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Abstract

Background: Plasma N-terminal pro-atrial natriuretic peptide (NT-proANP) and plasma N-terminal pro-B-type
natriuretic peptide (NT-proBNP) concentrations may be affected by the hydration status.

Aim: This study aimed to evaluate the effect of dehydration on plasma NT-proANP and NT-proBNP concentrations
in healthy dogs.

Methods: This prospective study included five clinically healthy dogs. Furosemide was administered intravenously
at 2-4 mg/kg every 1-2 hours until completion of the dehydration model. The dehydration model was considered
complete when weight loss was >5% and findings of dehydration on physical examination were observed. Plasma
NT-proANP and NT-proBNP concentrations were compared at three-time points: before the dehydration model was
created (point 1), at the completion of the dehydration model (point 2), and when dehydration was judged to have
improved (point 3). Association between plasma NT-proANP and NT-proBNP concentrations, and each clinical
variable (physical examination, blood pressure, blood chemistry, blood gases, and echocardiography) was assessed
using linear regression analysis.

Results: Plasma NT-proANP concentration decreased significantly from point 2 to point 1 (p < 0.05), whereas plasma
NT-proBNP concentration showed a decreasing trend but did not differ significantly between points 1 and 2. Plasma
NT-proANP concentration correlated significantly with body weight (R?=0.178) and plasma NT-proBNP concentration
(R?=0.284) (p < 0.05, respectively), and plasma NT-proBNP concentration correlated significantly with electrolytes
(sodium, R* = 0.439; potassium, R*> = 0.444; and chloride, R* = 0.419), and echocardiographic parameters [diastolic left
ventricular internal diameter (LVIDd) R? = 0.519; weight-standardized LVIDd, R*> = 0.535] (p < 0.01, respectively).
Conclusion: The plasma NT-proANP concentrations decreased with dehydration. However, the plasma NT-proBNP
concentration did not change with mild dehydration and reflected left ventricular morphology.

Keywords: Cardiac biomarkers, Dehydration, Dogs, Fluid volume, N-terminal pro-atrial natriuretic peptide.

Introduction

Plasma N-terminal pro-atrial natriuretic peptide (NT-
proANP) and N-terminal pro-B-type natriuretic peptide
(NT-proBNP) are cardiac biomarkers that increase
with the progression of heart disease in dogs (Eriksson
et al., 2014; De Lima and Ferreira, 2017; Klein et
al., 2022). These cardiac biomarkers are considered
to be more reflective of the clinical stages of heart
disease. In previous studies, we demonstrated that
in dogs with myxomatous mitral valve disease, both
cardiac biomarkers have a high discriminatory ability,
especially for cardiac dilatation [stage B2 in the most
recent consensus statement from the American College
of Veterinary Internal Medicine (ACVIM); Keene et
al., 2019] and pulmonary oedema (Ogawa et al., 2021).
However, cardiac biomarkers may be affected by salt
intake, exercise, hydration status, and renal function,

and these factors may cause abnormal values, even in
the absence of cardiac problems (Engle and Watson,
2016; Joubert et al., 2018). Atrial natriuretic peptide
(ANP) and B-type natriuretic peptide (BNP) are
sensitive to hydration status because of their inhibitory
action on the renin-angiotensin-aldosterone system,
natriuretic activity, and vasodilator action (Daniels
and Maisel, 2007; Tapolyai et al., 2013). During
dehydration, plasma ANP and BNP concentrations
show a decreasing trend (Daniels and Maisel, 2007).
A decrease in plasma ANP concentration due to
dehydration has been reported in dogs, mice, and
humped camels (Vollmar et al., 1994; Toyoshima et
al., 1996; Adem et al., 2013). Since NT-proANP is
released into the blood along with ANP (Ruskoaho,
2003), the plasma NT-proANP concentration may also
decrease during dehydration in dogs. No studies have
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investigated the effect of dehydration on plasma NT-
proANP concentration in either humans or dogs. In
humans, it has been reported that plasma NT-proBNP
concentration decreases during dehydration owing
to a decrease in ventricular extensibility caused by a
decrease in ventricular volume (Tanaka et al., 2017).
As with plasma NT-proANP concentration, no studies
have investigated the effect of dehydration on plasma
NT-proBNP concentration in dogs.

Diuretics such as furosemide are administered for the
treatment of congestive heart failure in dogs (Keene et
al., 2019), which can result in a fluid loss (hypotonic
dehydration) with sodium (Na) deficiency (Plumb,
2018; Verbrugge, 2018). If plasma NT-proANP and NT-
proBNP concentrations decrease during dehydration,
these cardiac biomarkers may underestimate the
severity of dogs in ACVIM stage C or higher, such as
those receiving diuretics (Keene ef al., 2019).

This prospective study aimed to evaluate the effects of
dehydration on plasma NT-proANP and NT-proBNP
concentrations in dogs.

Materials and Methods
Dogs
This study was performed using five colony-sourced
beagle dogs that were regarded as clinically healthy
based on physical examination, blood pressure,
complete blood count, blood chemistry, blood gases,
echocardiography, electrocardiography, and thoracic
radiography. The dogs were housed individually in
cages, and fed commercial maintenance dry food twice
daily with free access to water.
Study protocol
Furosemide (Lasix 20 mg injection; Nichiiko Sanofi
Inc., Tokyo, Japan) was administered intravenously
at 2—4 mg/kg every 1-2 hours until a 5% decrease in
body weight was observed (Campbell and Kittleson,
2007). After fasting for >12 hours, all dogs had urinary
catheters placed and bladders emptied; the dogs were
weighed before furosemide administration. Food and
water were not provided from the beginning of the
study. The dehydration model was considered complete
when >5% weight reduction was observed, and if the
physical examination indicated mild dehydration. If
skin turgor and capillary refill time were prolonged for
more than 1 second, and mucous membrane moistness
was dry on physical examination, the patient was
considered mildly dehydrated (Stephen, 2012). After
the dehydration model was completed, water was
provided to improve the hydration status until body
weight was regained, and no dehydration findings
were observed on physical examination. We defined
point 1 as, before the completion of the dehydration
model; point 2 as, at the completion of the dehydration
model; and point 3 as, when the dehydration improved.
Physical examination, blood pressure measurement,
blood sampling, and echocardiography were performed
at each point. Furthermore, body weight and degree of

dehydration were checked every 30 minutes between
points by physical examination. All dogs were fasted
in stainless-steel cages during the dehydration protocol.
Each examination was conducted with the dogs outside
the cage.

Blood pressure measurement

Systolic blood pressure was measured using a doppler
sphygmomanometer (Vet Dop2. Vmed Technology,
Mill Creek, WA). Blood pressure measurements were
based on the guidelines for systemic hypertension of
the ACVIM (Acierno et al., 2018).

Cardiac biomarker measurement

Blood was drawn from the external jugular vein of
each dog using direct venipuncture. Blood samples
were placed in a heparin tube (Fuji heparin tube 1.5 ml,
Fujifilm, Tokyo, Japan) to perform plasma biochemical
tests and blood gas analysis. Plasma biochemical
test markers were measured using an automated
biochemical analyzer (DRI-CHEM 4000V. FUJIFILM
Medical, Tokyo, Japan). For blood gas analysis markers,
a machine blood gas analysis apparatus (GEM premier
3500. L. L. Japan, Tokyo, Japan) was used.

To measure plasma NT-proANP and NT-proBNP
concentrations, blood samples were placed in 2-ml
vacutainer tubes containing Ethylenediaminetetraacetic
acid dipotassium salt. The dispensed blood samples
were centrifuged at 1,187 g for 5 minutes at 4°C
(Ogawa et al., 2021). The plasma was stored at —80°C.
Both cardiac biomarkers were measured at commercial
laboratories: plasma NT-proANP concentration at
Kyoritsu Seiyaku, Tokyo, Japan, and plasma NT-
proBNP concentration at IDEXX Laboratories, Tokyo,
Japan.

The plasma NT-proANP concentration was measured
by a sandwich enzyme-linked immunosorbent assay
(ELISA) using two monoclonal antibodies (KS1-6
and biotinylated KS2-2). Streptavidin with horseradish
peroxidase-conjugated enzyme was used as a detection
reagent. The antibodies targeted proANP31-67, a
fragment of NT-proANP that showed the same optical
density as NT-proANP and had the same affinity in
terms of molarity. Antibodies against proANP31-67
were generated in mice, but cross-reactivity was
observed. Based on the above observation, plasma NT-
proANP concentration was calculated by multiplying
the measured value of proANP31-67 by the molecular
weight of NT-proANP (10466) divided by the molecular
weight of proANP31-67 (3815). The upper limit of
measurement for plasma NT-proANP concentration
was 2,000 pg/ml. When this value was exceeded, the
plasma was diluted 1/4 to 1/512 with 1% bovine serum
albumin in phosphate-buffered saline solution, and
the value obtained by multiplying the measured value
(mean value) by the dilution factor of each serial dilution
was taken as the plasma concentration of the sample.
The plasma NT-proBNP concentration was measured
using a sandwich ELISA. The upper limit of the
plasma NT-proBNP concentration was 10,000 pmol/l.
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If the upper limit was exceeded, they were measured
using serial dilution. The dilution linearity of these
cardiac biomarkers was analyzed in both cases.
Echocardiography

Echocardiography was performed by experienced
echocardiographers following the conventional method,
using an ultrasonographic unit fitted with a 6-12-MHz
probe [SSA-660A (Xario). Canon Medical Systems;
Tochigi, Japan]. Electrocardiogram (lead II) was also
recorded during echocardiography. Each dog was
manually restrained first in the right and subsequently
in the left lateral recumbency. The left atrium (LA) and
aorta (Ao) dimensions were obtained from the right
parasternal short-axis view during early diastole, and
the LA/Ao ratio (LA/Ao) was calculated (Boswood et
al.,2016). The Ao dimension was measured by placing
the first caliper on the midpoint of the convex curvature
of the right coronary aortic sinus wall, and the second
caliper on the point where the aortic wall and non-
coronary and left coronary aortic cusps merged. The
LA dimension was then measured from this point by
extending the Ao line to the blood-tissue interface
of the LA wall. The left ventricular internal diameter
in diastole (LVIDd), interventricular septal wall in
diastole (IVSd), LV free wall in diastole (LVFWd),
and fractional shortening were measured from the right
parasternal short-axis view at the chordae tendinae level
using M-mode echocardiography; the leading-edge
method was used for these measurements. Measured
LVIDd was normalized for body weight (LVIDdN)
(Hansson et al., 2002; Cornell et al., 2004; Keene et
al.,2019):

LVIDdN = LVIDd [em]/body weight [kg]®**

The echocardiographic measurements were accorded
to the ACVIM guidelines (Keene et al., 2019).
Statistical analysis

Statistical analyses were performed using a commercial
software (SPSS Statistics version 24.0. IBM, Tokyo,
Japan). Data normality was assessed using the Shapiro—
Wilk test. Each clinical variable was compared between
points 1, 2, and 3 using the Mann—Whitney U test
and Bonferroni correction. The association between
plasma NT-proANP and NT-proBNP concentrations,
and each clinical variable [body weight, heart rate,
blood pressure, total protein, albumin, urea nitrogen,
creatinine, Na, potassium (K), chloride (Cl), pH, partial
pressure of carbon dioxide, bicarbonate ion, packed
cell volume, LA/Ao, LVIDd, LVIDdN, 1VSd, LVFWd,
fractional shortening, and mitral inflow velocity (E
wave, A wave)| were assessed using linear regression
analysis.

Ethical approval

This study followed the Guidelines for Institutional
Laboratory Animal Care and Use, and was approved
by the Ethics Committee of the Nippon Veterinary and
Life Science University (Approval number: 2019s-46).

Results

Characteristics of the dehydration model

The five healthy dogs consisted of four males and one
female. The group's age (mean + SD) was 4.2 + 2.4
years, and body weight was 13.1 + 0.9 kg. The median
time from the start of the dehydration protocol to the
creation of the dehydration model was 270 minutes
(min-max, 222-275 minutes), and the median time
from the completion of the dehydration protocol to the
time when dehydration was judged to have improved
was 95 minutes (70—-100 minutes). The total dose of
furosemide required to complete the dehydration model
was 5 mg/kg (4-7 mg/kg).

Comparison of clinical variables across points

The results of the clinical variables at each point
are shown in Table 1. The plasma NT-proANP
concentration decreased significantly at points 2 and
3 compared to that at point 1 (p < 0.05). The plasma
NT-proBNP concentration showed a decreasing trend
at points 2 and 3 compared to that at point 1; however,
no significant difference was observed between the two
points (Fig. 1).

Correlation between cardiac biomarkers and clinical
variables

Linear regression analysis indicated that plasma NT-
proANP and NT-proBNP concentrations (R? = 0.284),
and body weight before and after dehydration (R* =
0.178) had a significant positive correlation (p < 0.05,
respectively; Fig. 2). Plasma NT-proBNP concentration
and plasma Na (R* = 0.439), K (R? = 0.444), Cl
concentrations (R?> = 0.419), LVIDd (R? = 0.519),
and LVIDAN (R?> = 0.535) had significant positive
correlation (p < 0.01, respectively; Fig. 3). Notably,
plasma NT-proANP concentrations tended to decrease
with decreasing body weight (Fig. 2B).

Discussion

Plasma NT-proANP concentration reduced significantly
owing to dehydration. This result is similar to that of
a previous investigation on the effect of dehydration
on plasma ANP concentration in dogs (Vollmar ef al.,
1994). Therefore, plasma NT-proANP concentration
may underestimate the severity of heart failure in
dehydrated dogs, and the results should be interpreted
with caution. Unlike a previous study in humans
(Tanaka et al., 2017), plasma NT-proBNP concentration
did not differ significantly before and after dehydration.
In dogs, plasma NT-proBNP concentration may be used
as a cardiac biomarker in mild dehydration.

When dehydration was judged to have improved, the
plasma NT-proANP concentration did not regress to the
value at point 1 and remained decreased. Plasma NT-
proANP concentration did not correlate significantly
with plasma Na concentration. However, the plasma
Na concentration also showed a decreasing trend when
the dehydration model was completed and remained
significantly decreased when body weight increased,
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Table 1. The clinical variables of point 1, 2 and 3.

Point 1 Point 2 Point 3
NT-proANP (pg/ml) @2 13 52,;?595) (1,3?50;575,2)08) (1,321’232291)
NT-proBNP (pmol/l) G 105_61?079) (253347‘ 11) (253344)
Body weight (kg) (1. ig_lli 15) (10_;§f12 ;45) (11 163311(1):11750)
Heart rate (bpm) © 413113 5) (10 ;%(1)3 0) (1312‘161135 4)
Blood pressure (mmHg) a 45?81) (1 4(1)5?64) (152?71)
TP (g/dl) (6. i97'5) (7.2'_5;‘7) (6.79'—7:.)97
ALB (g/dl) (3;;.1) (4.‘3‘;756.1) (3:5éiz‘i7)
UN (mg/dI) (10.1)1_;13_4) (11.173321.7) (141-??.—72&;9)
Cre (mg/dl) (0.5(;'_63'68) (0. 5%_6(;79) (0.6(1'—7(?.95)
Na (mEq/1) (lléf?47) (1111%‘;;5) (101416:;5)
K (mEq/l) (3331.2) (2.32;3‘1) (25—83 3)
CI (mEq/l) (851—11116) (79208) (6;?;9)

7.45 7.48 749

pH (7.39-7.48) (7.47-7.50) (7.37-1.57)
pCO,(mmHg) (273_13 7) (273—034) (243—345)
HCO, (mmol/l) (20ii§2' 4) (20_213_'214,7) (22,%)‘;96.3)
PCV (4 15—051) (47%‘58) (44i155)
LA (mm) (21%%;)3,7) (17.168—;:),1) (15251_.;53)
LA/Ao a 013_116 32) (0_916f)12 43) (0.92?.27)
LVIDd (mm) G 033337 6.7) (25.26%(3)32. 2) (25.3137.324.6)
LVIDdN a 319_5;3 73) (1. 119.3??5 5) (1 .212.—5;1.62)
IVSd (mm) (9'29;29'8) (9,61&31,1) (4.69—? 1.1)
LVPWd (mm) (5.922g 0.9) (7.28—.171.4) (7-09*.1904)
ES (%) (27~395_f7,5) (23.36(1.394.5) (2529%4?4.3)
E wave (m/seconds) (. 6(()5(?.92) (0'5%6_3 80) (0. 5(;_6378)

Continued
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Point 1 Point 2 Point 3
0.47 0.43 0.35
Sl cenc) (0.35-0.58) (0.31-0.60) (0.27-0.49)

Data were presented as median (interquartile range). NT-proANP, N-terminal pro-atrial natriuretic peptide; NT-proBNP, N-terminal pro-brain
natriuretic peptide; TP, Total protein; ALB, Albumin; UN, urea nitrogen; Cre, creatinine; Na, Sodium; K, Potassium; Cl, chloride; pCO2, partial
pressure of carbon dioxide; HCO3-, bicarbonate ion; PCV, packed cell volume; LA, left atrium; LA/Ao, LA/aorta ratio; LVIDd, left ventricular
internal diameter in diastole; LVIDAN, LVIDd normalised for body weight; IVSd, inter ventricular septal wall in diastole; LVFWd , LV free wall in
diastole; FS, fractional shortening; a), Significantly different from point 1 (p < 0.05); b, significantly different from point 2 (p < 0.05).
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Fig. 1. Comparison of plasma NT-proANP and NT-proBNP concentrations at each point. (A) Plasma NT-proANP
concentration, (B) Plasma NT-proBNP concentration. The box represents the IQR and the line within the median. The
whiskers reflect minimum and maximum values. *p < 0.05. IQR, interquartile range; NT-proANP, N-terminal pro-atrial
natriuretic peptide; NT-proBNP, N-terminal pro-brain natriuretic peptide.

(A)
10000 )
= R2=0.284 .
£ 8000 P<0.05
E
é’ 6000
< 4000
g
=~ 2
& 2000
“ oLy,
0” 200 400 600 800 1000 1200
NT-proBNP (pmol/L)

(B)
10000
~ R?=0.178 .
B 8000  P<0.05
2 -
— 6000
% 4000
g
E. 2000
0Ly
0 11 12 13 14 15
Body weight (kg)

Fig. 2. Scatterplot of clinical variables significantly correlated with plasma NT-proANP concentration. (A) versus plasma
NT-proBNP concentration, (B) versus body weight. NT-proANP, N-terminal pro-atrial natriuretic peptide; NT-proBNP,

N-terminal pro-brain natriuretic peptide.

and dehydration was judged to have improved based
on physical examination (Chalifoux et al., 2021). In the
point diagram, the plasma NT-proANP concentration
decreased significantly with body weight loss.
However, there were discrepancies between plasma NT-
proANP concentrations and body weight when body
weight increased and dehydration was judged to have
improved. Based on a previous study, a dehydration
model was created by administering furosemide to dogs

that fasted for >12 hours; subsequently providing them
water, and dehydration was judged to have improved
when their body weight had recovered and there were
no findings of dehydration on physical examination
(Campbell and Kittleson, 2007). However, based on the
above results, it was considered that at the time when
dehydration was judged to have improved, although the
total fluid volume increased owing to the provision of
water, the lack of salt intake accompanied by fasting
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Fig. 3. Scatterplot of clinical variables significantly correlated with plasma NT-proBNP concentration. (A) versus plasma
Na concentration; (B) versus plasma K concentration; (C) versus plasma Cl concentration; (D) versus LVIDd; (E) versus
LVIDdN. NT-proBNP, N-terminal pro-brain natriuretic peptide; LVIDd, left ventricular internal diameter in diastole;

LVIDdAN, LVIDd normalized for body weight.

for >12 hours could not be compensated. A lower
interstitial hydrostatic pressure by hypovolaemia drives
fluid from the intravascular space into the interstitial
space (Burkitt Creedon, 2014; Goucher et al., 2019).
Moreover, physical examination abnormalities of
dehydration in dogs are only detected after a weight
loss of >5% (Harrison et al., 1996). The dogs may have
been in a state of hypotonic dehydration even without
physical examination abnormalities when dehydration
was judged to have improved. The effect of hypotonic
dehydration could be the reason why the plasma NT-
proANP concentration remained low even when the
dehydration was judged to have improved.

Plasma  NT-proBNP  concentration  correlated
significantly with LVIDd and LVIDdN, indicating

the left ventricular diastolic diameter. In humans, the
plasma NT-proBNP concentration has been reported
to decrease during dehydration due to a decrease
in ventricular volume, and a concomitant decrease
in ventricular extensibility (Tanaka et al., 2017). In
healthy dogs, most plasma NT-proBNP concentration
is produced in the ventricles (Van Kimmenade and
Januzzi, 2009). In this study, plasma NT-proBNP
concentration significantly correlated with plasma Na,
K, and CI concentrations. Hypokalemia can also affect
cardiac function, including arrhythmias (Hanton et al.,
2007). In the present study, no arrhythmias associated
with decreased potassium were observed. Therefore,
the electrolyte decrease may not associate directly with
plasma NT-proBNP concentration. The loop diuretic
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furosemide inhibits the Na'-K*-2Cl™ co-transporter in
the ascending Henle loop; therefore, plasma Na, K,
and Cl concentrations are reduced after furosemide
administration (Plumb, 2018). The decreasing trend in
plasma NT-proBNP concentrations during dehydration
may be due to the decrease in the LVIDd associated
with a reduction in circulating blood volume due to
dehydration.

Plasma NT-proANP concentration, unlike plasma
NT-proBNP concentration, did not correlate with
any echocardiographic parameter. In a previous
study, a reduction in circulating blood volume due to
dehydration, and a consequent reduction in atrial muscle
elasticity led to a decrease in plasma ANP concentration
in dogs (Vollmar et al., 1994). NT-proANP is released
from the atrium in response to an atrial wall stretching
along with ANP (Ruskoaho, 2003). The decrease in
plasma NT-proANP concentration during dehydration
may be related to a mechanism different from that of
atrial muscle stretching. In humans, nitric oxide has
been reported to act as a factor inhibiting the release
of ANP into the blood (Ruskoaho, 2003). Besides, a
previous study showed elevated nitric oxide levels
during dehydration in mice (Gharbi et al., 2004; Fellet
et al., 2011). The systolic blood pressure at completion
of the dehydration model was almost the same as that
at point 1. This suggests that blood vessels may have
attempted to maintain blood pressure by contracting in
response to a decrease in the circulating blood volume.
Nitric oxide has vasodilatory effects, and has been
reported to increase during vasoconstriction associated
with dehydration (Gharbi ef al., 2004). Therefore, the
decrease in plasma NT-proANP concentration during
dehydration might have been due to mechanisms
maintaining fluid homeostasis, such as inhibition of the
release of NT-proANP into the blood by elevated nitric
oxide.

This study had some limitations. First, the sample
size was small concerning animal welfare; this study
included a minimal number of dogs that can be
statistically analyzed. Second, dehydration improved
with an increase in water intake. Therefore, there was
a time lag between the time taken for ingested water
to be absorbed from the gut, and the time taken to
enter the extracellular fluid and recover fluid volume.
More research is needed on the changes in cardiac
biomarkers after dehydration improved. Third,
dehydration improvement was assessed based only
on body weight and physical examination findings.
The improvement in dehydration was the same as
in previous studies (Campbell and Kittleson, 2007;
Chalifoux et al., 2021). However, the results of the
plasma Na concentrations in this study, and the physical
examination findings may have underestimated the
actual dehydration state after the administration of
water. Therefore, whether the plasma Na concentration
regressed to the value at baseline should have been
considered when investigating cardiac biomarkers

after dehydration was improved. In addition, plasma
NT-proBNP concentration showed a decreasing trend
at the completion of the dehydration model and an
improvement in dehydration compared with that
before the dehydration model was created. Plasma
NT-proBNP concentration correlated with plasma Na
and NT-proANP concentrations in this study; plasma
NT-proBNP concentrations might also decrease during
more severe dehydration. However, this study did not
investigate changes in cardiac biomarkers in severe
dehydration. The effect of dehydration on plasma NT-
proBNP concentration should have been researched in
dogs with severe dehydration.

In conclusion, this study showed that plasma NT-
proANP concentration decreased with mild dehydration
by furosemide. However, the plasma NT-proBNP
concentration did not change with mild dehydration
and reflected left ventricular morphology.
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