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Background: Serum N-terminal pro-C-natriuretic peptide (NT-proCNP) concentration at hospital admission has suffi-

cient sensitivity and specificity to differentiate naturally occurring sepsis from nonseptic systemic inflammatory response

syndrome (SIRS). However, little is known about serum NT-proCNP concentrations in dogs during the course of sepsis.

Objective: To determine serum NT-proCNP and cytokine kinetics in dogs with endotoxemia, a model of canine sepsis.

Samples: Eighty canine serum samples.

Methods: Eight healthy adult Beagles were randomized to receive Escherichia coli lipopolysaccharide (LPS, 5 lg/kg) or
placebo (0.9% NaCl) as a single IV dose in a randomized crossover study. Serum collected at 0, 1, 2, 4, and 24 hours was

stored at �80°C for batch analysis. Serum NT-proCNP was measured by ELISA and 13 cytokines and chemokines by

multiplex magnetic bead-based assay.

Results: Serum NT-proCNP concentrations did not differ significantly between LPS- and placebo-treated dogs at any

time. When comparing serum cytokine concentrations, LPS-treated dogs had higher interleukin-6 (IL-6), IL-10, TNF-a
and KC-like at 1, 2, and 4 hours; higher CCL2 at 1, 2, 4, and 24 hours; and higher IL-8 and CXCL10 at 4 hours com-

pared to placebo-treated dogs. There were no differences in serum GM-CSF, IFN-c, IL-2, IL-7, IL-15 or IL-18 between

LPS- and placebo-treated dogs.

Conclusions and Clinical Importance: Serum NT-proCNP concentration does not change significantly in response to

LPS administration in healthy dogs. Certain serum cytokine and chemokine concentrations are significantly increased

within 1–4 hours after LPS administration and warrant further investigation as tools for the detection and management of

sepsis in dogs.
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A biological marker, or biomarker, refers to any
objective measurement used to indicate a state

of health or disease accurately and reproducibly.
Biomarkers can be used to promptly identify sepsis,
thereby enabling rapid initiation of antibiotic ther-
apy.1 This feature is in contrast to bacterial culture
and susceptibility testing, which require several days
to complete. Cytokines and chemokines that have
been investigated as biomarkers for sepsis in dogs
include tumor necrosis factor-alpha (TNF-a), interleu-
kin-6 (IL-6), interleukin-10 (IL-10), and interleukin-8
(IL-8, also known as C-X-C motif chemokine ligand-
8 or CXCL-8).2–4 When measured using cell-kill

bioassays, increases in serum TNF-a did not differen-
tiate sepsis from nonseptic systemic inflammatory
response syndrome (SIRS).2 In addition, although in
1 study IL-6 plasma concentration was predictive of
disease severity and mortality in dogs with SIRS and
sepsis,3 in other studies, plasma IL-6, IL-8, and IL-10
concentrations did not distinguish sepsis from nonsep-
tic SIRS.2,4

Amino-terminal pro-C-type natriuretic peptide (NT-
proCNP) is a local regulator of vascular endothelial
function that is expressed after stimulation by lipo-
polysaccharide (LPS) and TNF-a. It is a stable pro-
peptide that differentiates sepsis from other nonseptic
causes of critical illness in people,5–7 and also is
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Abbreviations:

CCL2 C-C motif chemokine ligand 2 (also referred to as

monocyte chemotactic protein-1, MCP-1)

CRP C-reactive protein

CV coefficient of variation

CXCL10 C-X-C motif chemokine ligand 10 (also referred to as

interferon gamma-induced protein-10, IP10)

GM-CSF granulocyte macrophage-colony stimulating factor

IFN interferon

IL interleukin

KC-like keratinocyte-derived chemokine (also referred to as

CXCL1)

LPS lipopolysaccharide

NK natural killer

NT-proCNP amino-terminal pro-C-type natriuretic peptide

OD optical density

SIRS systemic inflammatory response syndrome

TNF tumor necrosis factor
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increased in dogs with naturally occurring sepsis.8 A
study evaluating an enzyme-linked immunosorbent
assay (ELISA) for the quantification of NT-proCNP
indicated that a cut-off concentration of 10.1 pmol/L
had 65.5% sensitivity and 89.2% specificity for differ-
entiating dogs with naturally occurring sepsis from
dogs with nonseptic inflammation.8 A recent study also
identified the induction of this biomarker from canine
aortic endothelial cells in cell culture after IL-1b,
TNF-a, and LPS stimulation.9 However, in clinical
studies, NT-proCNP has only been measured in dogs
with naturally occurring sepsis at admission to the
hospital, and to the authors’ knowledge, there are no
published studies investigating blood concentrations of
NT-proCNP in dogs with endotoxemia.

Although most biomarkers for sepsis, including
chemokines and cytokines, are measured by individual
ELISA, multiplex magnetic bead-based assays offer the
advantage of concurrently quantifying a large number
of cytokines and chemokines.10–18 The simultaneous
measurement of multiple biomarkers provides more
information that might help to differentiate sepsis from
nonseptic inflammation. Sepsis is a complex and heter-
ogeneous disease during which the extent of proinflam-
matory cytokine production per patient depends on
the severity of inflammation incited by the infection
and varies with age, sex, genetics, and other concurrent
diseases.19–22 A multiplex assay enables the measure-
ment of multiple cytokines and chemokines in a single
blood sample.

The purpose of this study was to determine the
kinetics of serum NT-proCNP and multiplex-based
serum cytokine concentrations over a 24-hour period
in healthy dogs and dogs with endotoxemia after LPS
administration. We hypothesized that dogs would have
increased serum NT-proCNP 1–4 hours after LPS
administration as a consequence of the induction of
systemic inflammation, and that NT-proCNP concen-
tration would decrease by 24 hours. We also hypothe-
sized that proinflammatory cytokines such as TNF-a
and IL-6 would increase within hours of LPS adminis-
tration and would normalize within 24 hours coinci-
dent with resolution of systemic inflammation. Finally,
we hypothesized that the multiplex assay would iden-
tify additional cytokines and chemokines that have not
been investigated previously, but whose kinetics could
aid in the diagnosis of sepsis in dogs.

Materials and Methods

Animals

Eight adult purpose-bred Beagles deemed healthy based on

normal physical examination, complete blood count, and serum

biochemistry profile were included in this survival study. None

of the dogs had received LPS as part of an experiment at any

time before this study. Dogs were housed and handled accord-

ing to the guidelines of the Canadian Council on Animal Care,

the requirements of the Animals for Research Act Revised

Statutes of Ontario, and institutional Animal Care Policy.

This study was approved by the institution’s Animal Care

Committee.

Experimental Design

A randomized, placebo-controlled, crossover study was per-

formed. Dogs were randomized to receive a bolus of either 5 lg/
kg LPS, IV (Escherichia coli serotype 0127:B8)a or an equal vol-

ume of placebo (0.9% NaCl)b IV through a cephalic catheter.c

Thirty minutes later, each dog was resuscitated with IV fluids

(40 mL/kg 0.9% NaCl). After a minimum 14-day washout period

during which no treatments were administered beyond normal

husbandry and care, the study was repeated with dogs receiving

the alternate prefluid treatment (LPS or placebo).

Dogs were fasted for 12 hours before the study and allowed

free access to water. At the initiation of the experiment, butorph-

anold (0.2 mg/kg IM) was given for sedation and analgesia and

was repeated IV 2 and 4 hours after baseline. A 20-gauge cathe-

ter was placed in the cephalic vein to enable IV administration of

placebo, LPS, butorphanol, and resuscitation fluids. After

6 hours, the cephalic catheter was removed and the dogs were

returned to their housing and offered food.

Sample Collection and Storage

Blood samples were collected by jugular venipuncture at base-

line (0), 1, 2, 4, and 24 hours after LPS or placebo administra-

tion. Blood samples were transferred into plastic Vacutainer

tubes with no additivee and allowed to clot for 15 minutes. The

samples then were centrifuged at 700 9 g for 15 minutes, and

serum was removed and stored at �80°C for batch analysis of

NT-proCNP, cytokine and chemokine concentrations. In addi-

tion, stored serum samples remaining after clinician-ordered

serum biochemistry profiles from a clinically healthy dog, a dog

with sepsis secondary to bite wounds, and a nonseptic dog that

was neutropenic 7 days after chemotherapy were used to confirm

NT-proCNP kit intra- and interassay coefficients of variation

(CV).

NT-proCNP ELISA

An NT-proCNP ELISA kitf previously validated in dogs was

obtained, and the assay was performed according to the manu-

facturer’s instructions.9 This kit was reported to have a lower

limit of detection of 0.55 pmol/L, and inter- and intra-assay CV

of 7–9 and 4–5%, respectively.9 The kit control, as well as serum

samples from the above-mentioned individual dogs, each were

assayed 5 times in 1 assay run to further evaluate intra-assay CV,

and on 5 different dates to assess interassay variability. All study

samples were assayed in duplicate, and 1 well was left empty as a

blank reference. The absorbance was measured at 450 nm with a

620 nm reference; the measured optical density (OD) was (OD at

450 nm) � (OD at 620 nm). The OD of the blank well was sub-

tracted from all sample measurements. Log transformation was

performed to obtain a standard curve that was used to determine

the NT-proCNP concentration of the samples using the formula

10([logOD – intercept] / slope).

Multiplex Cytokine Immunoassay Kit

An antibody-coated magnetic microsphere-based multiplex

cytokine immunoassay kitg designed for the simultaneous quanti-

fication of 13 cytokines, including several not previously investi-

gated in dogs with sepsis, was used to determine cytokine

kinetics. Those included in the kit were IL-2, IL-6, IL-7, IL-8,

IL-10, IL-15, IL-18, TNF-a, interferon-c (IFN-c), granulocyte

macrophage-colony stimulating factor (GM-CSF), keratinocyte-

derived chemokine (KC)-like, C-C motif chemokine ligand 2

(CCL2), and CXCL10. This multiplex kit gives an accurate

1448 Floras et al



measurement of serum cytokines when compared with individual

ELISAs and has been used previously to measure serum cytokine

concentrations in dogs.23–25 All 80 samples from the LPS- or pla-

cebo-treated dogs were assayed once, and the assay standards

and quality control sample each were assayed twice, for a total

of 116 samples. The assay was performed according to the manu-

facturer’s instructions. Overnight incubation at 4°C was per-

formed and a magnetic plate washer was utilized. The plates then

were read using a multiplex plate readerh with the companion

software.i

Statistical Analyses

Intra- and interassay CVs for the NT-proCNP ELISA

kit were calculated by dividing the standard deviation by the

mean of the 5 results obtained for each sample. Duplicate

NT-proCNP results were averaged and the mean value was

used for statistical analysis. Single values were obtained for

the quantification of cytokines. The NT-proCNP and cytokine

concentrations over time were analyzed by a generalized linear

mixed-model using the mixed procedure. Different error

structures were tried, with the final model for auto-regression

chosen based on the Akaike information criterion. The

assumptions of the ANOVA were assessed by comprehensive

residual analyses and the Shapiro–Wilk test was conducted to

analyze for normal distribution. The residuals were plotted

against the predicted values and explanatory variables (treat-

ment, time, dogs) to identify outliers or unequal variance. If

residual analyses suggested a need for data transformation, log-

arithmic transformation was done before data analysis. The

level of significance was corrected using a Dunnett’s or Tukey’s

test for multiple comparisons where appropriate. Significance

was set at P < .05 for all variables. Data are presented as

mean � SD. All analyses were performed using standard statis-

tical software.j Graphs were generated using commercially

available software.k

Results

All dogs were female (3 intact, 5 spayed) ranging
in age from 16 to 44 months (median, 18 months).
The median body weight was 8.85 kg (range, 7.8–
11 kg). Within 30 minutes of LPS administration, all
LPS-treated dogs demonstrated lethargy and gastroin-
testinal upset characterized by diarrhea and hypersali-
vation. Rectal temperature was significantly increased
after 3 (P < .001) and 4 (P < .001) hours in LPS- ver-
sus placebo-treated dogs.

The intra-assay CV for the NT-proCNP kit ranged
from 9.2 to 17.9% and the interassay CV ranged from
6.3 to 18.0%. There was no significant difference in
NT-proCNP concentration at any time point when
samples from placebo-treated dogs were compared to
LPS-treated dogs (Fig 1).

When comparing serum cytokine concentrations in
LPS-treated dogs to placebo-treated dogs, IL-6, IL-
10, TNF-a, and KC-like were significantly higher at
1, 2, and 4 hours (P < .05; Fig 2). In addition,
CCL2 was higher at 1, 4, and 24 hours, whereas IL-
8 and CXCL10 were higher at 4 hours (P < .05;
Fig 2). There were no significant differences in
serum GM-CSF, IFN-c, IL-2, IL-7, IL-15 or IL-18
between LPS- and placebo-treated dogs (data not
shown).

Discussion

Using an assay with inter- and intra-assay
CVs ≤ 18%, this study indicated that NT-proCNP was
not increased in dogs given a single IV injection of a
low dose of LPS, but increases in several other cyto-
kines and chemokines were observed in the same dogs.
Potent simulators of NT-proCNP include LPS, TNF-a
and transforming growth factor-b.5,26 In addition,
inflammation can create an environment in which NT-
proCNP is produced by the monocyte/macrophage
system, resulting in vasodilatation and the inhibition
of microbial growth and pathogenicity.5,27,28

Although LPS induced NT-proCNP in a dose-
dependent manner in a canine cell culture system,8

LPS at the dosage administered to dogs in this study
(5 lg/kg, IV) did not produce an increase in serum
NT-proCNP. This LPS dosage was chosen because it
produces clinical illness in healthy dogs without being
fatal.29–31 Nevertheless, the absence of an increase in
the concentration of NT-proCNP over time in the
dogs with endotoxemia could have been because the
dosage of LPS was too low, or because the duration of
endotoxemia was too short. However, the measured
increases in IL-6, IL-8, IL-10, and TNF-a confirmed
induction of inflammation in the dogs given LPS.
These proinflammatory cytokines are similarly
increased in dogs with naturally occurring sepsis.2

Therefore, it is likely that the endotoxemia model used
in this study, as in previous studies in other species,
cannot fully reproduce the complexity of the in vivo
interactions resulting in NT-proCNP expression during
naturally occurring sepsis.

Previous studies using cell-kill bioassay methods to
measure cytokine concentrations in dogs after LPS
administration have identified rapid changes in TNF-a
concentration. TNF-a increased within 30 minutes
after IV LPS administration, and a large overlap in
sustained peak concentrations was observed after
approximately 2 hours in response to dosages ranging
from 0.1 to 40 lg/kg, suggesting that its activity was
not dose-dependent.30,32 In contrast, the increase in
IL-6 after the IV administration of LPS over the same
dosage range had a slower onset, peak activity that

Fig 1. Serum NT-proCNP concentrations in dogs after lipopoly-

saccharide (LPS) or placebo administration. Values are presented

as group mean � SD.
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Fig 2. Serum cytokine concentrations in dogs after lipopolysaccharide (LPS) or placebo administration: interleukin-6 (IL-6) (A), IL-10

(B), tumor necrosis factor (TNF-a) (C), keratinocyte-derived chemokine (KC-like) (D), C-C motif chemokine ligand 2 (CCL2) (E), IL-8

(F), and C-X-C motif chemokine ligand 10 (CXCL10) (G). Significant differences between LPS and placebo dogs are indicated with

*(P < .05). Values are presented as group mean � SD.
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persisted >2 hours longer than TNF-a activity, and
greater dose-dependency.32 TNF-a and IL-6 kinetics
seen in this study are consistent with these previous
results, which reflect the proinflammatory response to
LPS administration.

Other chemokines, including CCL2, KC-like, and
CXCL 10, were increased at ≥1 time point after LPS
administration in this study, suggesting their possible
utility as biomarkers of systemic inflammation or sep-
sis. The multiplex assay has been previously used to
measure IL-18, CCL2, IL-6, IL-15, IL-8, and TNF-a
in dogs with immune-mediated hemolytic anemia,25

immune-mediated thrombocytopenia,l and in endur-
ance racing sled dogs that experience a sustained
inflammatory response.23 To the authors’ knowledge,
CCL2 has not yet been evaluated as a potential bio-
marker for sepsis in dogs. In murine models of pancre-
atitis and sepsis, CCL2 mediates the immediate
proinflammatory response by recruiting circulating
monocytes, T lymphocytes, natural killer (NK) cells
and neutrophils to the site of infection or inflamma-
tion33; this cytokine could play a similar role in dogs.
KC-like is expressed by macrophages, neutrophils, and
epithelial cells, resulting in neutrophil chemoattractant
activity and increased bacterial phagocytosis, thereby
playing a key role in sepsis.33,34 Similarly, CXCL10 is
secreted by cells such as monocytes, endothelial cells,
and fibroblasts in response to IFN-c.34 This cytokine
plays a role in the chemoattraction of monocytes and
macrophages, T-cells, NK cells, and dendritic cells,
and promotes T-cell adhesion to endothelial cells in
order to resist bacterial and viral infections.34 As in
mouse models of sepsis,34 CXCL10 also could prove
to be a useful biomarker of sepsis in dogs.

Cytokines such as IL-6, IL-10, and TNF-a are
associated with the innate immune response, which is
the nonspecific first line of host defense during infec-
tion, responsible for triggering a proinflammatory
response after LPS administration. The cytokines
that did not increase after LPS administration (GM-
CSF, IFN-c, IL-2, IL-7, IL-15, or IL-18) in this
study typically play a role in the adaptive immune
response, which is responsible for the elimination of
pathogens in the late phase of infection. Conse-
quently, the timing of sampling could have precluded
these cytokines from becoming increased. For exam-
ple, the lack of a significant increase in IL-15 is con-
sistent with studies demonstrating an increase in this
cytokine only when measured beyond 24 hours.35

Similarly IL-2 and IL-7 are expected to be increased
24–72 hours or 48 hours, respectively, after bacterial
infection.36,37

Limitations of this study include sample collection
at a limited number of time points after LPS or pla-
cebo administration. Additional time points might
have yielded more information detailing the kinetics
of NT-proCNP and cytokines; specifically, concentra-
tions of IL-2, IL-7, and IL-15 might have increased
after 24 hours. Blood was sampled at only a small
number of time points because of funding limita-
tions. Similar constraints limited cytokine multiplex

analysis to single replicates, although duplication of
samples would have been preferred. Likewise, valida-
tion of the multiplex analysis using cytokine controls
or mass spectrometry was not within the scope of
this study. In addition, only female Beagle dogs were
available through the Central Animal Facility at the
university from which the dogs were acquired. Con-
sequently, any effect of sex on NT-proCNP or cyto-
kine kinetics could not be assessed. Finally, the
average NT-proCNP inter- and intra-assay CVs in
this study (13.5% and 13.2%, respectively) were
higher than anticipated based on those reported pre-
viously.8 The lowest CVs (9.2% for intra-assay CV
and 6.3% for interassay CV) were obtained for the
control provided in the kit. The higher CVs were
obtained from the samples with the lowest NT-proC-
NP concentrations. Although these concentrations
were not below the detection limit of the assay, they
were toward the lower end of the standard curve
and therefore more variable.

In conclusion, serum NT-proCNP concentrations
did not differ significantly between healthy dogs and
dogs with endotoxemia after LPS administration.
Future studies using either higher dosages of LPS, or a
low dose endotoxin infusion, or an alternative model
that might better mimic naturally occurring sepsis,
could be useful for determining the kinetics of this
protein biomarker during sepsis. Serum cytokines and
chemokines including IL-6, IL-8, IL-10, TNF-a, KC-
like, CCL2, and CXCL10 were significantly increased
in dogs within 1–4 hours of LPS administration, and
warrant further investigation as tools for the detection
and management of sepsis in dogs. Considering the
complexity and redundancy of the inflammatory
response to sepsis, it is unlikely that a single biomarker
will have adequate sensitivity and specificity for diag-
nosis of sepsis, but a multiplex assay could yield valu-
able diagnostic information if available to the
clinician.

Footnotes

a Sigma-Aldrich, St. Louis, MO
b 0.9% NaCl; Baxter, Mississauga, ON
c BD Insyte Autoguard catheter; BD Medical, Sandy, UT
d Torbugesic; Fort Dodge Animal Health, Overland Park, KS
e BD Vacutainer plus plastic plasma tubes; Becton Dickinson

and Company, Franklin Lakes, NJ
f Biomedica Gruppe, Vienna, Austria
g MILLIPLEX MAP for Luminex� xMAP� technology canine

cytokine/chemokine magnetic bead panel immunoassay, EMD

Millipore Corporation, Billerica, MA
h Bio-Plex� 200; Bio-Rad Laboratories, Mississauga, ON
i Bio-Plex� Data-Pro software; Bio-Rad Laboratories
j SAS v.9.2; SAS Institute Inc., Cary, NC
k Prism 5; GraphPad Software, La Jolla, CA
l LeVine DN, Birkenheuer AJ, Brooks MB, et al. A novel

canine model of immune thrombocytopenia. 2012;http://www.

repository.lib.ncsu.edu
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