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Abstract

Background Infection by the canine heartworm, Dirofilaria immitis, causes significant cardiopulmonary disease, with
progression impacted by increasing parasite numbers and duration of infection. The  renin-angiotensin—aldoster-
one system (RAAS) is an important mediator of cardiac and pulmonary disease. Angiotensin-converting enzyme 2
(ACE2) mitigates the maladaptive effects of angiotensin Il by converting it to angiotensin (1-7). We hypothesized that
circulating ACE2 activity would be altered in dogs with high heartworm infection intensities relative to dogs without
heartwormes.

Methods Frozen serum samples (—80 °C) from 30 dogs euthanized at Florida shelters were analyzed for ACE2 activ-
ity using liquid chromatography—mass spectrometry/mass spectroscopy and a kinetics approach with and without
an ACE2 inhibitor. A convenience sample of 15 dogs without heartworms (HW,) and 15 dogs with > 50 heartworms
(HW. 50) was included. Heartworm number and microfilariae presence were determined at necropsy. The effects of
heartworm status, body weight, and sex on ACE2 were evaluated using regression analysis. Values of P<0.05 were
considered significant.

Results All HW, dogs were D. immitis microfilariae-negative and all HW, s, dogs were D. immitis microfilariae-
positive with a median adult worm count of 74 (minimum =63, maximum = 137). The ACE2 activity of HW, 5, dogs
(median=28.2 ng/ml; minimum = 13.6, maximum =76.2) was not different from HW,, dogs (median 31.9 ng/ml;
minimum =14.1, maximum =139.1; P=0.53). The ACE2 activity was higher in dogs with high body weight (median
34.2 ng/ml minimum = 14.1, maximum = 76.2) than in dogs with low weight (median 27.5 ng/ml; minimum =164,
maximum =139.1; P=.044).

Conclusions Heartworm infection did not impact ACE2 activity in shelter dogs with or without heartworms, but
heavier dogs had higher ACE2 activity compared to lighter dogs. Comprehensive RAAS evaluation and additional
clinical information would aid in understanding how ACE2 activity relates to the entire cascade and clinical status in
dogs with heartworm disease.
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Background

Heartworm disease caused by Dirofilaria immitis infec-

tion is endemic in the canine population despite the avail-

ability of preventive medications [1]. Dirofilaria immitis

causes pulmonary pathology that can lead to cardiac fail-
*Correspondence: ure if not treated [2]. The consequences of adult worm
Ejﬁ@%ﬁgu residence in the pulmonary arteries include pulmonary
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mation, pulmonary thromboembolism, and pulmonary
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hypertension, leading to clinical signs of cough, shortness
of breath, collapse, and congestive heart failure [1-5].
Cardiopulmonary pathology can persist after successful
worm eradication [5].

Increased inflammatory mediators such as acute phase
proteins and markers of oxidative stress predict disease
severity and have aided the understanding of heartworm
disease pathogenesis [6—8]. Additionally, selected renin—
angiotensin—aldosterone system (RAAS) components,
including renin, angiotensin II, and atrial natriuretic pep-
tide, are higher in dogs with severe heartworm disease
than in healthy dogs, supporting a role for the RAAS in
advanced disease with heart failure [9]. The RAAS is an
important neurohormonal regulator of cardiac, renal,
and vascular function as well as inflammation [10].
Because of the vasoconstriction, inflammation, and fluid
retention enacted by mediators such as angiotensin II
and aldosterone, the RAAS has classically been viewed as
maladaptive, promoting dysfunction and progression of
heart failure. New research has elucidated the role of an
alternative RAAS pathway mediated by the Mas receptor
that counterbalances maladaptive effects through vaso-
dilation, bradycardia, natriuresis, and anti-inflammation
[10]. The transmembrane protein angiotensin-converting
enzyme 2 (ACE2) is a catalyst for the alternative (benefi-
cial) RAAS pathway in that it metabolizes angiotensin II
into angiotensin (1-7), which then interacts with the Mas
receptor to cause these beneficial physiological effects
[11].

The protective effects of ACE2, and the resulting pro-
duction of alternative RAAS metabolites, are not limited
to cardiac diseases, but also extend to lung injury, where
the alternative RAAS pathway facilitates vasodilatory
effects through angiotensin (1-7) [12]. The transmem-
brane protein ACE2 is expressed in lung tissue and is
protective regardless of pulmonary pathology etiology.
Recently, significant attention has been paid to its role in
the pandemic caused by the novel coronavirus (SARS-
CoV-2) [13, 14]. This virus uses ACE2 as a receptor for
cell entry and in doing so, causes ACE2 downregulation,
allowing for unopposed angiotensin II effects [12, 15—
17]. Lower baseline ACE2 levels, or ACE2 internalization
after interaction with SARS-CoV-2 and other viruses,
contribute to lung damage associated with infections and
inflammation [18, 19]. Recombinant ACE2 administra-
tion, however, can bind viral particles, thereby benefiting
patients with severe lung disease caused by SARS-CoV-2
[12, 20]. Conversely, naturally higher soluble ACE2 activ-
ity in disease states predicts mortality, possibly as a result
of upregulation or shedding of the membrane-bound
form of ACE2 [13]. Research surrounding the role of
ACE2 in SARS-CoV2 infection highlights the complexity
of ACE2 related to disease pathology.
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The RAAS has only been investigated in dogs with
advanced heartworm disease and heart failure, and no
studies have evaluated ACE2 in this population [9]. The
role of ACE2 in heartworm-related pulmonary pathol-
ogy is unexplored and could be complex. The objective
of this study was to determine whether ACE2 activity is
different in dogs with high heartworm burden relative
to heartworm-free dogs. We hypothesized that circulat-
ing (soluble) ACE2 activity would be altered in dogs with
heavy heartworm burden because of attendant pulmo-
nary pathology, relative to dogs free of heartworms.

Methods

A convenience sample of 30 euthanized dogs with
(n=15) or without (#=15) heartworms at Florida shel-
ters was included. Frozen serum (—80 °C) samples from
the 30 study dogs were analyzed for ACE2 activity using
liquid chromatography-mass spectrometry/mass-spec-
troscopy and an equilibrium dialysis, kinetics approach
utilizing a spiked substrate, with and without an ACE2
inhibitor (Attoquant Diagnostics). The dogs were eutha-
nized for reasons determined by the shelter and not for
the purpose of this study. The time from euthanasia to
sample collection was approximately 2 h, and samples
were immediately processed and frozen. Sample col-
lection was approved by the Institutional Animal Care
and Use Committee at the University of Florida (proto-
col #202010115). Sex, body weight, heartworm number,
and microfilariae presence were determined at necropsy
when blood was collected. Dogs were included in the
heartworm-positive group if they had more than 50 adult
heartworms identified at necropsy (HW ) and in the
heartworm negative group if they had no adult heart-
worms identified at necropsy (HW).

Data for ACE2 activity and body weight were cal-
culated and reported as mean=+SD as well as median,
minimum, and maximum values. Dogs were assigned
to one of two body weight groups (low: 4-23 kg, n=17;
high=24-37 kg, n=13) based on the median distribu-
tion. The ACE2 activity was compared between HW,
dogs and HW ., dogs, and between dogs with high or low
body weight using the non-parametric Wilcoxon rank-
sum test. Multiple linear regression was used to compare
circulating ACE2 activity (rank data) between HW, dogs
and HW _., dogs after controlling for body weight group
or sex. In addition, multiple linear regression was used to
compare ACE2 activity between dogs with high and low
body weight, after controlling for diagnosis of heartworm
infection or sex. Finally, the relationship between sex or
body weight group and diagnosis of heartworm infection
was tested using a Chi-square test. Values of P<0.05 were
considered statistically significant.
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Results

There were nine intact female and six intact male dogs
in the HW,, group. There were six intact female and nine
intact male dogs in the HW _g, group. All HW dogs were
D. immitis microfilaria-negative and all HW_, dogs were
D. immitis microfilariae-positive and had a median adult
worm count of 74 (minimum = 63, maximum = 137). The
variables for body weight and ACE2 activity were not
normally distributed. The median body weight of all 30
dogs was 22.7 kg. There was no weight difference (Wil-
coxon rank-sum test, Z=0.38, P=0.70) or sex difference
(f*=1.20; DF=1; P=0.27) between groups (Table 1).
Additional file 1: Dataset 1 shows data from all dogs.

The ACE2 activity of HW_;, dogs (median=28.2 ng/
ml; minimum = 16.4, maximum =76.2) was not different
from HW dogs (31.9 ng/ml; 14.1, 139.1; Wilcoxon rank-
sum test, Z=0.62, P=0.53; Table 1).

The ACE2 activity was higher in dogs with high body
weight (median=34.2 ng/ml; minimum=14.2, maxi-
mum=76.2) compared to those with low body weight
(median 27.5 ng/ml; minimum = 16.4, maximum =139.1)
(Wilcoxon rank sum test, Z=2.01, P=0.044).

Using multiple linear regression analysis, ACE2 activ-
ity was not different between HW_ ., and HW,, dogs, after
controlling for low/high body weight group (P=0.42) or
sex (P=0.41). In addition, dogs with high body weight
had higher ACE2 activity than those with low body
weight, after controlling for diagnosis of heartworm
infection (P=0.037) or sex (P=0.026).

Discussion

We did not find differences in circulating (soluble)
ACE2 activity in this cohort of shelter dogs when
dogs were grouped by the presence or absence of

Table 1 ACE2 activity, body weight, and sex of dogs without
heartworms (HW,) and dogs with more than 50 heartworms
(HW>SO)

HW, HW. o, P
n=15 n=15

ACE2 activity (ng/ml)? 3924293 326+154 0.53
31.9(14.1,139.1) 282(16.4,76.2)

Body weight (kg)® 209+115 233468 0.7
227 (4.5,36.3) 22.7(13.6,36.3)

Body weight® 0.71

Low:4.5t022.7 kg 9 8

High: 27.2 t0 36.3 kg 6

SexP 0.27

Female 9

Male 6

2 Data are reported as mean = SD and median (minimum, maximum)
b Data are reported as observed frequencies, n
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necropsy-confirmed adult heartworms. These results
do not support a role for this enzyme as a biomarker of
heartworm disease, but the results should be interpreted
in light of the study population and design. Although we
used serum from dogs with a high number of intracar-
diac heartworms identified at necropsy to target a popu-
lation with severe heartworm disease, the clinical status,
and therefore the effect of the worms on cardiopulmo-
nary structure and function, was not known. Likewise,
the HW,, dogs could have had other cardiopulmonary
diseases which might have influenced ACE2 activity.
The activity of membrane-bound (tissue) ACE2 might be
altered differently from soluble ACE2 activity as a result
of up- or downregulation or disease-induced shedding
of the membrane-bound protein. The lack of differences
between HW dogs and HW ., dogs in this study, how-
ever, do not support the presence of active shedding of
membrane-bound ACE2 with release into the circula-
tion or upregulation of soluble ACE2 in dogs with heavy
heartworm burden.

A previous study demonstrated elevations in renin,
angiotensin I, and atrial natriuretic peptide in dogs with
advanced heartworm disease characterized by conges-
tive heart failure or caval syndrome [9]. Since conges-
tive heart failure is associated with RAAS activation, it
is unclear whether the high metabolite concentrations
in this study were due to heartworm disease, congestive
heart failure, or both. Clinical status was not available for
the dogs in our study, and we measured a different RAAS
component than the previous study, making the findings
not directly comparable.

Although the study sample was small, the results
revealed a positive relationship between body weight and
circulating ACE2 activity in study dogs. The reason for
higher ACE2 activity in heavier dogs is not known; how-
ever, a similar direct relationship between ACE2 activity
and body mass index was recently reported in boys [21].
Additionally, a study in dogs reported an inverse relation-
ship between the urinary aldosterone-to-creatinine ratio
(a marker of classical RAAS activation) and body weight,
which is consistent with our results, as ACE2 is a marker
of the alternative RAAS [22]. In that previous study, the
authors showed that lighter dogs had higher urinary
aldosterone, and in our study, we showed that lighter
dogs had lower ACE2 activity, both of which are consist-
ent with more classical RAAS influence than alternative
RAAS influence in dogs with low body weight [22]. Uni-
dentified factors associated with both ACE2 activity and
body weight might have affected our results, especially
considering the limited clinical data available for the
study dogs. Numerous modifiers of RAAS expression are
known in humans and in dogs [23-26], and so it is plau-
sible that measures of body mass could also affect ACE2.
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Our results indicate that body weight should be consid-
ered in studies evaluating the RAAS.

The ACE2 activity for all dogs in our study was 35
times higher than that reported in healthy people and 17
times higher than that reported in people with cardiopul-
monary diseases using the same methodology [27]. Spe-
cies differences in other aspects of the RAAS profile are
evident from previous studies 28, 29, but reports of ACE2
by equilibrium analysis are limited. Our results support
species differences in soluble ACE2, the predominant
enzyme of the alternative RAAS cascade. Higher ACE2
activity might reflect different physiological adaptations
or different genetic influences of dogs compared with
humans.

The results of our study provide initial insight into the
RAAS of dogs with heartworm infection using the rela-
tively new approach of equilibrium dialysis, but there
are several limitations to consider for interpretation.
The clinicopathological characterization of HW, and
HW 5, dogs was limited, and therefore it is possible that
some dogs had confounding conditions that could have
impacted ACE2 activity. Additionally, the presence of
a large number of heartworms does not definitely mean
that those dogs had cardiopulmonary pathology associ-
ated with heartworm residence in the pulmonary vascu-
lature and the duration of infection, which was unknown
for these dogs, could be a contributing factor in disease
progression. The body condition score was not available
for included dogs, and this omission might have affected
the evaluation of the effect of body weight on ACE2 activ-
ity, especially if there were dogs in the study with very
high or very low body condition scores. We only meas-
ured circulating (soluble) ACE2 activity, and it is possible
that measurement of the membrane-bound (tissue) form
would have yielded different results. Because membrane-
bound ACE2 might be more important for cardiopul-
monary protection, it should be investigated in future
studies despite the negative results for soluble ACE2. The
small sample size limited the weight divisions to those
under and over the median weight for the groups, and
a larger study would be needed to refine the assessment
of the effect of weight on ACE2 activity. Lastly, it is pos-
sible that the remainder of the RAAS cascade could dif-
fer between these heartworm-infected and non-infected
dogs because of the many influences of the formation and
degradation of other metabolites and the relative balance
between enzymes.

Conclusions

Our study did not support a role for soluble ACE2 in dogs
with heavy heartworm burden, but we found that dogs
with high body weight had higher ACE2 activity than dogs
with low body weight, supporting weight as a potential
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confounding factor in the evaluation of ACE2. We also
found that ACE2 activity in our sample of study dogs was
higher than that reported in people, supporting species
differences. The lack of soluble ACE2 differences between
dogs with and without heartworm infection does not mean
that differences in membrane-bound ACE2 or other com-
ponents of the RAAS cascade are not present in dogs with
heartworm infection. Comprehensive RAAS evaluation
including all known metabolites and other enzymes, com-
bined with additional clinical information, would provide
insight into metabolite relationships to understand how
ACE2 activity relates to the entire RAAS cascade and clini-
cal status in dogs with heartworm disease.
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