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Abstract 
The renin angiotensin system (RAS) participates in inflammatory processes, 
as either a pro-inflammatory or an anti-inflammatory mediator. Components 
of RAS, such as angiotensin-converting enzyme (ACE), have been detected 
locally in the gut epithelium. In addition, the anti-inflammatory steroid, cor-
ticosterone, is produced in the gut. Hypertension and aging evoke a low-grade 
inflammatory process in the vascular endothelium. It is not known whether 
they induce a similar low-grade inflammation in the intestine and if the 
low-grade inflammation would evoke an activation of ACE and an elevation 
of corticosterone production. These two variables were measured in ileum and 
colon of 9- and 26-week old spontaneously hypertensive rats (SHR) and their 
normotensive Wistar-Kyoto (WK) controls. ACE-activity, measured via the 
formation of histidyl-leucine from hippuryl-histidyl-leucine in the tissue ho-
mogenate samples, was similar in the ileum and colon of young animals al-
though the ileum of the young normotensive animals displayed the lowest 
level. In the old animals, the ACE activity was higher in the ileum than in the 
colon, especially in normotensive rats. Corticosterone production was meas-
ured as corticosterone concentration in the supernatants of ileum or colon af-
ter a 90-min ex vivo incubation. Corticosterone production was higher in il-
eum than in colon in both SHR and WK. No clear evidence was seen for 
age-dependency or for an effect of hypertension in the measured variables in 
the intestine. Thus, the putative low-grade inflammation in the intestine in 
aging or hypertension is not a strong enough stimulus to elevate corticoster-
one production or activate ACE. 
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1. Introduction 

The components of the renin angiotensin system (RAS) in circulation have a 
crucial role in the regulation of blood pressure. From a therapeutic point of view, 
the angiotensin-converting enzyme (ACE), the enzyme forming active angio-
tensin II from the much less vasoconstrictive peptide, angiotensin I, is the target 
for antihypertensive ACE-inhibitors. In addition to circulating RAS, research 
has revealed the presence of a local RAS in vasculature. Furthermore, compo-
nents of RAS have been detected in many other tissues/organs (see, Gon-
zalez-Villalobos et al., 2013) [1]. Already more than 25 years ago, different pep-
tidases, including ACE (also known as kininase II) were detected in the brush 
border of human and swine intestine [2] as well as in rat intestine and vascular 
surface membranes [3]. Later, rat intestinal ACE was purified; its expression, ac-
tivity and properties were revealed from a total cell membrane fraction of rat in-
testinal mucosa [4]. The classical RAS and ACE promote the production of the 
potent vasoconstrictor peptide, angiotensin II, which stimulates adrenal aldoster-
one synthesis to increase water and sodium reabsorption and potassium excretion 
in the kidney and intestine. The classical RAS is considered as pro-inflammatory 
i.e. the overexpression of the angiotensin I - (ACE) - angiotensin II - angiotensin 
I receptor type 1 - axis in the gut as it exacerbates inflammation [5]. There are 
several reports where either RAS-inhibition (e.g. ACE-inhibitors and angio-
tensin receptor type 1 blockers) or knockout of RAS components has alleviated 
experimental colitis [6]-[17]. We have recently shown that ACE protein is re-
leased from the intestine following inflammation and that ACE-inhibitors re-
duce the amounts of Ace and Angiotensinogen mRNA in inflamed colon [18]. 
The key enzyme of the alternative RAS, ACE2, stimulates the formation of Ang 
(1-7), which rather selectively stimulates vasodilatory Mas receptors, and op-
poses many actions of the classical RAS pathway and alleviates inflammation [7] 
[19]. 

Several studies have shown that glucocorticoids are synthetized in ex-
tra-adrenal tissues e.g. the gastrointestinal epithelium [20] [21] [22] [23] [24]. 
Local synthesis of corticosterone has been detected in various extra-adrenal tis-
sues including lymphoid organs, intestine, skin, brain and possibly in heart [20]. 
The evidence for local synthesis includes the presence of steroidogenic enzymes 
and high levels of steroids even in adrenalectomized animals. Glucocorticoids 
synthetized in the adrenal cortex, under the control of ACTH, are important 
stress hormones with potent physiological and therapeutic anti-inflammatory 
properties. In the intestine, inflammation increases corticosterone production to 
balance local immune responses [22] [25]. 

Aging causes a decline in many gut-related functions, starting from less sense of 
taste in the mouth down to decreased motility (obstipation) of the colon. Aging is 
associated with structural and functional mucosal defects, diminished immune 
defence, increased inflammation due to oxidative stress, and dysfunction of the 
epithelial barrier [26] [27]. Low-grade, chronic, systemic inflammation in aging 
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without infection e.g. in the colon, has been named “inflammaging” [28]. The 
aging intestine produces endogenous pro-inflammatory molecules which to-
gether with gut microbiota evoke a state of chronic inflammation in the elderly 
[29]. 

Our hypothesis is that different forms of low grade inflammation are present 
in the gut epithelium, in a similar manner to that in the vascular endothelium of 
hypertensive and/or aging individuals. The aim of this study was to examine 
whether a similar phenomenon can be detected in intestine and whether it re-
flects or acts in parallel with the production of anti-inflammatory corticosterone. 

2. Materials and Methods 
2.1. Animals 

We used 9 and 26-week old Spontaneously hypertensive (SHR) male rats and 
their normotensive controls, Wistar-Kyoto (WK) rats (Charles River Laborato-
ries) of same ages (n = 6 in each group) which were housed two animals in a 
cage in a pathogen-free animal laboratory with a 12 h light/dark cycle at room 
temperature, and relative humidity of 55% as described previously [29]. The 
animals had free access to rat laboratory feed (Harlan, Rossdorf, Germany) and 
tap water. The protocol was included and approved by the National Animal Ex-
perimentation Committee of Finland according to EC Directive 86/609 EEC and 
the Finnish Experimental Animal Act 62/2006s. 

2.2. Sample Collection 

The animals were anesthetized and sacrificed with CO2 and cardiac puncture. 
Samples of ileum and proximal colon were excised, cleaned from adjacent fat 
and connective tissue, opened and cleaned from feces and rinsed with saline. In 
the ACE-activity assay, pieces of ileum and colon were flash frozen in liquid ni-
trogen and stored at −80˚C until homogenization. In the corticosterone produc-
tion assay, approximately 1 cm long pieces of ileum and proximal colon were 
incubated in pre-oxygenated Krebs buffer (119 mmol/L NaCl, 25 mmol/L Na-
HCO3, 15 mmol/L KCl, 11 mmol/L glucose, 1.6 mmol/L CaCl2, 1.2 mmol/L 
KH2PO4, 1.2 mmol/L MgSO4) at 37˚C for 90 min with gentle agitation. The 
chemicals were purchased from Sigma-Aldrich (St Louis, MO, USA). The sam-
ples were centrifuged at 13000 g for 3 min and the incubation supernatants were 
stored at −20˚C until assayed.  

2.3. ACE-Activity Assay 

Tissue pieces were homogenized in a cryo-bead homogenizer in 100 mM Tris - 
120 mM NaCl, pH 8.3. ACE activity was measured spectrophotometrically with 
a modified fluorometric assay with hippuryl-histidyl-leucine (HHL) as the sub-
strate as originally described in [30]. Briefly, samples were incubated in 1:1 
volume of 6 mM HHL - 100 mM Tris - 120 mM NaCl, pH 8.3 for 60 min at 37˚C, 
after which the reaction was stopped with 0.3 M NaOH solution. 2:25 volumes of 
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20 mg/ml o-phthaldialdehyde was added in the reactions followed by a 10-minute 
incubation at RT in dark. Then, 1:6 volumes of 3 M HCl were added and the 
fluorescence was measured at 355 nm ex, 535 nm em. The fluorescent intensity 
was plotted against an HL standard curve and ACE activity was calculated as the 
formation of histidyl-leucine (HL) nM/min. 

Corticosterone secretion into the incubation fluid was measured by EIA kit 
(#500655 Cayman Chemical, Michigan, MI, USA). The protein content of the 
respective tissue lysates was measured by Pierce™ BCA Protein Assay kit 
(Thermo Fisher Scientific, Waltham, MA, USA). The ACE activity and the 
amounts of corticosterone secreted into the incubation supernatant were calcu-
lated per mg total protein. 

2.4. Statistical Analyses 

Statistical analysis in the comparison of differences (Mean ± SEM) between il-
eum and colon, young and old, normotensive and hypertensive animals and il-
eum, respectively was done with one-way ANOVA followed by Tukey’s HSD 
post hoc test Correlations were estimated with Pearson’s correlation coefficient. 
All statistical analyses were calculated with SPSS version 23. P-values less than 
0.05 were considered statistically significant. 

3. Results 

Aging modulates ACE activity differentially in WK and SHR rats 
ACE activity in ileum-tissue lysates in the two age groups (young, old) of 

normotensive (WK) and spontaneously hypertensive (SHR) rat are presented in 
Figure 1(a). The ACE activity in ileum increased with age both in WK (3.27 ± 
0.06 U/mg in old vs 0.73 ± 0.03 U/mg in young) and SHR (2.23 ± 0.06 vs 1.53 ± 
0.10 U/mg, respectively) animals. In young animals, the ACE activity was higher 
in SHR rats compared to WK rats. In old animals, the situation was reversed i.e. 
ACE activity was higher in WK rats. 

The ACE activities in the colon samples of the four different groups are sum-
marized in Figure 1(b). Generally, ACE activity was roughly at the same level as 
in the ileum. Similar to the levels in ileum, ACE activity increased with age in 
WK rats (2.13 ± 0.11 in old vs 1.29 ± 0.08 U/mg in young) but the levels were 
similar in young and old SHR rats (1.56 ± 0.08 vs 1.52 ± 0.06 U/mg, respec-
tively). In line with the results in ileum, ACE activity was slightly lower in old 
SHR than WK rats. In young rats, there were no differences between strains in 
ACE activity. 

Corticosterone production is not dependent on age or blood pressure 
To investigate whether corticosterone production was modulated by either 

age or blood pressure, we measured the corticosterone secretion from ileum and 
colon samples into the incubation supernatant (Figure 2). Corticosterone pro-
duction was approximately at the same level in both ileum and colon and neither 
age nor blood pressure modulated the production of corticosterone in ileum  
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(a)                                 (b) 

Figure 1. ACE activity in the ileum (left) and colon (right) homogenates of young and 
old WK and SHR rats. The values are presented as mean ± SEM (n = 5 - 6 in each group). 

 

 
(a)                                 (b) 

Figure 2. Corticosterone secretion in the ileum (left) and colon (right) of young and old 
WK and SHR rats. Corticosterone was measured in incubation supernatants after a 
90-min ex vivo incubation. The values are presented as mean ± SEM (n = 5 - 6 in each 
group). 

 
(Figure 2(a)) or colon (Figure 2(b)). However, the absolute values were low in 
young SHR colon samples, but the difference was not statistically significant (p = 
0.701 between young and old SHR). 

We also tested if there was any correlation between ACE-activity in the intes-
tinal lysates and the amount of corticosterone secreted into the incubation su-
pernatant, but we did not find any significant correlation when all the values 
(young and old, WKs and SHRs) were taken into account (Figure 3). This was 
also the case, when the calculation was conducted separately using the ileal or 
colonic values (data not shown). 

4. Discussion 

Our hypothesis was that, as in the arterial endothelium [29], low-grade inflam-
mation would be detectable with different biomarkers in intestinal epithelium. 
Low-grade inflammation has been reported in the vasculature of hypertensive 
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animals and humans [31] [32] and as endothelial dysfunction in old animals and 
elderly people [33]. As shown by us [18] [23] and others [2] [3] [22] in incuba-
tions with ileal and colonic slices, ACE protein and corticosterone are released 
into the incubation buffer and in mice, their releases correlate with each other. 
In the present study, we used two strains of rats, spontaneously hypertensive 
(SHR) and their normotensive controls, Wistar-Kyoto (WK) rats. Additionally, 
we studied two different age groups, young (9 - 10 wk) and old (26 weeks) from 
both strains. Several RAS components are overexpressed in the kidney of SHR 
rats [34]. This study shows that ACE activity increases in the intestine of other-
wise healthy animals, but the increase was not more pronounced in animals 
which are genetically susceptible to hypertension and have an elevated expres-
sion of RAS components. 

The ACE activity in the tissue lysates normalized to tissue protein levels was low 
but measurable using the Hip-His-Leu method. Hip-His-Leu is considered to be a 
specific substrate of ACE in various tissue lysates [35]. However, ACE activity was 
not completely inhibited by captopril in pilot in vitro experiments using intestine 
tissue lysates (data not shown). Therefore, it is possible that some of the meas-
ured HL formation could be due to other peptidase activities in the gut, a tissue 
which is specialized in digesting proteins and other nutrients. On the other hand, 
early studies on intestinal ACE showed that three peaks of ACE activity could be 
separated and purified by Sepharyl gel filtration from human intestinal ho-
mogenates [36] and all of them could be inhibited by captopril. Diet can influ-
ence ACE activity in the intestinal epithelium. A diet rich in proline (e.g. gelatin) 

 

 
Figure 3. Correlation of ACE activity and corticosterone production in the gut (n = 46). 
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particularly effectively increases intestinal levels of two prolyl peptidases namely 
ACE and dipeptidyl peptidase IV [37] [38]. This favours the proposal that at 
least part of the measured intestinal ACE activity may be digestive peptidase ac-
tivity and this activity is inducible.  

We found that young hypertensive SHRs had a higher activity of ACE in il-
eum compared to their normotensive WK counterparts, while in old rats, the 
situation was opposite. This is in disagreement with the findings of Costerousse 
et al. [39] that the membrane bound ACE activity as well as Ace mRNA amount 
were significantly higher in the normotensive rat strain than in their 
stroke-prone hypertensive relatives. These authors stressed that in addition to 
plasma ACE levels, genetic variability also determined differential Ace mRNA 
and membrane bound enzyme levels in somatic tissues. However, it is difficult to 
explain why this genetic determination would be opposite in young rats in the 
present study. It is not known whether the actual blood pressure levels in young 
SHRs vs malignant hypertension in stroke prone SHRs could provide some ex-
planation. 

In many post-mortem human tissues, ACE activity has been detected mainly 
in the membrane fraction of the homogenates [40]. It has long been known that 
the lung possesses high ACE activity and it has been considered as a reference 
tissue, although interestingly, kidney, duodenum and ileum, as well uterus have 
displayed higher activities than the lung. The authors suggested that ACE may 
possess a digestive or detoxifying role in the small intestine and kidney, as well 
as functioning to activate angiotensin I. The hypothesis that ACE could be 
viewed as a digestive enzyme for dietary peptides was postulated by Erickson et 
al. (1992) [4] and is supported by the discussion presented above. 

In the elderly population, a chronic subclinical inflammatory status coexists 
with immune dysfunction. Special interest has been focussed on the intestine 
[41]. With aging of the intestinal epithelium, ischemic changes, low-grade in-
flammation and the increased use of nonsteroidal anti-inflammatory drugs 
hamper the normal function and regenerative capacity of the epithelial barrier 
which can lead to a mucosal injury [26] [42]. In addition, hypertension has been 
proposed to induce a low-grade inflammation in the gut epithelium [43]. We 
hypothesized that inflammatory changes could be balanced with increased cor-
ticosterone production, but no correlation was found between these two vari-
ables. In our previous studies, ACE release from the intestinal membranes was 
associated with increased corticosterone production following dextran sodium 
sulfate-induced colitis, a treatment which causes a more severe inflammation 
compared with the low-grade inflammation associated with age- and hyperten-
sion-induced changes [23]. Furthermore, we reported that angiotensin II in-
creases intestinal corticosterone production in healthy intestine in vitro [23]. 
The interaction between the local RAS and corticosteroid synthesis in vascula-
ture, heart and brain has been reviewed and discussed (MacKenzie et al., 2002) 
[44]. 
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Age, as such, is an important factor which influences Ace gene expression, 
plasma and tissue levels of ACE activity. Costerousse et al. [45] studied these 
parameters in 1-day to 3-month old rats and detected a progressive and promi-
nent increase of both Ace mRNA and the microsomal ACE concentration in the 
lung. The elevation in plasma levels was related to the maturation of thyroid 
function. Interestingly, intestinal Ace mRNA and ACE activity were very high at 
birth and then rapidly declined during the next two weeks. One can speculate 
that this is related with weaning from their dams and changing diets, similarly to 
the change occurring in epithelial lactase activity in the gut [46]. It would be 
enlightening to examine whether the differences were more marked in compari-
son to very old animals. Our findings and previous studies [47] stress that in ad-
dition to the strain of mice or rats, their age and gender are extremely important 
in planning and performing a physiological experiment. 

5. Conclusion 

We have compared ACE activity and corticosterone production in the small and 
large intestines of young and old SHR and WK rats. We reveal that ACE activity 
increases in the small intestine of both normotensive and hypertensive rats with 
age but in large intestine, the increase occurs only in the normotensive WK ani-
mals. We also show that the level of ACE activity is strain-dependent in the gut 
i.e. ACE activity is lower in the old SHR rats compared with their WK counter-
parts. Corticosterone production did not show any dependency on age or blood 
pressure, in support of the evidence that the inflammation associated with aging 
or hypertension is relatively mild. We suggest that low-grade inflammatory 
processes due to aging or hypertension or together are not strong enough stimuli 
to trigger a clear increase in corticosterone production, at least in in vitro condi-
tions. On the other hand, the prominent increase in ACE activity in healthy 
animals points towards the presence of a low-grade inflammation in the gut 
epithelium related to aging. Further studies on markedly older normotensive 
and hypertensive animals will be needed to resolve the present dilemma. 
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