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Background: Acute kidney injury (AKI) is common in dogs, but evidence of efficacy of its treat-
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Animals: Forty dogs with naturally occurring heatstroke.

(fenoldopam, constant rate infusion [CRI] of 0.1 pg/kg/min or saline, respectively). Urine produc-
tion (UP) was measured using a closed system. Urinary clearances were performed at 4, 12, and
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(GFR) and sodium fractional excretion (NaFE).

Results: At presentation, severity of heatstroke, based on a previously developed scoring system,
was similar between the study groups, but was significantly worse in nonsurvivors compared
with survivors. Fenoldopam administration was not associated with hypotension. Overt AKI was
diagnosed, based on the International Renal Interest Society guidelines in 22/40 (55%) of the dogs.
Overall, 14/40 dogs (35%) died, with no significant (P =.507) mortality rate difference between
the fenoldopam (6/20 dogs; 30%) and placebo (8/20; 40%) groups. The proportion of dogs with
AKI did not differ between the fenoldopam and the placebo groups (9/20; 45% versus 13/20;
65%, respectively; P=.204). There were no differences in UP, GFR, and NaFE between the
fenoldopam and the placebo groups.

Conclusion and Clinical Importance: Fenoldopam CRI at 0.1 pg/kg/min did not have a clinically

relevant effect on kidney function parameters in dogs with severe heatstroke-associated AKI.
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1 | INTRODUCTION

Acute kidney injury (AKI) in dogs is characterized by a sudden decrease
in glomerular filtration rate (GFR), decreased urine production (UP) and
alterations in solute excretion.® Acute kidney injury leads to high mor-
bidity and mortality, which are influenced mainly by the underlying eti-
ology and therapeutic options.2”® The therapeutic approach for AKI
generally is supportive, aimed at eliminating the underlying cause and
correcting the hemodynamic and biochemical consequences of the
attendant uremia.’® When medical management fails to control clinical
and laboratory abnormalities, more advanced therapy, such as hemo-
dialysis, can be applied, if available.?

Low-dose dopamine therapy has been suggested as a treatment
for AKI in human patients. Although past studies yielded conflicting
results, recent evidence suggests that low-dose dopamine has no role
in prevention and management of AKL'"* Fenoldopam is a selective
dopamine-1-receptor (DA-1) agonist, inducing vasodilatation, and
selectively increasing both renal cortical and outer medullary blood
flow and GFR, similar to dopamine.*>*” Unlike dopamine, fenoldopam
is not associated with adverse effects resulting from «- and -adrener-
gic receptor activation. A recent large-scale study evaluating fenoldo-
pam for prevention of contrast-induced nephropathy in human
patients failed to show an advantage of its use.*® Conversely, a study
of AKI in human patients in intensive care units (ICU) demonstrated
that fenoldopam (CRI of 0.09 pg/kg/min 1V) led to a significant

decrease in the occurrence of AKI.YY

Yet another study failed to show
similar effects.?° Finally, a recent meta-analysis, including studies of
fenoldopam in human patients in ICU and those undergoing major sur-
gery concluded that fenoldopam significantly decreased the risk for
AKI, the need for renal replacement therapy, and the mortality rate.*
The latter study, however, excluded contrast-induced nephropathy,
and included only a few placebo-controlled trials, in which fenoldopam
doses varied, and thus was limited. A recent review of the current
knowledge on prevention of AKI has concluded that the role of fenol-
dopam in preventing AKI warrants further exploration, because there is
still a lack of controlled clinical studies evaluating its clinical efficacy,
and its use for preventing AKI in human patients at risk for AKI remains

controversial. 22

The efficacy of fenoldopam as preventive therapy for
AKI in animals at high risk for AKI has not been evaluated in a con-
trolled study, and evidence regarding its efficacy in animals with AKI is
limited. In a retrospective study of dogs and cats with AKI, fenoldopam
had no beneficial effects, but its effects on UP, GFR, and solute excre-
tion were not evaluated.?®

Heatstroke in dogs results from exposure to a hot environment or
strenuous physical exercise, leading to high body core temperature
(>41°C) and central nervous system dysfunction.® Regardless of the
insult, heatstroke leads to severe systemic inflammatory response syn-
drome, multiple organ dysfunction, and often death.® Acute kidney
injury is a common complication of heatstroke, in both dogs and

humans,6,24726 25,27

probably resulting from hemodynamic instability.
Necropsy results of dogs sustaining fatal heatstroke and measurement
of sensitive markers of kidney damage in dogs with heatstroke show

that AKI invariably is present in affected animals,?® and is a risk factor

for death.® For these reasons, heatstroke is an excellent model for nat-
urally occurring AKl in dogs, and can be used to test a variety of thera-
peutic and preventive interventions in AKI.

We hypothesized that fenoldopam would increase GFR, UP, and
sodium fractional excretion (NaFE) in dogs with naturally occurring
heatstroke. The aim of this prospective, placebo-controlled study was
to investigate the efficacy of fenoldopam for decreasing the occurrence
and severity of heatstroke-associated AKI in dogs, and potentially pre-
venting heatstroke-induced AKI. Specifically, we sought: (1) to assess
the influence of fenoldopam on sequential changes in GFR, UP, and
NaFE; (2) to assess the proportion of AKI in dogs receiving fenoldopam
versus placebo; and (3) to assess if fenoldopam would decrease the

death rate in dogs naturally sustaining heatstroke.

2 | MATERIALS AND METHODS

2.1 | Study design and randomization

This prospective, randomized, double-blinded, placebo-controlled clini-
cal trial was approved by our Institutional Animal Care and Use Com-
mittee (KSVM-VTH/13-2009). Dogs presented to the Hebrew
University Veterinary Teaching Hospital (VTH) between 2009 and
2015 and diagnosed with heatstroke were considered eligible for the
study, depending on their owners’ consent.

Randomization was performed by drawing slip from an envelope
indicating the treatment regimen. Envelopes were prepared by the
VTH chief pharmacist, and investigators, attending clinicians, staff, and
dog owners were blinded to the treatment regimen until the end of the
study. Fenoldopam (Fenoldopam, Corlopam, 20 mg/2 mL, Teva,
Milano) or saline (as placebo) were dispensed in identical syringes.

2.2 | Case selection

Dogs presented to the Emergency Service of the VTH and diagnosed
with heatstroke were consecutively enrolled. Heatstroke was diag-
nosed based on a history of exposure to a hot environment, strenuous
activity, or both, and presence of appropriate clinical signs, which had
developed acutely only after the heat insult, including neurological dys-
function, collapse, and tachypnea. Dogs with coexisting medical condi-
tions, and those that died or were euthanized within 4 hours of

hospitalization, were excluded.

2.3 | Definitions

The diagnosis of AKI was made according to International Renal Inter-
est Society (IRIS) guidelines.?’ Dogs that died or were euthanized
because of grave prognosis, despite ongoing intensive therapy, were

defined as nonsurvivors.

2.4 | Treatment protocol and monitoring

Dogs enrolled in the study were treated and managed according to a
previously described protocol for heatstroke.® Upon admission, the uri-

nary bladder was catheterized, and the catheter connected to a closed
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urinary system. Urine production was monitored and recorded g4h dur-
ing the first 24 hours after presentation. Dogs were treated initially
with crystalloid fluids as an IV bolus, at 30 mL/kg and, as needed to
correct hypovolemia and shock, if present, and thereafter, as needed to
restore all fluid deficits over a period of 4 hours. Once hypovolemia
and dehydration were corrected, IV fluid therapy was continued initially
at 5 mL/kg/h, and thereafter adjusted to meet ongoing fluid loss
(eg, diarrhea and vomiting), and based on UP, periodic physical assess-
ment of hydration status, and body weight measurement, to maintain
normal hydration throughout hospitalization.

Dogs received mannitol (20% Osmitrol, Baxter, Deerfield, lllinois;
IV bolus, 0.5 g/kg over 20 min) g4h over the first 12 hours from admis-
sion to prevent and treat potential brain edema, a common complica-
tion of heatstroke.®?°> Dogs also were given ampicillin (Penibrin,
Sandoz GmbH, Kundl Austria; 20 mg/kg IV g8h) and enrofloxacin
(Baytril, 5%, Bayer Animals Health Leverkusen; 15 mg/kg slow IV q24h)
to prevent and treat gastrointestinal bacterial translocation, and famoti-
dine (Famotidine, West-Ward, Eatontown, New Jersey; 0.5 mg/kg IV
g24h) and metoclopramide (Metoclopramide. Pramin 10MG/2ML Rafa
Laboratories, Jerusalem; 0.04 mg/kg/h IV by CRI) to prevent and treat
gastric ulceration and vomiting, respectively.

Fenoldopam (study group) or saline (placebo group) was initiated 4
hours post-presentation (PP), after verifying that systolic arterial blood
pressure (SAP) was >120 mm Hg. Fenoldopam and saline placebo
were diluted in 100 mL of saline. Fenoldopam was administered IV at a
CRI of 0.1 pg/kg/min, whereas the placebo group was given saline at
identical dilution and rate.

Urine volume was measured gravimetrically g4h. Urine samples
were obtained g4h and stored at —80°C pending analysis. Measure-
ments included body weight, UP, serum, and urine chemistry, GFR
(estimated by endogenous creatinine clearance) and urinary NaFE.

Arterial blood pressure (ABP) was measured using oscillometry
(Cardell, Midmark, Tampa, FL) g4h. A previously described scoring sys-
tem for heatstroke was used.*°

2.5 | Urinary clearances

Urine and blood samples were collected to calculate NaFE and creati-
nine clearance at 4, 12, and 24 hours PP, to estimate GFR and NaFE,
as previously described.3*~32 Briefly, 2 sequential 30-minute quantita-
tive urine collections were performed each time, to assess GFR and
NaFE. Blood was collected in plain tubes with gel separators when the
first urine sample was collected, and when the second urine sample col-
lection ended. The urinary bladder was emptied and irrigated 3 times
with 10 mL of sterile water, at the start and end of each urine collec-
tion. The urinary bladder rinse volume, at the end of each urine collec-
tion period, was added to the urine volume collected. The urine volume
of each urine collection was measured gravimetrically. Urine sample ali-
quots were stored at —80°C pending analysis. Blood samples were
allowed to clot, centrifuged, and serum chemistry analysis (Cobas
Integra 400 Plus, Roche, Mannheim, Germany; at 37°C) was performed
within 60 minutes from collection, including urea, creatinine (sCr), and
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sodium. The results for the two individual 30-minute clearances were
averaged to provide an estimate of the renal clearance of solutes.

The renal clearance (C), and FE of solute (x) were calculated con-
ventionally,1 where Cx = Ux V/Px and FEx = Cx/Ccr, where Cx = clear-
ance of solute x; Ccr= clearance of creatinine (mL/min); V = urine
volume (mL/min); Ux=urine solute (x) concentration; Px= serum

solute (x) concentration.

2.6 | Statistical analysis

Descriptive statistics were used to document sequential changes in kid-
ney function tests and solute FE throughout the study period. The dis-
tribution pattern of continuous variables was examined using the
Shapiro-Wilk test. Continuous variables (eg, UP and GFR) were
reported as mean + SD or median and range, and compared between
groups using the Student t-test and the Mann Whitney U-test, for nor-
mally and non-normally distributed data, respectively. Categorical varia-
bles (eg, proportions) were compared between groups using x? or
Fisher Exact tests. The Friedman test was used to assess changes in
continuous variables over the first 24 hours PP. All tests were 2-tailed,
and P<.05 was considered significant. Statistical analysis was per-
formed using a statistical software package (SPSS 22.0 software,
Chicago, lllinois).

3 | RESULTS

3.1 | Dogs

The study included 40 dogs, 20 in each treatment group. There were
33 males (neutered, 7) and 7 females (neutered, 4). There was no mean
age difference (P=.747) between the fenoldopam (4.6 + 2.7 years)
and placebo (4.4 = 2.3 years) groups. The study included 13 brachyce-
phalic dogs (32.5%), including boxer (6 dogs), French bulldog (4), Pug
(2), and English bulldog (1). There were 37 dolichocephalic dogs
(67.5%), including mixed breed (6 dogs), golden retriever (4), Belgian
Malinois (4), Labrador retriever (3), Samoyed, German shepherd and
Siberian husky (2 each) and Dogo Argentino and Caucasian shepherd
(1 each). There was no mean body weight difference (P = .569) between
the fenoldopam (30.7 = 12.5 kg) and placebo (32.5 = 10.7 kg) groups.

3.2 | Severity of heatstroke

The median rectal temperature at presentation to the VTH was 38.6°C
(range 35.0-42.8°C). The median rectal temperature measured by the
referring veterinarians (n = 11) before cooling was 42°C (range, 40.0-
43.0°C).

When a previously established severity scoring system for dogs
with heatstroke was applied,®° the average score was 39.3 = 14.9, with
no difference (P =.939) between the fenoldopam (39.2 + 3.3) and pla-
cebo (39.5 + 3.4) groups. The severity score at presentation was signifi-
cantly (P =.024) higher in the nonsurvivors (46.5 + 12.5) as compared
with the survivors (35.5 = 15.0).
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TABLE 1 Kidney function parameters at presentation
Fenoldopam (n = 20) Placebo (n = 20)

Analyte Median (range) Median (Range) P value
Serum creatinine (mg/dL) 1.6 (0.5-4.7) 1.7 (0.7-2.6) .583
Urine production (mL/kg/h) 6 (0.4-28) 4.3 (0.9-19) 295
Glomerular filtration rate (mL/min/kg) 0.92 (0.0-3.7) 0.6 (0.0-3.1) 201
Sodium fractional excretion 0.07 (0.01-0.35) 0.07 (0.01-0.41) 678

Serum creatinine was measured at presentation and urine production, sodium fractional excretion, and GFR were measured 4 hours from presentation.

Overall, 14/40 dogs (35%) died, with no significant (P =.507) mor-
tality rate difference between the fenoldopam (6/20 dogs; 30%) and
placebo (8/20; 40%) groups.

3.3 | Arterial blood pressure

The overall means of systolic ABP (SAP), diastolic ABP (DAP) and mean
ABP (MAP) at presentation were 130 = 27, 75 + 23, and 106 = 23 mm
Hg, respectively, with no treatment group differences (P=.601,
P=.261, and P=.094, respectively). There were no differences
between mean SAP, MAP, and DAP before and 4 hours after initiation
of fenoldopam therapy (143 + 26 versus 146 = 35 mm Hg, P =.563;
106 + 26 versus 116 + 25 mm Hg, P =.220; and, 90 + 27 versus 96 =
29 mm Hg, P=.229, respectively). Systolic arterial hypotension
(SAP < 100 mm Hg) was documented only on 2 occasions at presenta-
tion and after fenoldopam initiation, and MAP was >60 mm Hg in all

dogs after initiation of fenoldopam therapy.

3.4 | Acute kidney injury

Kidney function parameters are presented in Table 1. Based on IRIS
guidelines, 22/40 (55%) of the dogs had AKI (Grade I, 1/22; Grade II,
5/22; Grade Ill, 11/22, and Grade 1V, 5/22). Of these, 6 dogs devel-
oped overt AKI during hospitalization, whereas the rest already had
presented with overt AKI. No significant difference was observed in
the proportion of dogs that developed overt AKI during hospitalization
between the fenoldopam and placebo groups (3 of each group,
P=1.00)

The proportion of dogs with AKI was not significantly different
(P =.204) between the fenoldopam (9/20; 45%) and the placebo (13/
20; 65%) groups. The mortality rate of dogs diagnosed with AKI (11/22
dogs; 50%) was significantly (P = 0.046) higher than in those in which
overt AKI was absent (3/18; 17%).

3.5 | UP, GFR, and Na FE

Urine production was high in both the study and placebo groups
(Figure 1). Oliguria (<1 mL/kg/h), based on UP once fluid deficits had
been corrected (ie, 4 hours PP), was documented in only 2 dogs (1 of
each group). A significant UP change occurred over time in the fenoldo-
pam group (P = .044), but not in the placebo group (P = .683; Figure 1),
but no significant UP differences were identified between groups at
any time point during the first 24 hours PP (Figure 1).

No change in GFR was documented during the first 24 hours PP in
the fenoldopam group (P =.155), but a significant change was noted in
the placebo group (P =.019), with no significant GFR group differences
at any time point (Figure 1).

The NaFE was high in both groups at presentation (Figure 1).
There was no significant change NaFE over time, nor was there a dif-
ference, at any time point, between the treatment groups during first
24 hours PP (Figure 1).

4 | DISCUSSION

We evaluated the effect of fenoldopam on sequential changes in GFR,
UP, and NaFE during the first 24 hours of hospitalization in dogs with
naturally occurring heatstroke-induced AKI. Our results do not support
the use of fenoldopam at a dosage of 0.1 pg/kg/min for managing
heatstroke-associated AKI.

Heatstroke often is complicated by AKI, which adversely affects
mortality in dogs.® Although, based on IRIS criteria, only 55% of the
dogs in our study had AKI, previous studies using biomarkers with
higher sensitivity compared with sCr concentration (which is a func-
tional marker) or by histopathology of renal tissue in fatal cases of
heatstroke in dogs both suggest that AKI is invariably present in these
animals.2>28

Fenoldopam, a DA-1 receptor agonist, induces vasodilatation of
the peripheral arteries. It has been studied as a substitute for dopa-
mine, which failed to show beneficial effects in managing AKI in human
patients.*>*3 In the renal proximal tubule, DA-1 receptor activation
results in vasodilatation of the renal arteries, promoting natriuresis and
diuresis, increasing renal blood flow, and therefore, fenoldopam is con-
sidered part of the management of AKI in human patients.34-3”

Fenoldopam may increase UP by increasing both natriuresis and
GFR.38 In our study, UP was high at presentation (Figure 1), with no
significant difference between the study and the placebo groups, sug-
gesting that the effect of fenoldopam on UP was mild at best. This lack
of apparent group difference might have resulted from relatively
aggressive |V fluid therapy and the use of mannitol, which were admin-
istered early PP. Many dogs with AKI, and typically those with heat-
stroke, which invariably sustain kidney damage,?® are not oliguric when
initially presented,® a finding that appears to be associated with a bet-
ter prognosis compared to oliguric AKL.Y?3 Therefore, the current
treatment protocol in our hospital includes aggressive IV crystalloid

therapy and mannitol to prevent oliguria or anuria, resulting in relatively
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FIGURE 1 A, urine production (mean = SD) over time in dogs sustaining heatstroke, receiving fenoldopam (n = 20) or placebo (n = 20). B,
glomerular filtration rate (mean = SD) over time in dogs sustaining heatstroke, receiving fenoldopam (n = 20) or placebo (n = 20). C, sodium
fractional excretion (mean + SD) over time in dogs sustaining heatstroke, receiving fenoldopam (n = 20) or placebo (n =20)

high UP. This high, albeit variable, UP among the dogs might have
negated the differences between the fenoldopam and placebo groups.
The relatively low GFR documented here in dogs sustaining
heatstroke further exemplifies the insensitivity of sCr as a kidney
function marker, and further supports previous results, indicating
that kidney injury is present dogs with heatstroke, even if not
reflected by increased sCr at presentation.?® Because dogs sustaining
heatstroke usually are presented for veterinary care relatively
promptly after the acute and severe clinical signs of this syndrome
have begun,® sCr concentration at presentation does not reflect the
severity of kidney injury, because a steady state has not been
reached. Glomerular filtration rate in our study increased only mildly
and insignificantly after fenoldopam administration, and no signifi-
cant GFR differences were noted between treatment groups.

Information regarding the effect of fenoldopam on GFR in the veteri-
nary literature is limited and inconsistent. In cats, GFR initially
decreased, but had increased by 6 hours after initiation of fenoldopam
therapy.®° In healthy dogs, fenoldopam has led to a 0.78 mL/min/kg
increase in the GFR, as measured by iohexol clearance, but the increase
was inconsistent among the study dogs, with some showing only mini-
mal to no GFR change. In humans, fenoldopam administered to healthy
subjects at dosages ranging from 0.03 to 0.3 pg/kg/min led to signifi-
cant GFR changes.*! The inconsistency of the present and previous
results might be related to differences between the species studied,
the dosage used (0.1-0.8 pg/kg/min), %3841 and the health status
of the patients (ie, healthy animals versus those with AKI). Nonetheless,
the currently used fenoldopam dosage did not increase GFR in a clini-
cally relevant manner.
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In our study, NaFE also was not significantly different between
groups. In a previous study of healthy dogs, NaFE increased signifi-
cantly after fenoldopam administration,® but, the increase was incon-
sistent and relatively mild (0.016). Possibly, the higher fenoldopam
dosages used in that previous study, as well as the higher variability
that exists among dogs with kidney injury, render the changes in NaFE
insignificant. In our study, the relatively high NaFE noted 4 hours PP
reflects the extensive disruption of tubular resorptive function in the
injured kidneys, consistent with a previous study.® Fractional sodium
excretion might be influenced by the sodium-containing fluids adminis-
tered, which can increase NaFE, possibly negating any treatment group
difference.

Fenoldopam is used in human patients to manage hypertension
and prevent and manage AKI.*>** In our study, fenoldopam adminis-
tration did not decrease the extent of azotemia or the occurrence of
kidney injury (based on IRIS guidelines®®) compared to placebo, in
agreement with a previous study using fenoldopam (0.05 pg/kg/min IV
by CRI) in human patients.?® Consistent with previous studies, pres-
ence of overt AKI was significantly associated with death.® The lack of
efficacy of vasodilators in clinical trials of AKI may result from their rel-
atively late administration in the disease course. We therefore have
elected to study the effect of fenoldopam in a naturally occurring
model, where dogs are mostly presented relatively soon after the insult.
Nonetheless, in most dogs (73%) the diagnosis of AKI was already
made by presentation. Therefore, the effect of fenoldopam on the pro-
gression of kidney injury cannot be assessed in these animals.

Fenoldopam, a dompaminergic agonist, may promote vasodilata-
tion and hypotension.*?>*® To prevent hypotension, fenoldopam admin-
istration was initiated 4 hours PP, after hydration status and
hypovolemia had been corrected. Hypotension episodes after fenoldo-
pam initiation were uncommon, and with aggressive IV fluid administra-
tion, it is quite safe at the currently administered dosage, in agreement
with a previous pharmacokinetic study of fenoldopam in dogs,34 and
others, in which fenoldopam administration was uncommonly (7%)
associated with hypotension in dogs.?%%8

In a previous study, a scoring system for dogs sustaining heat-
stroke at presentation for care was developed.>® Using that scoring
system in our cohort showed that the median scores were similar in
both treatment groups, suggesting that the 2 groups were comparable
at presentation, but was significantly higher in the nonsurvivors. This
scoring system originally was developed and tested on the same
cohort, which was a limitation of that study.>° The present cohort is
relatively small for the independent validation of this scoring system.
Nevertheless, the score was significantly higher in the nonsurvivors
compared with the survivors, potentially supporting its validity, but this
suggestion warrants further evaluation in larger cohorts.

Our study had several limitations. First, the limited cohort size
might have rendered our study underpowered, and thereby prone to
type-ll error. For the occurrence of AKI documented in our study to
become statistically significant, a substantially higher number of dogs
should ideally have been included (assuming an alpha of 5% and power
of 80%). Therefore, larger scale studies are warranted to evaluate the
effect of fenoldopam on the occurrence of AKI in dogs at risk before

concluding that fenoldopam does not decrease that risk. Second, 45%
of the dogs did not fulfill the IRIS criteria for AKI, limiting our conclu-
sion as to the potential beneficial effect of fenoldopam, and therefore
it should be tested in dogs with overt AKI. Third, the fenoldopam dos-
age used in our study was relatively low (although comparable to that
used in previous studies in humans). When our study protocol was
originally designed, veterinary information regarding the effect of
fenoldopam on kidney function parameters was unavailable, and the
dosage used here was based on the human medicial literature. Since
then, fenoldopam has been evaluated in veterinary patients, using
higher dosages (0.5-0.8 pg/kg/min). The relatively low fenoldopam
dosage used in our study might have resulted in a lack of detectable
beneficial effects of the drug. Additional studies using higher fenoldo-
pam dosages in dogs are warranted.

In conclusion, administration of fenoldopam at a dosage of 0.1 pg/
kg/min IV by CRI in dogs with heatstroke was not associated with any
observable adverse effects. However, it had no beneficial effects on
UP, GFR, NaFE, or on the occurrence and severity of AKI.
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