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ABSTRACT  
 

Aim:  Components of the renin-angiotensin system are involved in absorption and regulate both 
fluid and electrolyte transport in the intestinal epithelium. The angiotensin-converting enzyme 2 
(ACE2) is a major Angiotensin-(1-7)-forming enzyme, and a key regulator of the homeostasis of 
dietary tryptophan (Trp). The aim of the present study was to investigate the physiological role of 
the Ang-(1-7)/Mas pathway in the intestinal tryptophan absorption.  
Place and Duration of Study:  Departamento de Fisiologia e Biofísica. Instituto de Ciências 
Biológicas, Universidade Federal de Minas Gerais, Belo Horizonte, MG, Brazil. July 2014-August-
2015. 
Methodology:  Two models of Mas receptor inhibition were used: treatments, in rats, with the 
specific Mas receptor inhibitor, the A-779, and Mas receptor knockout (KO) mice; Ang-(1-7) or 
Ang-(1-7) + A-779 were injected prior Trp infusion. Male Wistar rats (n = 5 in each goup), wild-type 
(WT) FVB/N mice and Mas (KO) FVB/N mice (n = 4-8 in each group) were anesthetized, and 
submitted to midline laparotomy to expose, and isolate jejunal loop. Tyrode’s solution (pH 8) 
containing tryptophan (0. 25 mg%) was infused (0.5 mL and 0.15 min-1 for rats and mice, 
respectively) into the jejunal loop and samples were taken at 10-min intervals during the 40-min 
experiment. 
Results:  Tryptophan absorption was determined by the difference between influx and efflux. Ang-
(1-7) increased tryptophan absorption in comparison to the control group (0.13 ± 0.03 vs. 0.23 ± 
0.0 mg%, P = .01). ACE2 activity in the effluent of jejunal perfusion, and the expression of ACE2 in 
the tissue of the small intestine were higher in the group that received Ang-(1-7) compared to the 
control (13.6 ± 1.5 vs. 50.5 ± 4.1 and 0.14 ± 0.0 vs. 0.38 ± 0.05, (P = .001, and P =.003, 
respectively). Moreover, the effect of Ang-(1-7) on tryptophan absorption was blunted in Mas KO 
mice, in comparison to WT (9.8 ± 2.6 vs.1.7 ± 3.0).  
Conclusions:  The results of the present study indicate that Ang-(1-7) increases jejunal tryptophan 
absorption in rats and these changes are associated with increases in ACE2 activity and 
expression. In Mas KO mice, these actions were blunted. The findings suggest a new mechanism 
that is dependent on Ang-(1-7)/Mas by which ACE2 modulates tryptophan intestinal absorption. 
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ABBREVIATIONS 
 

A-779: D-Ala7-angiotensin-(1-7) antagonist; ACE: Angiotensin-converting enzyme;                                      
ACE2: Angiotensin-converting enzyme 2; Ang II: Angiotensin II; Ang-(1-7): Angiotensin-(1-7);                             
iv: Intravenously; Mas: Selective receptor of angiotensin-(1-7); Mas-KO: Mas knockout; RAS: Renin-
angiotensin system; receptor subtype 1 (AT1); 2 (AT2); Trp: Tryptophan.  
 

1. INTRODUCTION  
 

1. Previous studies indicate a role for 
angiotensin-converting enzyme 2 (ACE2) 
as a key regulator of the homeostasis of 
dietary tryptophan (Trp), which is an 
essential amino acid [1]. However, the 
underlying mechanism remains to be 
established.   

2. Tryptophan is the biochemical precursor of 
a wide array of metabolites, especially 
serotonin (5-hidroxytryptamin), Niacin 
(vitamin B3) and the Kynurenine pathway, 
which suggest a role in regulating intestinal 
function. Tryptophan metabolic routes are 
involved in the pathogenesis of several 
gastrointestinal disorders, such as 
inflammatory bowel disease, irritable bowel 
disease, and Hartnup disorder [1,2,3,4,5]. 

3. Serotonin is a neurotransmitter derived 
from Trp. Serotonin is synthesized in the 
gut, and can diffuse into enteric nerve 
endings to promote the digestion and 
movement of food through the alimentary 
canal [6]. Amino acid transporter B0AT1 is 
the major luminal sodium-dependent 
neutral amino acid transporter in the small 
intestine. Recent data has demonstrated 
that ACE2 is required for the expression of 
this transporter on the luminal surface of 
intestinal epithelial cells [3,7]. Trp 
absorption is mediated through B0AT1 
(SLC6A19) activity at the brush-border 
membrane. Both B0AT1 and ACE2 are 
present in a brush-border complex, and 
ACE2 is required in order for B0AT1 to be 
expressed normally in the membrane 
[2,5,8]. 
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4. Components of the renin-angiotensin 
system (RAS), such as angiotensin, 
angiotensin-converting enzyme (ACE) and 
receptor subtypes 1 (AT1) and 2 (AT2), are 
found in the brush border of the epithelial 
cell surface of the jejunum and ileum in 
rats, where these substances regulate 
absorption as well as both fluid and 
electrolyte transport [9]. RAS pathways 
may also be involved in the pathogenesis 
and treatment of inflammatory bowel 
disease [3,10]. The rat jejunum expresses 
angiotensinogen [11], which is the 
precursor for the local formation of 
angiotensin II (Ang-II) and/or other 
bioactive angiotensins [12]. ACE2 is a 
mono-carboxypeptidase that metabolizes 
Ang-II to Ang-(1-7), thereby maintaining a 
balance between the two peptides 
[13,14,15,16,17]. As such, it is a key 
modulator of the two RAS axes: ACE2/Ang 
II/AT1 receptor and ACE2/Ang-(1-7)/Mas 
receptor. Mas receptor is a functional G-
protein-coupled receptor which binds Ang-
(1-7). 

5. We hypothesized that the Ang-(1-7)/Mas 
receptor pathway is also involved in the 
jejunal absorption of Trp. Therefore, the 
aim of the present study was to investigate 
the influence of the ACE2/Ang-(1-7)/Mas 
receptor pathway in the jejunal absorption 
of Trp, focusing on Ang-(1-7)/Mas. For 
such, we determined the effect of Ang-(1-
7) on Trp absorption in rats and both wild-
type and Mas-deficient mice. We also 
determined the effect of Ang-(1-7) on 
ACE2 expression in the gut of rats, wild-
type mice and Mas knockout (Mas-KO) 
mice. Our results show that Ang-(1-7) 
stimulated Trp absorption through a 
mechanism involving Mas receptor. This 
effect was directly correlated to changes in 
ACE2. 

 

2. MATERIALS AND METHODS  
 

2.1 Animals 
 

Male Wistar rats weighing 210 ± 20 g (n = five in 
each group), FVB/N wild-type (WT) mice and 
FVB/N Mas receptor knockout (KO) mice 
(source: Max Delbrück Center, Berlin, Germany) 
weighing 27.2 ± 3.8 g (n = four to eight in each 
group) were used. The animals were housed in 
collective cages with free access to filtered water 
and food. The animals were also kept under 
standard laboratory conditions with a 12:12-h 
light/dark cycle and controlled temperature              

(23 ± 3°C). The animals were fasted for 12 h 
prior to the absorption studies, but water was 
offered ad libitum.  
 

2.2 Experimental Design 
 
The rats were randomly divided into three 
groups: Group 1 (control) (n=5) received no 
treatment; Group 2 received Ang-(1-7) (n=5); and 
Group 3 received Ang-(1-7) + A-779 (specific 
Mas receptor inhibitor) (n=5). The control group 
received a corresponding volume of saline 
solution. In another set of experiments, the mice 
were randomly divided into four groups: WT 
group (control) (n=6) and Mas KO group (n=6); 
WT + Ang-(1-7) group (n =4 to 8) and Mas KO + 
Ang-(1-7) group (n=5 to 8). Ang-(1-7) (Millipore, 
CA, USA) was injected at a dose of 2.5 nmol/kg 
(iv) 15 min before the perfusion of Tyrode’s 
solution. A-779 5 mg/kg (iv) (Sigma Chemical 
Co., St. Louis, MO, USA) was administered 10 
minutes before the injection of Ang-(1-7). These 
drugs were dissolved in isotonic saline (0.9% 
NaCl) immediately prior to use.  
 

2.3 Femoral Vein Cannulation 
 
After anesthesia (intraperitoneal pentobarbital 
sodium – Cristália – 40 mg/kg) and hair removal 
from the inguinal region of the rats, cannulation 
of the inferior vena cava via the femoral vein was 
accomplished with a polyethylene catheter (14 
cm of PE 50 tube welded by heating to 2 cm of 
PE 10). The cannulae were pre-filled with saline 
solution (NaCl 0.9%), with the distal end 
occluded by a metal pin. The cannulae were then 
externalized in the dorsal region of the rat. 
Cannulation was performed in all experiments 
immediately prior to drug administration. After 
anesthesia (80 mg/Kg Ketamine and 15 mg/Kg 
Xilazin, Syntec), the femoral vein cannulation for 
mice followed the same procedure as that for 
rats. 
 

2.4 General Procedures 
 
Following the procedures of median xypho-pubic 
laparotomy, the small intestine was isolated from 
the duodenojejunal ligament to the end of the 
ileum, preserving the nerves and vascular 
pedicle. Two cannulae were then inserted into 
the extremities of the small intestinal loop – one 
for perfusion and the other for fluid drainage. The 
abdominal wall was then closed to prevent tissue 
dehydration. Both cannulae were exteriorized 
through the extremities of the abdominal suture. 
In a bottle connected to the catheter infusion 
pump, Tyrode’s solution (137 mM NaCl, 2.7 mM 
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KCl, 1.36 mM CaCl2, 0.49 mM MgCl2, 11.9 mM 
NaHCO3 and 5 mM D-glucose) was maintained 
at 37°C in a water bath. This solution, pH 8.0 
(buffered with HCO3-), was perfused at a rate of 
0.25 ml min-1 (rats) or 0.15 ml min-1 (mice) for 15 
min to balance the fluids and reach a steady 
state within the intestinal lumen [18]. The choice 
of alkaline pH was due to the better solubilization 
of neutral amino acids.  
 
Tyrode’s solution containing Trp (0.25 mg%) was 
infused for 40 min under the conditions described 
above. For rats, effluents were collected in 
separate test tubes at 10-min intervals, 
maintained in ice, and kept in a freezer at -20°C 
for subsequent biochemical analysis. For mice, 
samples were not collected at intervals, but for 
the entire 40 min. After perfusion, samples of the 
small intestine were collected, snap frozen in 
liquid nitrogen and kept frozen at- 80°C until the 
analysis of ACE2 using Western blot analysis.   
 

2.5 Biochemical Determinations 
 
The Trp concentration was estimated using high-
performance liquid chromatography, which is a 
well-established method for measuring amino 
acids [19,20]. The concentration studied was 
chosen as a reliable point within a Trp standard 
curve in diluted samples and in order not to 
saturate the in vivo absorption process. Samples 
were prepared from a pool consisting of equal 
volumes of the four effluents withdrawn at 10 
min-intervals for rats or the total volume collected 
from mice. The protein was precipitated from                     
the mixture using ammonium sulfate (100% 
saturation) with stirring. The samples were 
allowed to stand for 24 hours at 4°C, after which 
the supernatant was removed. The supernatant 
(500 µL) from each sample was submitted                          
to chromatography. The chromatographic 
separation of Trp from 15 rats was performed on 
an AQUAPORE RP300 C8 column (250 mm × 
4.6 mm i.d., 7 µm) using gradient elution with 
0.05% trifluoracetic acid and acetonitrile at a flow 
rate of 1.0 ml/min. Trp was identified based on 
the area under the peak and UV spectrum (280 
nm). The area under the peak for each rat was 
correlated with the area under the peak obtained 
from the Trp solution used in the jejunum infusion 
at a concentration of 0.25 mg/100 mL of Tyrode’s 
solution. 
 

2.6 Membrane Protein Preparation and 
Western Blot Analysis of ACE2 

 
The gut was weighed and 100 mg of tissue/mL          
of lysis buffer (Nonidet P40 1%, sodium 

deoxycholate 0.5% and sodium dodecyl sulfate 
(SDS) 0.1%, pH 7.2) were used. During protein 
extraction, a tablet of a cocktail of protease 
inhibitors containing EDTA (Complete Mini, 
Roche Diagnostics, Germany), Na2VO4 1M and 
NaF 5M was added to each 10 mL of lysis buffer. 
The lysate was transferred to a 1.5-mL tube, 
homogenized and centrifuged at 14000 rpm for 
20 min at 4°C. The supernatant was then 
transferred to another tube. The protein 
concentration was determined using the Bradford 
assay. Western blotting was performed with 
standard protocols using ACE2 [21,22]. 
Membrane protein lysates (60 µg) were loaded 
into SDS-polyacrylamide (10% gels), 
electrophoresed and transferred to a 
nitrocellulose membrane (Bio-Rad, Hercules, CA, 
USA). The membranes were blocked with 5% 
powdered milk for 1 h and incubated overnight 
with primary antibodies against ACE2 (1:300, 
Santa Cruz Biotechnology, CA USA, (lot G 2312) 
or β-actin (1:2000, Sigma Chemical, CO, St 
Louis, USA). The secondary antibody was added 
for 1 h at room temperature. Protein band 
detection was performed using the Odyssey 
scanning system (Li-Cor, USA) and Odyssey 
software. The results were quantified by 
densitometry (Odyssey software), and 
normalized by the β-actin level. The ratio of the 
experimental to control values was then 
calculated. 
 

2.7 Measurement of ACE2 Activity  
 

The supernatant samples obtained from the 
perfusion effluents with 100% ammonium sulfate 
saturation were used to measure ACE 2 activity, 
as described elsewhere [23,24]. The assay was 
conducted in the presence of captopril to 
eliminate any contribution of endogenous ACE, 
and based on the use of the Fluorogenic Peptide 
Substrate VI (FPSVI, 7Mca-Y-V-A-D-P-K(Dnp)-
OH) (R&D systems, Minneapolis, MN, USA). 
ACE2 removes the C-terminal dinitrophenyl 
moiety of FPSVI, thereby increasing 
fluorescence emission at 405 nm under 
excitation at 320 nm. Nonspecific enzyme activity 
was measured by adding DX600 (1 µmol/L), 
which is a specific ACE2 inhibitor (Phoenix 
Pharmaceutical, Belmont, CA, USA). 
Fluorescence emission was monitored using a 
SpectraMax M2 Fluorescence Reader Molecular 
Device (Sunnyvale, CA, USA). Samples were 
read every minute for at least 60 minutes 
immediately after the addition of FPSVI at 37°C. 
Data (arbitrary fluorescence units) are presented 
as the amount of FPSVI converted into product 
per minute. The data obtained from the samples 
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were represented as the average of all perfusion 
effluent readings. To avoid errors, ACE2 activity 
was expressed per volume of perfusion effluent 
not normalized by protein levels, since the 
samples submitted to measurements were 
previously submitted to precipitation with 100% 
saturated ammonium sulfate.  
 

2.8 Statistical Analysis 
 
Student’s t-test or One-Way ANOVA were used 
for the statistical analysis, with the level of 
significance set to 5% (P < .05). 
 

3. RESULTS AND DISCUSSION 
 
More than one species (Rat and mouse) were 
studied to test the hypothesis that Ang-(1-7) 

enhances Trp absorption through the activation 
of Mas receptor. 
 
3.1 Effect of Ang-(1-7) on the Jejunal 

Tryptophan Absorption in Rat  
 
The effect of Ang-(1-7) on Trp absorption in the 
jejunum of rats is displayed in Fig. 1A. Ang-(1-7) 
increased Trp absorption in comparison to the 
control, P = .01. Fig. 1B displays the expression 
of ACE2 in rat intestine measured by Western 
blotting. A striking increase in ACE2 expression 
was observed in rats treated with Ang-(1-7) in 
comparison to the control, P = .003. Fig. 1C 
shows the measurement of ACE2 activity in the 
effluent of jejunal perfusion with Trp. Ang-(1-7) 
treatment increased ACE2 activity, P = .001.   

 

 
 

Fig. 1A. Effect of Ang-(1-7) on jejunal tryptophan absorption. B. Western blot analysis showing 
levels of ACE2 expression in small intestine. C. Me asurement of ACE2 activity in jejuna 

typtophan perfusion. D. Western blot analysis showi ng levels of ACE2 expression in small 
intestine perfused with Tyrode’s solution after inh ibition of Mas receptor by A-779, without 

tryptophan 
Data expressed as Mean ± S.E.M = Mean values ± Standard error of means of all time points of each rat (n = 5). 
Ang-(1-7) increased jejunal Trp absorption in rats * P = .01. This effect was associated with a marked increase in 

ACE2 expression, and ACE2 activity in the gut of animals treated with Ang-(1-7) * P = .003 and * P = .001, 
respectively. The Ang-(1-7)-induced increase of ACE2 expression in the gut was blunted in presence of the Mas-

receptor inhibitor, A-779 *P <. 05 
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Fig. 1 D displays the ACE2 Western blot of the 
intestine in rats perfused with Tyrode’s solution. 
The Mas inhibitor (A-779) abolished the increase 
in ACE2 expression induced by Ang-(1-7),                
P < .05. These findings are confirmed in Fig. 1B, 
which displays ACE2 expression in the presence 
of Ang-(1-7).  
 
3.2 Effect of Ang-(1-7) on the Jejunal 

Tryptophan Absorption in Mice  
 
Tryptophan absorption and ACE2 expression in 
the intestine of mice under basal conditions                  
are displayed in Figs. 2A and B, respectively.                     
No difference was found between wild-type                 
and Mas KO mice under basal conditions.                   
Ang-(1-7) did not alter Trp absorption in Mas 
knockout (KO) mice in comparison to the                       
wild-type mice used as control (Fig. 2C), or                       
in comparison with the baseline (Fig. 2C vs                  
Fig. 2A). This result is accompanied by the 
absence of an Ang-(1-7) effect on ACE2 in                       

the intestinal wall, in Mas KO mice (Fig.                  
2D). 
 

The novel findings of the present study are that 
Ang-(1-7) increases Trp absorption in mice and 
rats and that this effect is impaired in Mas KO 
mice. Forty to sixty minutes after treatment with 
Ang-(1-7), ACE2 activity was increased in the 
effluent of the jejunal perfusion, and ACE2 
expression was increased in the small intestine 
tissue in rats. However, the Ang-(1-7)-induced 
increase in ACE2 protein in the intestinal wall of 
mice was less pronounced than that found in rats 
and was completely absent in Mas-KO mice.  
 

A possible mechanism for the increase in ACE2 
expression would be that enhanced Ang-(1-7) 
levels could lead to inhibition of the “disintegrin 
and metalloprotease (ADAM)17 family” with 
consequent down- regulation of intestinal ACE2 
shedding. Indeed, previous studies showed the 
involvement of metalloprotease in the shedding 
of trans-membrane ACE2 [25,26]. 

  

 
 

Fig. 2A. Tryptophan absorption in mice under basal conditions. B. Western blot analysis 
showing levels of ACE2 expression in small intestin e of Mas knockout and wild-type mice 

under basal conditions. C and D. After treatment wi th Ang-(1-7)  
Data expressed as Mean ± S.E.M.  Ang-(1-7) did not induce Trp absorption in Mas KO mice (n = 8) (Fig. 2C vs 
Fig. 2A). ACE2 protein expression was strongly reduced in Mas KO (n=5) group of mice in comparison to wild-
type group (n=4), after treatment with Ang-(1-7). No difference was found between wild-type and Mas KO mice 

under basal conditions (n=6) 
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The understanding of the renin-angiotensin 
system has advanced with the characterization of 
Ang-(1-7) as an important regulator of 
cardiovascular function and the identification of 
this peptide as an endogenous ligand for the G 
protein-coupled Mas receptor [21,27]. A number 
of studies have shown that many of the biological 
actions of Ang-(1-7) are opposed to those of 
angiotensin II (Ang II), suggesting a counter-
regulatory function of this peptide in RAS 
pathways. Ang-(1-7) is one of the main 
metabolites of ACE2 through its action on Ang II 
[16]. Thus, ACE2 counteracts the function of 
ACE and negatively regulates Ang II levels. In 
this study, we provide evidence for a novel role 
of Ang-(1-7): tryptophan absorption. 
 
It has been demonstrated that the deficiency of 
ACE2 (ACE2 knockout animals) causes critical 
impairment of local Trp absorption in the small 
intestine [1]. Bröer et al. [8] analyzed mice 
lacking the apical broad-spectrum neutral (0) 
amino acid transporter B0AT1 (Slc6a19) and 
demonstrated that the Na+-dependent uptake of 
neutral amino acids into intestine brush-border 
membrane vesicles was abolished. In Slc6a19 
nullizygous mice, the major neutral amino acid 
transporter is an active regulator of amino acid 
signaling and whole body homeostasis. The 
B0AT1 transporter appears to be the major 
mechanism for neutral amino acid uptake in the 
intestine [2]. The present findings broaden this 
knowledge, demonstrating a stimulatory effect of 
Ang-(1-7) on jejunal Trp absorption and that this 
effect is associated with a local increase in ACE2 
expression and activity. Moreover, pre-treatment 
with a Mas antagonist, or its genetic deletion, 
abolished the Ang-(1-7)-induced increase in local 
ACE2 expression. The absence of the effect of 
Ang-(1-7) on Trp absorption in Mas-KO mice 
indicates that this is a Mas-mediated effect. It is 
worth mentioning that there are many questions 
to be addressed in future studies such as: What 
is the mechanism linking higher ACE2 protein 
and Trp transport? Is there a correlation between 
the expressions of ACE2 and tryptophan 
transporter in basal or after stimulation with Ang-
(1-7)? Despite these questions, this study 
describe a significant effect of one of the main 
ACE2 products, Ang-1(1-7), on the tryptophan 
absorption in rats and mice.  
 
4. CONCLUSION 
 
The results of the present study suggest a new 
mechanism that is dependent on Ang-(1-7)/Mas 
by which ACE2 modulates tryptophan intestinal 

absorption in rats. In mice, this absorption seems 
to be mediated by Mas receptors and less 
dependent on ACE2 activation. Trp is an 
essential amino acid and a precursor of 
serotonin, which is a neurotransmitter that 
promotes the digestion and movement of food 
through the alimentary canal. The results confirm 
our hypotheses and expand our knowledge on 
gastrointestinal system absorption. Furthermore, 
our data suggest that Ang-(1-7) and the G 
protein-coupled receptor (Mas) could be of great 
interest as a targets for pharmacological 
interventions in disorders associated with the 
diet, such as the absorption of amino acids 
(tryptophan). 
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