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ABSTRACT
Background: The impact of exercise on the classical and alternative renin- angiotensin- aldosterone system (RAAS) pathways 
has not been studied in horses.
Hypothesis: We hypothesized that exercise would activate both RAAS pathways and that endurance exercise would cause more 
activation of the classical pathway compared to short- duration, high- intensity exercise in horses.
Animals: Twenty- five horses (21 client- owned and 4 research) were included in 4 exercise groups (10 Arabians, 50- mile ride 
[A- E]; 4 thoroughbreds, 1- mile treadmill exercise [TB- TM]; 5 thoroughbreds, 1–1/16th- mile race [TB- R]; and 6 quarter horses 
330- 500- yard race [QH- R]).
Methods: Blood was collected before and after exercise. Equilibrium analysis was performed to measure serum RAAS metabo-
lites and enzyme activities. The components of the RAAS pathways were compared before and after exercise. Post/pre- exercise 
ratios for each variable were compared among exercise groups. Data were reported as median (first, third quartiles; pre vs. post) 
and p < 0.05 was considered significant.
Results: Exercise increased classical RAAS metabolites (pmol/L; angiotensin I, 2.5 [2.5, 2.5] vs. 8.2 [2.5, 19.0]; angiotensin II, 
10.2 [6.0, 21.9] vs. 53.0 [37.4, 95.8]; aldosterone, 83.8 [53.4, 149.5] vs. 170.6 [112.2, 251.7]); alternative RAAS metabolites (pmol/L; 
angiotensin 1–7, 1.5 [1.5, 1.5] vs. 5.1 [1.5, 12.5]; angiotensin 1–5, 2.5 [2.5, 7.3] vs. 14.9 [9.0, 25.4]) and angiotensin- converting en-
zyme- 2 activity (ng/mL; 16.6 [13.9, 20.4] vs. 25.2 [20.2, 33.0]; p < 0.001) for all horses. Angiotensin 1–7 ratios were higher for TB- R 
compared with TB- TM and A- E (p < 0.001).
Conclusions and Clinical Importance: Both classical and alternative RAAS pathways increase after exercise in horses.

1   |   Introduction

The renin- angiotensin- aldosterone system (RAAS) plays a 
pivotal role in the regulation of blood pressure and fluid ho-
meostasis by influencing sodium and water reabsorption as 

well as vascular tone. Activation of this neurohormonal axis 
leads to the cleavage of pro- renin and renin release, which cat-
alyzes the formation of angiotensin I from angiotensinogen. 
Angiotensin- converting enzyme (ACE) cleaves angiotensin I 
to angiotensin II, which is the final effector of classical effects, 
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including vasoconstriction and the release of arginine vaso-
pressin and aldosterone to modulate water and sodium reten-
tion, respectively [1, 2]. Further cleavage of the C terminus of 
angiotensin II by aminopeptidases leads to the formation of 
angiotensin III and IV [3]. Angiotensin III causes vasocon-
striction and aldosterone release, and angiotensin IV plays 
a role in cognitive function [4, 5]. The counter- regulatory 
arm of the RAAS is mediated by several enzymes includ-
ing angiotensin- converting enzyme 2 (ACE2), neprilysin 
(NEP), prolyl- carboxy- peptidase, and prolyl- endo- peptidase 
[6–8]. Products of this alternative RAAS pathway include 
angiotensin 1–7, angiotensin 1–9, and angiotensin 1–5 [3, 6]. 
Angiotensin 1–7 is the primary effector of this pathway that 
counterbalances the classical arm of the RAAS through its va-
sodilatory and natriuretic actions [9].

Activation of the RAAS is an appropriate response to physio-
logic stressors, facilitating adaptation to blood volume or blood 
pressure abnormalities. Disease states cause chronic classical 
RAAS upregulation that can be maladaptive. The impact of 
chronic activation of the classical RAAS pathway in congestive 
heart failure, systemic hypertension, and chronic kidney disease 
has been well documented in humans and animals, but much 
less is known about the counter- regulatory, alternative pathway 
in both health and disease [2, 10, 11].

The pathogenesis of metabolic complications associated with 
exercise in horses (e.g., exercise- induced pulmonary hemor-
rhage) is elusive. Considering that some RAAS components 
are located in lung tissue, it is possible that the RAAS is in-
volved in exercise- related disease or the response to pulmo-
nary stressors in horses. In one study, racing thoroughbreds 
with more severe exercise- induced pulmonary hemorrhage 
had higher ACE activity in their circulation [12]. Recent stud-
ies have documented that exercise in humans is associated 
with activation of the alternative RAAS pathway, resulting in 
an increase in circulating angiotensin 1–7 [13–15]. Exercise 
in horses causes classical RAAS activation, leading to an 
increase in plasma renin activity (PRA), aldosterone, and 
angiotensin II, but the impact of exercise on alternative an-
giotensin metabolites has not been studied in horses [16–18]. 
Additionally, the effect of exercise type on the comprehensive 
RAAS profile has not been evaluated.

Our objective was to evaluate the impact of exercise on both the 
classical and alternative pathways of the RAAS in horses per-
forming different exercise regimens. We hypothesized that the 
alternative and classical RAAS pathways would be activated by 
exercise in horses and that endurance exercise would result in 
more activation of the classical arm compared to short, intensive 
exercise.

2   |   Methods

2.1   |   Horses

Twenty- five clinically healthy horses that were exercised at dis-
tances ranging from 330 yards to 50 miles were included in the 
study. Four horses were owned by the University of Florida as 
part of a research herd, and the remaining 21 were client- owned. 

All horses were classified into one of four exercise groups: (a) four 
conditioned thoroughbreds (2 mares, 2 geldings; ages 3–9 years) 
completed a standard exercise test (2- min mile) with a warm- up 
of 0.6 km at 4 m/s, then 1.6 km at 13.5 m/s, and a cool down of 
0.6 km at 4 m/s on a high- speed treadmill (no incline) [TB- TM]; 
(b) 10 Arabians (6 mares, 2 geldings; ages 6–18 years) completed 
a 50- mile (80 km) endurance ride [A- E]; (c) five thoroughbreds 
(2 mares, 3 geldings; ages 4–7 years) raced 1 and 1/16th miles 
(1700 m) [TB- R]; and (d) six quarter horses (2 mares, 4 geldings; 
aged 3 years) raced 330–500 yards (302–457 m) [QH- R]. Blood 
samples were obtained by jugular venipuncture immediately 
before and within 5 min after exercise completion. After centrif-
ugation (3500 g for 10 min), serum was collected and stored at 
−80°C before shipment on dry ice to the laboratory for analysis. 
Angiotensin metabolite quantification and enzyme metabolite 
analysis were completed within 60 and 130 days of blood collec-
tion, respectively.

2.2   |   Equilibrium Analysis of RAAS Components

Liquid chromatography- mass spectrometry/mass spectroscopy 
(LC–MS/MS) was performed at a service provider laboratory 
(Attoquant Diagnostics, Vienna, Austria) using methodology 
previously validated in humans, dogs and cats [6, 10, 19]. The 
equilibrium concentration of 10 different angiotensin metabo-
lites (Ang I, angiotensin I; Ang II, angiotensin II; Ang 1–9, an-
giotensin 1–9; Ang 2–10, angiotensin 2–10; Ang 1–7, angiotensin 
1–7; Ang 1–5, angiotensin 1–5; Ang 2–7, angiotensin 2–7; Ang 
3–7, angiotensin 3–7; Ang III, angiotensin III; Ang IV, angio-
tensin IV), and aldosterone were quantified. Briefly, samples 
were equilibrated for 1 h at 37°C, stabilized, and spiked with 
stable isotope- labeled internal standards for angiotensins and a 
deuterated internal standard for aldosterone, and analytes were 
extracted using C18- based solid- phase extraction. Internal stan-
dards were used to correct for analyte recovery across the sample 
preparation procedure in each individual sample. Angiotensin I 
and angiotensin II were summed as a marker for PRA. The ratio 
of aldosterone to angiotensin II (AA2) was calculated to charac-
terize adrenal sensitivity to aldosterone release from angioten-
sin II stimulation. The lower limits of detection (pmol/L) for the 
angiotensin metabolites were as follows: Ang I, 5.0; Ang II, 1.0; 
Ang 1–9, 4.0; Ang1–7, 3.0; Ang 1–5, 5.0; Ang 2–10, 2.0; Ang III, 
5.0; Ang IV, 2.0; Ang 2–7, 2.0; and Ang 3–7, 3.0. Metabolite con-
centrations below the lower limit of quantification were entered 
as half the lower limit of quantification for statistical compari-
sons. The LC–MS/MS- based assay was validated in compliance 
with the European Medicines Agency guideline “Guideline on 
bioanalytical method validation”. The LC–MS/MS- based assay 
has an accuracy and precision both within a run and between 
runs within 15% of the nominal value for all peptides and within 
20% of the nominal value for the lower limit of quantitation. 
Because the amino acid sequence of equine angiotensins is iden-
tical to human, canine, feline, and rodent angiotensins, it was 
possible to make use of the validated LC–MS/MS assay with in-
ternal controls in the sample to account for changes in a matrix 
that might occur between species.

For NEP and ACE2 activity measurement, samples were spiked 
with an excess of either Ang I or Ang II and incubated at 37°C 
for 60 min in the presence and absence of an NEP inhibitor and 
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ACE2 inhibitor, respectively. The Ang 1–7 formation rate was 
calculated in (pmol/L)/h. The Ang 1–7 formation rate was sub-
sequently converted to ng/ml, using the linear calibration ob-
tained from a standard curve of recombinant human ACE2 or 
NEP, respectively.

For ACE activity measurement, samples were spiked with ex-
cess Ang I and incubated at 37°C for 60 min in the presence and 
absence of an ACE inhibitor. The Ang II formation rate was 
calculated in (pmol/L)/h. The Ang II formation rate was subse-
quently converted to ng/ml using the linear calibration obtained 
from a standard curve of recombinant human ACE.

The following metabolites and enzymes are considered part of 
the classical RAAS pathway: Ang I, Ang II, Ang III, Ang IV, 
Ang 2–10, Ang 2–7, ACE, and aldosterone. The following metab-
olites and enzymes are considered part of the alternative RAAS 
pathway: Ang 1–9, Ang 1–7, Ang 1–5, ACE2, and NEP. The value 
of each RAAS component after exercise to before exercise (post/
pre) was calculated to quantify the magnitude of change as a 
result of exercise.

2.3   |   Statistical Analysis

Concentrations of RAAS metabolites and enzyme activities 
were calculated and reported as median (first and third quar-
tiles). The distribution of variables for RAAS concentrations was 
not normally distributed. The null hypothesis that paired RAAS 
measurements were not different before and after exercise for 
all horses in the study was tested by using the non- parametric 
Wilcoxon signed- rank test. In addition, the null hypothesis 
that RAAS concentration ratio values (post/pre- exercise) were 
not different among AE, TB- R, QH- R, and TB- TM exercise 
groups was tested by using the non- parametric Kruskal- Wallis 
test followed by Dunn's test for multiple comparisons. Values 
of p < 0.05 were considered significant. All analyses were per-
formed using commercial software (Statistix 10. Analytical 
Software. Tallahassee, FL).

2.4   |   Results

2.4.1   |   Effect of Exercise

With the exception of Ang II and Ang 1–5, pre- exercise results 
for angiotensin metabolites were below the limit of detection in 
the majority of horses (Table 1). Exercise significantly increased 
Ang I, Ang II, Ang 1–7, Ang 1–5, aldosterone, PRA, and ACE2 ac-
tivity, and significantly decreased AA2 when all horses (n = 25) 
were evaluated as a group (p < 0.001). The renin- angiotensin fin-
gerprint representing the equilibrium concentrations of analytes 
is depicted in Figure 1. Significant increases of selected analytes 
among different exercise groups were noted for A- E (Ang I, Ang 
II, Ang 1–5, PRA, ACE2; all p < 0.031) and QH- R (Ang II, Ang 
1–5, aldosterone, PRA, and ACE2; all p = 0.03) but not for TB- R 
or TB- TM. The AA2 was significantly lower after exercise in A- E 
(p = 0.003) but not for the other exercise groups. Changes in the 
activities of ACE and NEP were not significant, but ACE 2 activ-
ity significantly increased after exercise in A- E (p = 0.002) and 
QH- R (p = 0.03) groups (Figure 2).

2.4.2   |   Comparison of the Effect of Exercise Among 
Different Groups

Significant differences among exercise groups were found 
for Ang II, Ang 1–7, Ang 2–7, Ang 1–5, AA2, PRA, and ACE2 
(Table 2).

2.4.2.1   |   Significant Differences Between A- E and Other 
Exercise Groups. The ratios of post/pre- exercise for Ang II 
and Ang 1–5 were significantly higher, and AA2 was signifi-
cantly lower for A- E compared to TB- TM (p ≤ 0.03). The post/
pre- exercise ratio for Ang 1–7 was significantly lower for A- E 
compared with TB- R (p < 0.001).

2.4.2.2   |   Significant Differences Between TB- R 
and Other Exercise Groups. The ratio of post/pre- exercise 
for Ang II, Ang 1–7, Ang 2–7, PRA, and ACE- 2 was significantly 
higher and AA2 was significantly lower for TB- R compared 
with TB- TM horses (p ≤ 0.03).

3   |   Discussion

In our study of healthy horses, exercise stimulated both the clas-
sical and alternative pathways of the RAAS. In support of our 
hypothesis, several classical RAAS components (PRA, Ang 1, 
and Ang II) were significantly increased after exercise in endur-
ance horses. Plasma renin activity, Ang II, and aldosterone also 
increased significantly after short, intense exercise in the QH- R 
group, but not in the TB- R and TB- TM groups. Previous stud-
ies in endurance horses also documented increases in classical 
RAAS components after exercise, with more RAAS stimulation 
in unsuccessful horses that developed more severe dehydration 
[16]. We found a higher increase in Ang II relative to the increase 
in aldosterone, which was reflected in the lower AA2 after exer-
cise in endurance horses, but the clinical relevance of this find-
ing is not known. Concurrent measurement of laboratory results 
to document the post- exercise hydration status of the horses in 
our study may have provided additional useful information to 
interpret the differences in RAAS stimulation between groups.

In a previous treadmill study, a linear correlation between ex-
ercise intensity and both PRA and aldosterone production was 
noted in maximally exercising horses [17]. Finding higher re-
sults for some RAAS metabolites for TB- R compared with TB- 
TM in our study is consistent with the previously published 
relationship because the TB- TM horses were exercised sub- 
maximally. Notably, we also found significant increases in the 
major enzyme of the alternative RAAS pathway (ACE2) and its 
metabolite (Ang 1–7) after exercise in all horses, with the high-
est increase in TB- R compared with TB- TM (ACE2 and Ang 
1–7) and A- E (Ang 1–7). These findings indicate that exercise in 
horses is characterized by global RAAS activation, which might 
be most pronounced with the type of acute and intense exer-
cise associated with track racing over one mile. Interestingly, 
the QH- R group did not have significantly higher results for 
RAAS activation compared to the other exercise groups even 
though the intensity of exercise in this group was likely simi-
lar to that achieved by TB- R. Breed differences might have af-
fected the findings separately from the exercise type because 
distinct breeds are used for specific equine sports. Additional 
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TABLE 1    |    Paired comparisons of RAAS concentrations in 25 healthy horses pre- and post- exercise*.

RAAS All n = 25 A- E n = 10 TB- R n = 5 QH- R n = 6 TB- TM n = 4

Ang I (pmol/L) Pre
Post

p

2.5 (2.5, 2.5)
8.2 (2.5, 19.0)

< 0.001

2.5 (2.5, 2.5)
7.4 (2.5, 31.9)

0.03

2.5 (2.5, 2.5)
18.7 (6.1, 54.9)

0.12

2.5 (2.5, 4.0)
8.3 (2.5, 12.1)

0.12

2.5 (2.5, 4.5)
4.7 (2.5, 9.6)

ND

Ang II (pmol/L) Pre
Post

p

10.2 (6.0, 21.9)
53.0 (37.4, 95.8)

< 0.001

7.1 (2.9, 14.1)
46.5 (29.5, 101.9)

< 0.001

12.4 (5.2, 16.0)
110.7 (65.0, 246.8)

0.06

11.0 (9.1, 24.8)
53.7 (41.8, 83.6)

0.03

25.3 (9.1, 39.4)
28.9 (8.1, 51.5)

0.25

Ang III (pmol/L) Pre
Post

p

2.5 (2.5, 2.5)
2.5 (2.5, 2.5)

ND

2.5 (2.5, 2.5)
2.5 (2.5, 2.5)

1.00

2.5 (2.5, 2.5)
2.5 (2.5, 13.1)

ND

2.5 (2.5, 2.5)
2.5 (2.5, 2.5)

1.00

2.5 (2.5, 2.5)
2.5 (2.5, 2.5)

1.00

Ang IV (pmol/L) Pre
Post

p

1.0 (1.0, 1.0)
1.0 (1.0, 1.0)

0.25

1.0 (1.0, 1.0)
1.0 (1.0, 1.6)

ND

1.0 (1.0, 1.0)
1.0 (1.0, 6.0)

ND

1.0 (1.0, 1.0)
1.0 (91.0, 1.0)

1.00

1.0 (1.0, 1.0)
1.0 (91.0, 1.0)

1.00

Ang 1–9 (pmol/L) Pre
Post

p

2.0 (2.0, 2.0)
2.0 (2.0, 2.0)

1.00

2.0 (2.0, 2.0)
2.0 (2.0, 2.0)

1.00

2.0 (2.0, 2.0)
2.0 (2.0, 2.0)

1.00

2.0 (2.0, 2.0)
2.0 (2.0, 2.0)

1.00

2.0 (2.0, 2.0)
2.0 (2.0, 2.0)

1.00

Ang 1–7 (pmol/L) Pre
Post

p

1.5 (1.5, 1.5)
5.1 (1.5, 12.5)

< 0.001

1.5 (1.5, 1.5)
1.5 (1.5, 9.2)

0.25

1.5 (1.5, 1.5)
23.0 (13.4, 45.7)

0.06

1.5 (1.5, 1.5)
7.6 (4.2, 14.5)

0.06

1.5 (1.5, 1.5)
1.5 (1.5, 1.5)

1.00

Ang 1–5 (pmol/L) Pre
Post

p

2.5 (2.5, 7.3)
14.9 (9.0, 25.4)

< 0.001

2.5 (2.5, 3.1)
13.0 (9.1, 20.3)

0.002

12.3 (2.5, 17.9)
21.9 (20.2, 49.5)

0.12

6.5 (4.6, 15.6)
28.0 (12.1, 34.3)

0.03

3.8 (2.5, 6.6)
2.5 (2.5, 8.8)

ND

Ang 3–7 (pmol/L) Pre
Post

p

1.5 (1.5, 1.5)
1.5 (1.5, 1.5)

ND

1.5 (1.5, 1.5)
1.5 (1.5, 1.5)

1.00

1.5 (1.5, 1.5)
1.5 (1.5, 3.1)

ND

1.5 (1.5, 1.5)
1.5 (1.5, 1.5)

1.00

1.5 (1.5, 1.5)
1.5 (1.5, 1.5)

1.00

Ang 2–7 (pmol/L) Pre
Post

p

1.0 (1.0, 1.0)
1.0 (1.0, 1.0)

ND

1.0 (1.0, 1.0)
1.0 (91.0, 1.0)

1.00

1.0 (1.0, 1.0)
1.0 (1.0, 5.1)

ND

1.0 (1.0, 1.0)
1.0 (1.0, 1.0)

1.00

1.0 (1.0, 1.0)
1.0 (1.0, 1.0)

1.00

Ang 2–10 (pmol/L) Pre
Post

p

1.0 (1.0, 1.0)
1.0 (1.0, 1.0)

0.12

1.0 (1.0, 1.0)
1.0 (1.0, 2.9)

0.25

1.0 (1.0, 1.0)
1.0 (1.0, 3.6)

ND

1.0 (1.0, 1.0)
1.0 (1.0, 1.0)

1.00

1.0 (1.0, 1.0)
1.0 (1.0, 1.0)

1.00

Aldosterone (pmol/L) Pre
Post

p

83.8 (53.4, 149.5)
170.6 (112.2, 251.7)

< 0.001

122.0 (100.8, 
156.2)

173.7 (106.1, 
289.8)
0.37

83.8 (45.9, 178.3)
195.0 (125.4, 545.8)

0.12

66.0 (44.3, 72.5)
184.1 (112.0, 

284.8)
0.03

48.1 (15.8, 177.7)
119.9 (73.2, 270.1)

0.12

AA2 Pre
Post

p

8.9 (3.2, 15.0)
3.2 (1.8, 5.7)

< 0.001

15.0 (8.9, 46.3)
4.3 (1.8, 6.1)

0.003

11.5 (3.4, 48.0)
1.4 (1.0, 3.4)

0.06

4.3 (2.5, 7.6)
2.7 (2.2, 5.0)

0.16

1.7 (1.2, 8.1)
8.4 (2.4, 18.0)

0.12

PRA (pmol) Pre
Post

p

13.1 (8.5, 24.4)
67.0 (43.0, 114.2)

< 0.001

9.6 (5.4, 16.8)
53.6 (35.2, 134.9)

0.002

14.9 (7.7, 18.5)
113.2 (84.0, 297.0)

0.06

14.0 (11.8, 28.8)
58.8 (47.8, 95.7)

0.03

27.8 (11.6, 43.9)
33.6 (10.6, 61.1)

0.25

ACE** activity  
(ng/mL)

Pre
Post

p

3.9 (2.7, 6.8)
5.0 (3.6, 9.1)

0.07

2.8 (1.8, 4.1)
4.7 (3.4, 6.9)

0.15

4.9 (2.1, 6.4)
4.1 (2.9, 32.9)

0.31

3.8 (2.9, 5.3)
6.9 (4.7, 19.3)

0.16

8.3 (3.6, 10.9)
5.2 (2.1, 8.3)

0.37

ACE2 activity  
(ng/mL)

Pre
Post

p

16.6 (13.9, 20.4)
25.2 (20.2, 33.0)

< 0.001

15.3 (14.1, 17.2)
23.9 (22.1, 26.0)

0.002

17.5 (14.7, 20.0)
30.9 (26.4, 45.4)

0.06

16.2 (10.8, 22.8)
27.0 (17.1, 42.9)

0.03

20.1 (15.0, 24.5)
22.1 (18.9, 27.7)

0.25

NEP activity (ng/mL Pre
Post

p

2.8 (1.2, 5.9)
3.7 (1.2, 7.9)

0.49

3.3 (1.2, 5.8)
1.2 (1.2, 5.2)

0.37

1.2 (1.2, 5.6)
3.9 (2.2, 11.2)

0.37

1.2 (1.2, 5.1)
4.2 (1.2, 12.4)

0.25

6.9 (2.4, 9.8)
7.3 (3.6, 10.1)

1.00

Note: A- E, Arabians completing a 50- mile endurance ride (n = 10); TB- R, Thoroughbreds racing 1 1/16th- miles (n = 5); QH- R, Quarter horses racing 330–500 yards 
(n = 6); and TB- TM, Thoroughbreds completing 1- mile submaximal treadmill exercise (n = 4). RAAS concentrations measured include angiotensin metabolites, (Ang I, 
angiotensin I; Ang II, angiotensin II; Ang 1–9, angiotensin 1–9; Ang 2–10, angiotensin 2–10; Ang 1–7, angiotensin 1–7; Ang 1–5, angiotensin 1–5; Ang 2–7, angiotensin 
2–7; Ang III, angiotensin III; Ang 3–7, angiotensin 3–7; Ang IV, angiotensin IV), aldosterone, AA2, aldosterone/angiotensin II ratio; PRA, plasma renin activity; 
ACE(±2) activity, angiotensin converting enzyme activity; and NEP activity, neprilysin activity. *Data are reported as median (first, third quartiles); **In all horses, 
n = 23. In Arabian horses, n = 8; ND = not determined (sample size is too small to perform the analysis or most pre-  and post- exercise values are not different). Blue 
highlighted results are statistically different (p < 0.05).
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studies comparing different breeds undergoing the same exer-
cise regimen would be required to separate the effect of breed 
from exercise.

Previous studies found that ACE activity significantly increased 
in horses exercised to fatigue on a treadmill, whereas endur-
ance exercise did not lead to an increase in ACE activity in field 
studies [20, 21]. Although ACE activity increased after exercise 
in our group of horses, the difference did not reach statistical 
significance. Differences in methodology between studies and 
sample sizes might have influenced these findings.

To our knowledge, the alternative RAAS metabolites and en-
zymes have not previously been studied in exercising horses. 
Similar to humans, exercise in horses induces a significant in-
crease in Ang 1–7 [13, 15]. Our findings support ACE2 as the 
major formation enzyme for Ang 1–7, without a significant role 
for NEP in this pathway. The higher ratio of post/pre- exercise 
Ang 1–7 in TB- R horses compared with A- E and TB- TM groups 
suggests that near maximal exercise results in more stimula-
tion of ACE2 activity and hence higher Ang 1–7 production. 
The higher ACE2 activity in the TB- R group compared with the 
TB- TM group also supports this hypothesis because the TB- TM 

group was not exercised at a racing pace. Exercise in horses also 
resulted in a significant increase in Ang 1–5, which is a metab-
olite of Ang 1–7 mediated by the action of ACE [22]. In humans, 
exercise type influences Ang 1–7 metabolism. Moderate- 
intensity aerobic exercise led to more stimulation of the counter- 
regulatory arm of RAAS compared with high- intensity interval 
exercise [13]. In that study, ACE2 activity increased in response 
to high- intensity exercise, similar to our findings in horses 
in which ACE2 post/pre- exercise ratios were higher in TB- R 
compared with TB- TM [13]. The beneficial effects of exercise 
are thought to be partially mediated by the stimulation of the 
counter- regulatory, alternative RAAS axis and production of the 
vasodilatory peptide Ang 1–7 [23]. In support of this hypothesis 
are experimental studies in rodents that support the direct role 
of Ang 1–7 in the modulation of blood pressure, insulin sensitiv-
ity, and other cardioprotective consequences of exercise [24–27].

In humans, disruption of the Ang II/Ang 1–7 balance associ-
ated with decreased ACE2 activity may play a pivotal role in 
the pathophysiology of pulmonary arterial hypertension [28]. 
Activation of ACE2 and Ang 1–7 production improves pulmo-
nary hemodynamics and ameliorates pulmonary vascular re-
modeling in rodent models of pulmonary arterial hypertension 

FIGURE 1    |    Serum equilibrium concentrations of angiotensin peptides before and after exercise in horses (n = 25). Sizes of circles are proportional 
to the median concentration of the analyte (pmol/L). Ang I, angiotensin I; Ang II, angiotensin II; Ang 1–9, angiotensin 1–9; Ang 2–10, angiotensin 
2–10; Ang 1–7, angiotensin 1–7; Ang 1–5, angiotensin 1–5; Ang 2–7, angiotensin 2–7; Ang III, angiotensin III; Ang 3–7, angiotensin 3–7; Ang IV, an-
giotensin IV.

FIGURE 2    |    ACE 2 activity (ng/ml) before and after exercise in competing Arabian endurance (A- E; n = 10) and racing Quarter horses (Q- R; n = 6).
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[24, 29]. In horses, pulmonary hypertension develops physiolog-
ically during maximal exercise and also pathologically when as-
sociated with left heart disease and chronic pulmonary diseases 
such as asthma [30–33]. Although the role of angiotensin pep-
tide homeostasis in the regulation of pulmonary hemodynamics 
in horses is unknown, future studies to elucidate the balance 
of classical and counter- regulatory RAAS metabolites in health 
and disease are warranted. Our study findings provide a foun-
dation for understanding the role of the RAAS, both classical 
(vasoconstrictive, sodium- retentive) and alternative (vasodila-
tory, natriuretic) in the exercising horse. Future studies of horses 
with exercise- induced pulmonary disease (such as hemorrhage) 
might investigate whether the balance between classical and al-
ternative RAAS pathways is disrupted in some horses.

Our study had several limitations. The number of horses in each 
exercise group was low, which might have decreased the power 
needed to detect group differences for some RAAS components 
and some exercise groups. Furthermore, the potential impact of 
medications on RAAS activation could not be determined be-
cause all horses except one in the TB- R and QH- R groups re-
ceived pre- race furosemide. A recent study in resting horses 
showed that furosemide caused significant increases in Ang I, 
Ang II, Ang III, Ang IV, and Ang 1–5 4 h after administration 
[34]. Other potential impacts of management on RAAS acti-
vation, such as time of feeding, could not be controlled in our 

study and may have impacted the results because previous stud-
ies have documented postprandial RAAS activation in horses 
[35]. In our study, horse breeds were aligned with exercise type. 
Although doing so is consistent with the equine sport industry, 
some characteristics might be breed- associated and may influ-
ence RAAS response. The group differences between TB- R and 
TB- TM, however, support the differences being related to exer-
cise type and intensity because both of these groups consisted of 
Thoroughbred horses.

In conclusion, our study indicates immediate global activation 
of both the classical and alternative RAAS pathways in exer-
cising horses. The type of exercise influenced the magnitude of 
activation for some RAAS components. These results provide a 
basis for the future evaluation of horses with exercise- induced 
abnormalities.
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TABLE 2    |    Comparisons of RAAS concentration ratio values (post/pre- exercise) between A- E, TB- R, QH- R and TB- TM horses*.

RAAS A- E n = 10 TB- R n = 5 QH = R n = 6 TB- TM n = 4 p

Ang I 2.9 (1.0, 12.7)a 7.4 (2.4, 21.9)a 2.8 (1.0, 3.4)a 1.5 (1.0, 2.5)a 0.26

Ang II 6.8 (4.1, 22.1)a 12.5 (8.5, 35.8)a 4.7 (2.7, 6.7)a,b 1.1 (0.7, 1.2)b < 0.001

Ang III 1.0 (1.0, 1.0)a 1.0 (1.0, 5.2)a 1.0 (1.0, 1.0)a 1.0 (1.0, 1.0)a 0.27

Ang IV 1.0 (1.0, 1.6)a 1.0 (1.0, 6.0)a 1.0 (1.0, 1.0)a 1.0 (1.0, 1.0)a 0.56

Ang 1–9 1.0 (1.0, 1.0)a 1.0 (1.0, 1.0)a 1.0 (1.0, 1.0)a 1.0 (1.0, 1.0)a 1.00

Ang 1–7 1.0 (1.0, 6.1)b 15.3 (8.9, 30.4)a 5.0 (2.8, 9.7)a,b 1.0 (1.0, 1.0)b < 0.001

Ang 1–5 5.2 (3.3, 7.9)a 4.7 (1.4, 8.5)a,b 2.3 (1.6, 7.0)a,b 1.0 (0.5, 1.8)b 0.03

Ang 3–7 1.0 (1.0, 1.0)a 1.0 (1.0, 2.1)a 1.0 (1.0, 1.0)a 1.0 (1.0, 1.0)a 0.27

Ang 2–7** 1.0 (1.0, 1.0)b 1.0 (1.0, 5.1)a 1.0 (1.0, 1.0)b 1.0 (1.0, 1.0)b 0.03

Ang 2–10 1.0 (1.0, 2.3)a 1.0 (1.0, 3.6)a 1.0 (1.0, 1.0)a 1.0 (1.0, 1.0)a 0.39

Aldosterone 1.0 (0.7, 4.1)a 2.7 (1.6, 4.3)a 3.0 (2.4, 3.9)a 2.6 (1.6, 5.3)a 0.43

AA2- ratio 0.1 (0.08, 0.3)b 0.2 (0.07, 0.3)b 0.7 (0.5, 1.1)a,b 2.2 (1.3, 8.2)a < 0.001

PRA 6.4 (3.2, 11.1)a,b 11.4 (7.7, 20.9)a 4.1 (2.6, 5.6)a,b 1.1 (0.8, 1.3)b < 0.001

ACE 1.7 (1.6, 2.4)a 3.1 (0.8, 7.8)a 2.3 (1.0, 4.7)a 0.6 (0.4, 0.9)a 0.15

ACE2 1.5 (1.2, 1.9)a,b 2.1 (1.6, 2.2)a 1.6 (1.3, 1.9)a,b 1.1 (0.9, 1.4)b 0.03

NEP 0.8 (0.3, 1.0)a 1.1 (0.7, 8.9)a 2.0 (0.9, 4.8)a 1.1 (0.4, 5.7)a 0.28

Note: A- E, Arabians completing a 50- mile endurance ride (n = 10); TB- R, Thoroughbreds racing 1 1/16th- miles (n = 5); QH- R, Quarter horses racing 330–500 yards 
(n = 6); and TB- TM, Thoroughbreds completing 1- mile submaximal treadmill exercise (n = 4). RAAS concentrations measured include angiotensin metabolites, (Ang I, 
angiotensin I; Ang II, angiotensin II; Ang 1–9, angiotensin 1–9; Ang 2–10, angiotensin 2–10; Ang 1–7, angiotensin 1–7; Ang 1–5, angiotensin 1–5; Ang 2–7, angiotensin 
2–7; Ang III, angiotensin III; Ang 3–7, angiotensin 3–7; Ang IV, angiotensin IV), aldosterone, AA2, aldosterone/angiotensin II ratio; PRA, plasma renin activity; 
ACE(±2) activity, angiotensin converting enzyme activity; and NEP activity, neprilysin activity. *Data are reported as median (first, third quartiles); a,bWithin each 
row, groups with different superscripts and color highlights are statistically significant (p < 0.05). **In all horses Ang 2–7 ratio values = 1.0, except 2/5 TB- R had ratio 
values = 7.4 or 2.9; in post hoc analysis group comparisons p > 0.05.
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