro-Wilk test) and the difference between treat-
ents were determined by paired t or Wilcoxon tests. Differences
etween groups were considered significant when p < 0.05. All sta-
istical analyses were performed using GraphPad Prism software
GraphPad Prism v.6.00 for Windows, GraphPad Software, La Jolla,
A, USA, www.graphpad.com).
a Statistically significant difference by the unpaired t-test.

3. Results

3.1. Increased concentration of plasma MG and oxidative stress in
uremic dogs

The concentration of plasma MG in 87.5% of dogs from healthy
group was  below the detection limit (<0.0001 g/L), so the minimum
detectable value of MG was used to perform the statistical analysis.
The levels of MG  ranged from 0.0002 to 0.005 g/L in uremic dogs,
with mean value of 0.0013 g/L. Statistically significant increasing in
MG levels was observed in uremic dogs when compared to control
(0.0001 ± 0.0001 vs. 0.0013 ± 0.0015 g/L, p < 0.0001) (Fig. 1).

Uremic dogs also presented increased plasma lipid peroxida-
tion (20.12 ± 12.20 vs. 29.04 ± 11.70, p = 0.0255), decreased TAS
(0.91 ± 0.07 vs. 0.76 ± 0.26, p = 0.040) and uric acid (1.94 ± 0.13 vs.
0.55 ± 0.18, p < 0.0001) levels (Fig. 1). No significant correlation was
observed between MG and oxidative stress markers in uremic dogs.

3.2. Neutrophil oxidative metabolism and apoptosis in uremic
dogs and its correlation with the concentration of plasma MG

A slight, but non-significant (56.27 ± 18.06 vs. 75.23 ± 42.05,
p = 0.2067), increase in baseline superoxide production was
observed in uremic dogs (Fig. 2A), this increase was  more evident
and significant (148.3 ± 80.40 vs. 398.7 ± 123.2, p < 0.0001) after
neutrophil stimulation with PMA  (Fig. 2B).

Simultaneously with the increase in superoxide production,
decreased viability and increased apoptosis were observed in neu-
trophils of uremic dogs, both in the presence and absence of CAM
induction (Table 1).

3.3. In vitro effect of MG and uremic plasma on oxidative
metabolism and apoptosis of neutrophils from healthy dogs

The spontaneous superoxide production of neutrophils from
healthy dogs was  not affected by the uremic plasma pool and the
highest level of MG observed in uremic dogs (0.005 g/L) (Fig. 3A).
With PMA  stimulation, the uremic plasma pool decreased super-
oxide production (13.10 ± 3.96 vs. 4.23 ± 1.12, p < 0.0001), while
MG increased neutrophil superoxide production (13.10 ± 3 96 vs.
19.07 ± 6.64, p = 0.001) (Fig. 3A).

MG  increased both spontaneous (5.21 ± 2.7 vs. 7.08 ± 2.97,
p = 0.001) and PMA-stimulated (10.95 ± 7.41 vs. 15.74 ± 8.21,
p < 0.0001) neutrophil hydrogen peroxide production (Fig. 3B).
In contrast, uremic plasma pool inhibited the spontaneous
(5.21 ± 2.70 vs. 1.13 ± 0.76, p < 0.001) and PMA-stimulated
(10.95 ± 7.41 vs. 1.03 ± 0.48, p < 0.001) hydrogen peroxide
production (Fig. 3B).

MG  and uremic plasma pool decreased viability and increased

apoptosis of neutrophils from healthy dogs in vitro in non-
stimulated and CAM-induced assays (Table 2).

http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com
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Fig. 1. Plasma concentration of methylguanidine (A) and oxidative stress markers: uric acid (B), total antioxidant status (TAS, C) and lipid peroxidation measured by
thiobarbituric acid-reactive substances (TBARS, D) in healthy (n = 16) and uremic (n = 16) dogs. (*) Statistically significant difference by the unpaired t-test.

Fig. 2. Neutrophil superoxide production measured in flow cytometry by the mean fluorescence of ethidium bromide in healthy (n = 16) and uremic (n = 16) dogs: the cells
were  incubated alone (Spontaneous) (A) and in the presence of PMA-stimulation (B). The values for the first quartile, median and third quartile are indicated in each box,
and  the bars outside the box indicate minimum and maximum values. (*) Statistically significant difference by the Mann-Whitney test.

Fig. 3. In vitro evaluation of neutrophil oxidative metabolism from healthy dogs incubated in RPMI 1640 alone (Control), with addition of methylguanidine (0.005 g/L) or
uremic  plasma pool (50%) in the absence (Spontaneous) or presence of PMA-stimulation using hydroethidine (HE) probe for superoxide production (A) and dichlorofluorescein
diacetate probe for hydrogen peroxide production (DCFH) (B) in flow cytometry (n = 12). (*) Statistically significant difference by the unpaired t-test.
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Table 2
Viability and total apoptosis (mean and standard deviation) of neutrophils from healthy dogs incubated in RPMI 1640 medium alone (Control), or with addition of uremic
plasma pool (50%) or methylguanidine (0.005 g/L) in the absence (non-stimulated, NS) or presence of camptothecin induction (CAM) (n = 12).

Parameter Control Uremic plasma p-value Methylguanidine p-value

Viability NS (%) 99.18 ± 0.27 98.42 ± 0.86a 0.0164 98.33 ± 1,26a 0.0277
Viability CAM (%) 79.91 ± 5.18 64.18 ± 10.43a 0.0011 42.65 ± 5,22a 0.0107
Total  apoptosis NS (%) 0.38 ± 0.20 1.36 ± 0.79a 0.0020 0.68 ± 0,47a 0.0464
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Total  apoptosis CAM (%) 19.38 ± 4.49 34.53 ± 10.

a Statistically significant difference by the unpaired t-test.

. Discussion

The hematological and biochemical profiles of healthy dogs
ere in accordance with the normal values of the species (Thrall

t al., 2004), certifying the good health of these dogs. Laboratory
nd clinical changes observed in uremic dogs were similar to those
ecently described (Almeida et al., 2013b; Bosco et al., 2016) and
ere equivalent to stage 4, according to IRIS staging (IRIS, 2015).

The hydroxyl radical produced from superoxide by neutrophil
xidative metabolism appears to play an important role in MG
iosynthesis, such that it has been proposed that the increase in MG

evels may  reflect the increased ROS production in humans (Huang
t al., 2003). Studies evaluating the increase of MG  in dog CKD are
are, dogs submitted to ureteral ligation presented the clinical signs
f CKD and high blood concentration of MG,  with an average of
.0021 g/L (Giovannetti et al., 1973). A single clinical study reports
he increase in plasma MG  in dogs with CKD (0.0001 g/L) compared
ith healthy dogs (0.000015 g/L) (Brooks et al., 1989).

In this study, the oxidative stress of uremic dogs was  charac-
erized by increased plasma lipid peroxidation, decreased TAS and
ric acid, corroborating that reported by recent studies (Almeida
t al., 2013b; Bosco et al., 2016; Silva et al., 2013). Increased MG
nd decreased TAS have also been reported in human patients; after
emodialysis, decreased MG  and increased TAS was observed, sug-
esting a possible action of this toxin on oxidative stress (Huang
t al., 2003). However, we were unable to establish a direct corre-
ation between oxidative stress markers and MG  in uremic dogs.

The slight higher spontaneous superoxide production and the
arge increase after activation with PMA  indicates the primed
tate of neutrophils from uremic dogs, as previously described
Almeida et al., 2013b). It has been proposed that the primed state
f human neutrophils can be caused by the presence of uremic tox-
ns (McLeish et al., 1996). The persistence of the primed state of
eutrophils favors oxidative stress and accelerates neutrophil apo-
tosis (Mazor et al., 2008), which could explain the higher rate of
eutrophil apoptosis observed in the uremic group, corroborating
eports from other studies (Almeida et al., 2013b; Bosco et al., 2016).

It is believed that in the initial stage of CKD, activation of neu-
rophil oxidative metabolism occurs, generating a large amount of
OS that exceeds the cellular antioxidant capacity, causing injury
o vital cellular structures and accelerating the process of apopto-
is (Cendoroglo et al., 1999). It has also been proposed that primed
eutrophils from dogs with CKD can contribute to oxidative stress,
nd consequently affect the function and viability of these cells
Almeida et al., 2013b).

Several uremic toxins affect neutrophil function and guanidino
ompounds have received special attention. Reports on the effects
f MG on neutrophil function are scarce and contradictory (Glorieux
t al., 2004). It have been reported that MG  inhibits neutrophil
xidative metabolism when activated by E. coli in humans, a fact
ot observed when the activation was performed with PMA  or

MLP (Hirayama et al., 2000; Schepers et al., 2010). Guanidino com-

ounds, such as guanidine-acetic acid, inhibit in vitro neutrophil
xidative metabolism from dogs (Pereira et al., 2015). Thus, we
ompared the in vitro effect of MG  and uremic plasma, and showed
0.0018 24.73 ± 4,97a 0.0093

that this toxin alone increased ROS production (superoxide and
hydrogen peroxide) and accelerated the apoptosis of neutrophils
from healthy dogs.

The primed state and higher apoptosis rate observed in
neutrophils from uremic dogs were reproduced in vitro using neu-
trophils isolated from healthy dogs incubated with MG,  but not
with uremic plasma. The production of superoxide and hydrogen
peroxide decreased in neutrophils of healthy dogs incubated with
uremic plasma, a finding also been reported in other studies (Bosco
et al., 2016).

In vitro studies with mice have shown that MG  itself gener-
ates the hydroxyl radical, a derivative of hydrogen peroxide (Noda
and Mankura, 2009). MG also enhances the pro-apoptotic effect of
hydrogen peroxide on human glial cells in vitro (Marzocco et al.,
2010). To our knowledge, this is the first evidence that the con-
centration of MG in dogs can promote the activation of neutrophil
oxidative metabolism, increasing the production of superoxide
and hydrogen peroxide, thereby contributing to increased oxida-
tive stress and apoptosis in neutrophils. These results support the
hypothesis that MG  contributes to oxidative stress and may  com-
promise the non-specific immune response of dogs with CKD.

This study should be considered a starting point for further
investigations concerning the mechanisms involved in oxidative
stress and immune suppression in dogs with CKD. Although the
changes observed in dogs with CKD have been partially reproduced
in vitro, the isolated effect of MG needs to be better elucidated
in order to guide future therapies that minimize the undesirable
effects of this toxin.

5. Conclusions

The accumulation of methylguanidine in dogs with CKD favors
oxidative stress and may  impair non-specific immunity by altering
neutrophil oxidative metabolism and apoptosis.
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