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Introduction: Alteration in endothelial function during sepsis is thought to
play a key role in the progression of organ failure. We herein compared plasma
concentrations of endothelial activation biomarkers vascular endothelial growth
factor (VEGF), hyaluronan (HA), plasminogen activator inhibitor-1 (PAI-1) and von
Willebrand factor (VWF), as well as inflammatory mediator concentrations (IL-6,
IL-8, IL-10, C-reactive protein and monocyte chemoattractant protein-1) in dogs
with sepsis to healthy dogs.

Methods: This study was a multicenter observational clinical trial conducted at
two university teaching hospitals from February 2016 until July 2017. The study
included 18 client-owned dogs hospitalized with sepsis and at least one distant
organ dysfunction, as well as 20 healthy dogs. Plasma biomarker concentrations
were measured using ELISA. Severity of illness in dogs with sepsis was calculated
using the 5-variable acute physiologic and laboratory evaluation (APPLEgast)
score. Biomarker concentrations were compared between septic and healthy
dogs using linear models.

Results: Septic peritonitis was the most frequent source of sepsis (11/18; 61%),
followed by pneumonia (4/18; 22%). Ten dogs (56%) had only 1 organ dysfunction,
whereas 3 dogs (17%) had 2, 3 (17%) had 3, 1 (6%) had 4 and 1 (6%) had 5 organ
dysfunctions. The median APPLE:.sr score in the septic dogs was 28.5 (Ql-
Q3, 24-31). Mean plasma concentrations of all endothelial and inflammatory
biomarkers, except VWF, were higher in the sepsis cohort than in controls. The
mean endothelial biomarker concentrations in the septic cohort ranged from
~2.7-fold higher for HA (difference in means; 118.2ng/mL, 95% credible limit;
44.5-221.7) to ~150-fold for VEGF (difference in means; 76.6 pg./mL, 95% credible
limit; 33.0-143.4), compared to the healthy cohort. Fifteen dogs with sepsis (83%)
died; 7 (46%) were euthanized and 8 (53%) died during hospitalization.

Conclusion: Dogs with naturally occurring sepsis and organ dysfunction
had higher mean concentrations of biomarkers of endothelial activation and
infammation compared to healthy dogs, broadening our understanding of the
pathophysiology of sepsis secondary to endothelial dysfunction.
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1. Introduction

The syndrome of sepsis in people and animals represents a wide
spectrum of illness severity, with a complex pathophysiology that can
lead to multiple organ dysfunction. In people, the risk of death
increases proportionately with number and severity of organ
dysfunctions (1). In dogs, the reported mortality rate associated with
sepsis also depends on illness severity, with at least 3 organ systems
failing associated with approximately 70-80% non-survival (2, 3). The
progression to organ dysfunction, at sites distant to the source of
infection, is proposed to be due to a dysregulated host response,
whereby the immune, coagulation and endothelial systems lose
homeostasis (4).

Alteration in endothelial function and microvascular perfusion
during sepsis is thought to play a key role in the progression of organ
failure (5, 6). Under systemic inflammatory conditions such as sepsis,
the endothelium becomes activated, developing a proinflammatory,
procoagulant, hyperpermeable and vasodilatory state (7). At a
molecular level, activation of the endothelium involves shedding of its
surface layer, the endothelial glycocalyx, upregulation of adhesion
molecules to facilitate platelet and leukocyte interaction, and release
of a range of molecules involved in angiopoiesis, vascular permeability
and coagulation (8). Many of the molecules involved in this process
can be measured in the circulation as biomarkers of endothelial
activation (9).

The endothelium has been increasingly recognized as a key player
in the pathophysiology of organ dysfunction secondary to sepsis.
Research investigating the use of soluble biomarkers to allow for the
objective assessment of endothelial activation/dysfunction is being
pursued. Numerous studies in septic people have demonstrated
increased serum or plasma endothelial biomarker concentrations, and
many of these biomarkers have shown prognostic utility in predicting
illness severity and mortality (10-14). Studies investigating biomarkers
of inflammation, endothelial activation and glycocalyx shedding in
dogs with sepsis are limited. Characterizing elevations of these
biomarkers in septic dogs with organ dysfunction may enhance our
understanding of the role of the endothelium in sepsis
pathophysiology, as well as identify prognostic potential.

The objective of this preliminary study was to compare plasma
endothelial activation biomarker concentrations in dogs with sepsis
to healthy dogs. We hypothesized that septic dogs would have an
increase in four biomarkers of endothelial activation: vascular
endothelial growth factor (VEGF), a mediator of vascular
permeability; hyaluronan (HA), a component of the endothelial
glycocalyx; plasminogen activator inhibitor 1 (PAI-1), a regulator of
fibrinolysis; and von Willebrand factor (vWEF), a key hemostatic factor.
Given the relationship between endothelial activation and
inflammation, we also compared several biomarkers of inflammation
between groups; C-reactive protein (CRP), interleukin (IL)-6, IL-8,
IL-10 and monocyte chemoattractant protein-1 (MCP-1).

Abbreviations: APPLExst, Acute patient physiological and laboratory evaluation
fast score; aPTT, Activated partial thromboplastin time; CRP, C-reactive protein;
HA, Hyaluronan; IL, Interleukin; MCP-1, Monocyte chemoattractant protein-1;
PAI-1, Plasminogen activator inhibitor-1; PT, Prothrombin time; VEGF, Vascular

endothelial growth factor; vWF, von Willebrand factor.
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2. Materials and methods

2.1. Study design

This was a multicenter, prospective, observational study
conducted in the intensive care units of two veterinary teaching
hospitals between February 2016 and July 2017. Approval from the
Animal Ethics Committees of both the University of Melbourne
(permit number: 1513658) and Murdoch University (permit number:
R2794/15) were received before study commencement. Informed
owner consent was obtained for client-owned dogs treated for sepsis
at either participating institution, as well as healthy staff- or student-
owned dogs that served as a control group.

Dogs were classified as having sepsis according to three criteria,
which align with the 2012 Surviving Sepsis Campaign definition of
‘severe sepsis’ (15). First, at least two out of four of the following
markers of the systemic inflammatory response syndrome (SIRS):
hypothermia or hyperthermia (<37.8°C or>39.4°C), tachycardia
(heart rate>140/min), tachypnea (respiratory rate>20/min),
leukopenia (<6.0 x1079 /L) or leukocytosis (>16.0x10A9 /L) or an
increase in band neutrophils (>3% of white blood cell count).
Second, the presence of bacterial infection defined as either the
clinical suspicion of infection (as deemed by the treating clinician
and criticalist reviewing the medical records) or confirmation of
infection based on cytology or culture. Third, the presence of at least
one distant organ dysfunction: renal, respiratory, cardiovascular,
coagulation, or hepatic (2). Renal dysfunction was defined as a urine
output <0.5mL/kg/h (if a closed urinary collection system was in
place) or serum creatinine concentration > 1.8 mg/dL (>159 umol/L).
Respiratory dysfunction was defined as the need for mechanical
ventilation, supplemental oxygen to maintain the SpO,>95%, or a
Pa0,/FiO,<300. Cardiovascular dysfunction was defined as
administration of a vasopressor drug for hypotension within 24 h of
sample collection or a single episode of fluid-unresponsive
hypotension, defined as a Doppler blood pressure < 90 mmHg after
receiving at least 20 mL/kg of a crystalloid fluid bolus. Coagulation
system dysfunction was defined as the presence of thrombocytopenia
(<100 x10A19 platelets/L), prothrombin (PT) and/or activated partial
thromboplastin (aPTT) time prolonged more than 25% above the
upper reference limit, and/or viscoelastic test abnormalities
consistent with hypocoagulability (ROTEM® Delta, Werfen, or TEG
5000®, Haemonetics). Hepatic dysfunction was defined by an
increase in serum bilirubin concentration of at least two times the
upper reference interval limit. Dogs were excluded from the study if
they were <5 kg, <6 months of age or treated with corticosteroids in
the 7 days preceding study enrolment. Dogs were also excluded if
blood sampling could not safely occur, defined as a hematocrit or
packed cell volume <20%, platelet count <50x10/9 platelets/L, and
PT or aPTT above the measurable limit, in combination with lack of
a sampling catheter. Dogs with a known history of concurrent
chronic disease were not excluded; however, this information
was recorded.

Healthy dogs were volunteered staft- or student-owned dogs that
were considered systemically healthy based on history, physical
examination, and routine hematological and biochemical parameters
within the reference intervals. Dogs were excluded if they were
other than

receiving any medications routine flea and

worm prophylaxis.
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2.2. Clinical data collection

Data acquisition was planned to occur for dogs with sepsis as soon
as the inclusion criteria were met, and research staff were alerted.
Variables collected included age, weight, sex, de-sexing status,
comorbidities, and current medications. Clinical variables collected at
time of enrolment included heart rate, respiratory rate, rectal
temperature, mean arterial or Doppler systolic blood pressure,
mentation, complete blood count and plasma biochemistry data, and
source of sepsis. The acute patient physiological and laboratory
evaluation fast score (APPLEp ;) was calculated using variables
(glucose, albumin, lactate, platelet count and mentation score)
collected at the time of enrolment (16). Survival to discharge was
recorded for all dogs. In the event of euthanasia, primary clinicians
were asked to characterize their perception for the motivation for the
decision as futility or financial, using a sliding scale for each of the two
factors. On that scale, “1” indicated no influence on the decision and
“10” the only reason for the decision.

Clinical data was initially collected on a case report form and then
transcribed into an electronic, internet-based database (REDCap)
specific to the study, allowing central administration of data from both
enrolment centers (17). The electronic database was backed up daily.

2.3. Sample collection and biomarker
measurement

Venous blood (10 mL) was collected at the time of enrolment and
placed into one EDTA and one sodium citrate vacuum collection tube
(Vacutainer tubes, Beckton Dickinson, Vacutainer Systems, Franklin
Lakes, NJ). Samples were collected prior to administration of a fluid
bolus or at least 30 min after the completion of a fluid bolus. The
samples were centrifuged at 1,500xg for 15 min at 5°C within 1h of
sample collection. The plasma was removed and separated into 500 pL
aliquots in individual screw top microcentrifuge tubes (2241-SO,
Scientific Specialties Incorporated, Lodi, CA, United States) and
stored at —80°C until batch analysis was performed. Biomarker
measurement was conducted at a single site. All samples collected at
the other institution were transported together via overnight courier
using a validated dry ice packaging system (Orca S, Intelsius, VIC,
Australia) at completion of enrolment. Upon arrival the still frozen
samples were transferred immediately into an ultracool (—80°C)
freezer until later batch analysis. Samples underwent no more than 2
freeze—thaw cycles before biomarker measurement.

Biomarker measurements, using commercial canine
quantitative sandwich ELISA kits validated for use in the dog, were
performed as per manufacturer instructions. This included VEGF
and HA (both Quantikine ELISA kits, R&D Systems, Minneapolis,
MN, United States), PAI-1 (Canine PAI-1 total antigen assay
ELISA kit, Molecular Innovations, Novi, MI, United States) and
C-reactive protein (CRP) (TE1024, TECOmedical Group, Sissach,
Switzerland). Other inflammatory biomarkers were measured
using a magnetic bead-array multiplex panel also validated for use
in the dog (Merck Millipore, MA, United States) and included
interleukin IL-6, IL-8, IL-10 and MCP-1. Plasma canine-specific
vWF antigen concentration was determined using a sandwich
ELISA developed and validated for vWF analysis in dogs (18, 19).

EDTA plasma was used for all measurements except vVWF antigen,
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which used citrated plasma. A facemask was worn during
measurement of VEGF and HA to prevent contamination from
saliva. Each sample was analyzed in duplicate and the mean carried
forward. For biomarker concentrations that fell below or above the
detection limit of the respective ELISA or multiplex assay, the
concentration was recorded as either the lower or upper limit of
detection, respectively.

2.4. Statistical analysis

Data analyzes were conducted in R (20). Biomarker concentrations
and demographic variables were summarized using the median and
quartiles. Due to the abundance of left- and right-censored
observations for many of the responses (those that were either below
or above the reporting limits of the analytic assay, respectively)
(Table 1), an analysis strategy was selected that incorporated the
incompleteness of measurement of those observations. To determine
the effect of the sepsis state on the responses compared to controls, the
selected model for each response was a Bayesian formulation of the
t-test which accepted censoring of the responses (21, 22). This was a
linear model of the form:

loge (y) ~ Bo + Pi(status) + N (0,0 s )

where status is the disease state (sepsis or control), and y is the
response variable, which may be left-censored, right-censored, or
both, which is conditionally normal with residual standard deviation
Ores (as in the typical t-test). This model was implemented using the
‘brms’ package in R (23). Priors for | were weakly-informative,
N(0,0), with o selected after examining histograms of the
log-transformed responses. Goodness-of-fit of the models was
assessed by residual analysis, but with consideration of the censoring
limits. Estimates of the effect of status, and of the predicted mean
concentrations in the control and sepsis conditions, were summarized
using the posterior mean 95% credible intervals.

3. Results
3.1. Animal characteristics

Twenty healthy dogs were included in the control group, as
planned. Twenty dogs met the inclusion criteria for sepsis, however
two were later excluded on review due to alternative diagnosis made
(hypoadrenocorticism) or lacking organ dysfunction. Both healthy
dogs and septic dogs represented a variety of breeds (see
Supplementary Table S1). Median age (Q1 - Q3) of the healthy dogs
was 5.5years (0.7-11) and of the septic dogs was 8.4 years (3.2-15).
The healthy dogs included 7 castrated males, 2 sexually intact females
and 11 spayed females. The septic dogs included 3 sexually intact
males, 7 castrated males, 2 intact females and 6 spayed females. The
median weight of the healthy dogs was 24.3kg (6.1-37.0) and of the
septic dogs was 28.0kg (7.1-45.2).

Comorbidities present in the sepsis group were idiopathic
epilepsy (2), diabetes mellitus (2),
polyradiculoneuritis (1), elapid snake envenomation (1), nasal

osteoarthritis (1),
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TABLE 1 Plasma concentrations of biomarkers in dogs with sepsis and in healthy control animals.

10.3389/fvets.2023.1127099

Biomarker Control (n =20) Sepsis (n =18)
Median Number Median
(range) <LLOD (range)
Endothelial
VEGF (pg/mL) 39.1 (N/A) 20 50.4 (39.1-659.5)
HA (ng/mL) 76.1 (26.2-147.4) 0 244.9 (21.3-251.8)
vWE (ng/mL) 118 (56-198) 0 110 (24-491)
PAI-1 (ng/mL) 25.1 (4.8-62.3) 0 87.5 (30.3-1028.6)
Inflammation
CRP (pg/mL) 19.1 (19.1-87.3) 17 199.9 (80.2-392.0)
51.2 (51.2-11,541) 12 3092.5 (206.4- 0 0
IL-6 (pg/mL)*
39,852)
483.0 (94.9-1776) 2 3554.0 (306.0- 0 0
IL-8 (pg/mL)*
118,918)
IL-10 (pg/mL)* 73.0 (73.0-732.7) 14 198.8 (73.0-1938) 6 0
788.4 (132.4-1,285) 3 6974.4 (1939- 0 1
MCP-1 (pg/mL)*
203,884)

*Two samples missing from the control group due to inadequate sample volume. The table includes the number of samples that were censored due to measuring either below the lower limit of

detection (LLOD) or above the upper limit of detection (ULOD).

aspergillosis (1), ophthalmic disease (1) and recent trauma (1). One
dog had a medication history of phenobarbitone and potassium
bromide for idiopathic epilepsy, two dogs were being administered
non-steroidal anti-inflammatory medication and two dogs were
receiving insulin therapy prior to hospitalization. Antimicrobial
drugs had been administered to 16 dogs prior to sample collection
and eight dogs had been treated with sedatives within 24h
of enrolment.

Septic peritonitis was the most frequent source of sepsis (11/18;
61%), followed by pneumonia (4/18; 22%), hepatitis (2/18; 11%),
and necrotizing mastitis (1/18; 6%). Infection was suspected in 6/18
(33%) and confirmed in 12/18 (67%) dogs via body fluid analysis of
either peritoneal fluid (10/12), bronchoalveolar lavage fluid (1/12)
or mammary gland abscess fluid (1/12). This consisted of either
cytological identification of intracellular organisms (6/12) or
positive fluid culture (6/12). Over half of the septic dogs (10/18)
had only 1 organ dysfunction, with the remaining dogs having
either 2 (3/18), 3 (3/18), 4 (1/18) or 5 (1/18) organ dysfunctions.
Coagulation system dysfunction was the most frequent type of
organ dysfunction (10/18; 56%), followed by cardiovascular (7/18;
39%), respiratory (7/18; 39%), renal (5/18; 28%) and hepatic (2/18;
11%) dysfunction.

3.2. Biomarkers concentrations

Dogs with sepsis had higher plasma VEGE, HA, and PAI-1
concentrations, compared to healthy dogs (Figure 1; Table 2). There
was little apparent difference in mean plasma vWF concentration
between groups, but some evidence that vVWF was more variable in
dogs with sepsis. Dogs with sepsis also had significantly higher plasma
IL-6, IL-8, IL-10, CRP and MCP-1 concentrations, compared to
healthy dogs (Figure 1; Table 2).
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3.3. Clinical outcomes for dogs with sepsis

The median APPLEg,¢r score in the septic dogs was 28.5 (Q1-Q3,
24-31). Fifteen dogs were non-survivors (83%), with the remaining 3
dogs (16%) surviving to discharge. Of non-survivors, eight dogs (53%)
died naturally and 7 dogs (47%) were euthanized. Perceived reasons
for euthanasia, using a sliding scale of 1 to 10, were skewed toward
futility rather than financial reasons, with a median futility score of 8
(5-9) versus a median financial score of 3 (1-5). Due to the low
number of dogs surviving to discharge, there was inadequate sample
size to explore associations between biomarker concentrations
and survival.

4. Discussion

This study found that dogs with organ dysfunction secondary to
sepsis had higher concentrations of VEGF, HA, and PAI-1 compared
to healthy control dogs. These findings suggest that endothelial
activation occurs in dogs with naturally occurring sepsis and organ
dysfunction, which is similar to results found in people with sepsis
(24-26). All three endothelial biomarkers are important mediators in
systemic inflammation and their increase in dogs with sepsis may
explain some of the pathophysiological sequelae observed in
clinical patients.

Vascular endothelial growth factor is released from endothelial
cells, leucocytes and platelets in response to a range of agonists,
including inflammatory cytokines and bacterial elements (27-29). Its
actions on the endothelium include increased vascular permeability,
vasodilation, and amplification of inflammation and coagulation
(30-32). These alterations of the endothelium can lead to interstitial
edema, compromised tissue perfusion, and subsequent organ
dysfunction. Plasma VEGF concentrations are significantly increased
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FIGURE 1
Observed and estimated concentrations of biomarkers of endothelial injury and inflammatory mediators, in septic and control dogs. For each group,
the central horizontal line is the estimated (posterior) mean concentration, and bars are 95% credible intervals for the mean concentration, drawn from
the final statistical model. All biomarker concentrations are presented on logarithmic (log;) scale. Open triangles (/A\), right-censored observations;
open circles (O), left-censored observations. Note that for left-censored observations, any value below the censoring limit is equally plausible. CRP,
C-reactive protein; MCP-1, monocyte chemoattractant protein-1; PAI-1, platelet activator inhibitor 1; VEGF, vascular endothelial growth factor; vVWF,
von Willebrand factor.

in people with sepsis, compared to healthy volunteers (11, 33, 34).
High plasma VEGF concentrations have also been associated with
worse clinical outcome in people, such as organ failure and mortality
(33), though some studies have conversely reported a negative
association between these variables (34, 35).

Two studies have measured plasma VEGF concentration in dogs
with SIRS, either due to sepsis or other causes. The first study
measured daily plasma VEGF concentration in 28 dogs with either
sepsis or non-septic SIRS, and found that 18 of these dogs had a
quantifiable concentration of VEGF at one or more time points (36).
Although no association was identified between VEGF concentration
and clinical evidence of edema, used as a surrogate marker of
increased vascular permeability, dogs with very high concentrations
(> 70 pg./mL; n=3) were more likely to die. A more recent study in
dogs with sepsis (1n=25) also found significantly increased plasma
VEGF concentration, compared to healthy dogs (n=7) (37). This
study also included dogs with non-septic SIRS (n=32), and when all
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dogs were combined, there was some potential identified for VEGF
predicting in-hospital mortality (area under the receiving operating
characteristic curve 0.68 (95% confidence interval 0.5-0.8); mortality
rate 41%). One further study found elevated concentrations of VEGF
in dogs with leptospirosis, compared to healthy controls (38), as well
as a positive association between VEGF concentration and both
inflammatory markers and mortality. Though associations with
mortality could not be explored in our study, all three of these
preliminary studies suggest that VEGF may play a role in the
morbidity of sepsis in dogs, similar to people.

Our study also identified significantly increased plasma
concentrations of HA in dogs with sepsis, a component of the
endothelial surface layer. Shedding of this surface layer is one of the
first steps of endothelial activation, directly leading to a
hyperpermeable, proinflammatory and procoagulant phenotype (8).
Hyaluronan released into circulation may also stimulate further
inflammation. A number of studies in endotoxemia animal models
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TABLE 2 Inferential estimates of plasma concentrations of markers of endothelial activation and inflammation.

Biomarker Control Sepsis Estimated Effect

Mean Credible Limits Mean Credible Limits Difference in Credible Limits

25%  97.5% 25%  975%  (Sepaie.  25%  975%
Control)

Endothelial
VEGF (pg/mL) 0.499 0.00293 3.56 72.6 33.8 144.4 76.6 33.0 143.4
HA (ng/mL) 672 46.0 98.5 182.1 120.0 288.0 118.2 445 221.7
VWF (ng/mL) 1176 92.4 149.7 102.1 59.7 152.8 -13.6 —-67.3 417
PAI-1 (ng/mL) 239 15.8 36.0 101.4 67.3 152.9 79.3 41.0 129.6
Inflammatory
CRP (pg/mL) 116 6.08 18.6 193.3 132.4 279.0 184.7 120.7 268.1
1L-6 (pg/mL) 40.7 10.6 126.5 3,390 1,199 9,363 3,884 1,198 9,362
IL-8 (pg/mL) 390.6 200.7 764.3 3,991 2059 7,752 3,808 1,616 7,348
IL-10 (pg/mL) 15.9 3.45 50.9 145.8 499 363.7 144.7 326 341.9
MCP-1 (pg/mL) 624.2 3329 1,140 9,108 4,845 16,910 8,916 4,163 16,240

Means are estimated means for ‘Control’ and ‘Sepsis’ that are predicted from the final models with their credible intervals. The differences in means are in linear scale and determined from
samples of the posterior distribution (after transformation from the log.-model). A positive difference in means indicates higher concentration in the sepsis cohort. The difference in means,
produced from the final statistical models, provides the outcomes of the statistical analysis. CRP, C-reactive protein; HA, hyaluronic acid; MCP-1, monocyte chemoattractant protein-1; PAI-1,
platelet activator inhibitor-1; VEGE, vascular endothelial growth factor; vVWE, von Willebrand factor.

(39-41) and people with sepsis (42-45) have demonstrated
significantly increased serum or plasma HA concentrations, compared
to baseline or healthy controls, suggesting shedding of the endothelial
surface layer. Increased HA concentration has also been associated
with degree of organ failure and mortality in people (44, 45). In
veterinary medicine, a case series of 8 dogs with septic peritonitis
reported a range of serum HA concentration of 18-1,050 ng/mL (46).
Although there was not a healthy control comparison reported in this
study, this range is considerably higher than observed in our study,
lending evidence to elevated HA concentrations in dogs with sepsis.
An association between HA and IL6 concentration was also identified.
It is important to note that there are other sources of HA in the body,
such as the interstitium, and that clinical factors such as rapid
intravenous fluid administration can also increase circulating
concentrations (47). Therefore, increases in HA concentration may
not solely represent endothelial surface shedding.

In addition to biomarkers of endothelial activation or surface
shedding, this study also explored biomarkers of coagulation
activation, including PAI-1 and vVWE Activation of the endothelium
stimulates production of procoagulant mediators, such as tissue factor
and vWE reduces the presence of anticoagulants on the endothelial
surface and inhibits fibrinolysis, such as via production of PAI-1 (5,
6). This effect likely contributes to microthrombi formation and
development of organ failure. In human clinical studies, PAI-1
concentrations are positively associated with degree of organ failure
and mortality in people with sepsis (12, 48-50). In this study, we found
that dogs with sepsis had significantly increased plasma concentrations
of PAI-1 compared to healthy dogs. Further, coagulation impairment
was the most frequent organ dysfunction, as defined by
clinicopathologic evidence of hypocoagulability or thrombocytopenia.
Plasminogen activator inhibitor-1 may play an important role in the
pathogenesis of coagulation complications. Given that disseminated
intravascular coagulation is associated with a high mortality rate in
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dogs (51, 52), it may be clinically useful to identify a biomarker that
can predict this complication. Further research is required to
determine if elevated PAI-1 concentration has clinical utility in
this manner.

Platelet activation is another important contributor to the
procoagulant state in sepsis and is stimulated by a range of agonists
released by the activated endothelium, including vWEF. Endothelial
release of highly thrombogenic ultra-large vWF multimers can
be stimulated by inflammatory mediators such as IL-8 and tumor
necrosis factor-a (53). In people with sepsis, vVWF concentrations are
significantly higher than healthy controls, though studies have varied
in their ability to detect an association with clinical outcome (35, 54,
55). Data from veterinary studies in this area are limited. An
experimental study in dogs found a significant rise in plasma vVWF
antigen concentration after injection of bacterial lipopolysaccharide
(56). A clinical study also identified increased VWF antigen
concentrations in dogs with naturally-occurring sepsis (n=14),
compared to healthy dogs (n=11), but found no evidence of a
difference between survivors (n=7) and non-survivors (n=7),
probably due to poor power (57). In our study, we did not identify a
difference in plasma vVWF concentration between healthy dogs and
those dogs with sepsis suggesting an inconsistent increase in vVWF
concentrations subsequent to sepsis. Clearly, the relevance of the
observed lack of difference in VWF concentrations in normal and
septic dogs requires further investigation.

The increase in endothelial activation biomarkers found in dogs
with sepsis in this study concurred with an increase in all inflammatory
cytokine concentrations. This finding is consistent with sepsis in
people (12, 58). The relationship between endothelial activation and
inflammation is likely bidirectional; endothelial mediators can
stimulate inflammation and inflammatory cytokines can activate the
endothelium. For example, in vitro and in vivo endotoxin models have
shown that VEGF is important for stimulating IL-6 and MCP-1
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production and that inflammatory cytokines play a role for both
VEGF and PAI-1 release (11, 30, 58). The degree to which the
inflammatory cytokine concentrations were increased in dogs with
sepsis in our study is consistent with a high severity of illness, with
concentrations being many-fold higher on average than in other
studies in dogs (59, 60). This is also consistent with the high mortality
rate observed in this study.

This preliminary study has several limitations. Some of the
biomarkers had observations outside of the detectable range of the
assay. Observations outside the validated performance limits of the
analytical assays were common, especially in the control cohort,
suggesting a need for more sensitive methods. Though models for
censored data facilitate valid inference in the presence of those
observations, especially regarding large effects and their uncertainty,
for some biomarkers we have learned little regarding their distribution
in control animals. Despite this limitation, the effect of sepsis on
several markers is clearly large and well-estimated, even for the
frequently censored biomarkers. However, the study was not designed
to, and the sample size was inadequate to, determine correlations
between endothelial and inflammatory mediators, or outcome.
Methodological error may have also interfered with results. For
example, hemolysis, temperature and storage time can have some
effect on vVWF concentrations (61-63). This may contribute to the lack
of a difference in vVWF concentrations between healthy and control
dogs, in contrast with a previous study (53). It is plausible that
biomarker concentrations were also influenced by comorbidities, such
as trauma, and not by sepsis alone. Furthermore, inclusion criteria for
organ dysfunction in this study selected for septic dogs with a high
severity of illness, which must be considered when using this data to
inform future biomarker studies. In addition, this study does not
provide any information on the specificity of each biomarker, i.e., how
well sepsis can be inferred from a known biomarker value. The logical
next step, if some of these biomarkers were going to be selected as
candidates for a diagnostic test, would therefore be to assess the
predictiveness of the selected set of variables for ‘sepsis’ in comparison
to clinically similar ‘non-sepsis’ In addition, the association between
increases in these markers and endothelial activation/dysfunction
needs to be further substantiated.

In conclusion, this study found that endothelial biomarkers,
VEGE HA and PAI-1, were increased in dogs with organ dysfunction
secondary to sepsis, compared to healthy dogs. The results of this
study broaden our understanding of the pathophysiology of sepsis
secondary to endothelial dysfunction. Larger studies are required to
investigate clinical utility of these biomarkers for prediction
of outcome.
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