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Abstract: (1) Background: Prolonged feeding with a high-fat diet (HFD) acts as a stressor by acti-
vating the functions of the hypothalamic-pituitary-adrenal gland (HPA) stress axis, accompanied
of hypertension by inducing the renin-angiotensin-aldosterone system. Angiotensinases enzymes
are regulatory aminopeptidases of angiotensin metabolism, which together with the dipeptidyl
peptidase IV (DPP-IV), pyroglutamyl- and tyrosyl-aminopeptidase (pGluAP, TyrAP), participate in
cognitive, stress, metabolic and cardiovascular functions. These functions appear to be modulated by
the type of fat used in the diet. (2) Methods: To analyze a possible coordinated response of aminopep-
tidases, their activities were simultaneously determined in the hypothalamus, adenohypophysis and
adrenal gland of adult male rats fed diets enriched with monounsaturated (standard diet (S diet)
supplemented with 20% virgin olive oil; VOO diet) or saturated fatty acids (diet S supplemented with
20% butter and 0.1% cholesterol; Bch diet). Aminopeptidase activities were measured by fluorimetry
using 2-Naphthylamine as substrates. (3) Results: the hypothalamus did not show differences in any
of the experimental diets. In the pituitary, the Bch diet stimulated the renin-angiotensin system (RAS)
by increasing certain angiotensinase activities (alanyl-, arginyl- and cystinyl-aminopeptidase) with
respect to the S and VOO diets. DPP-IV activity was increased with the Bch diet, and TyrAP activity
decrease with the VOO diet, having both a crucial role on stress and eating behavior. In the adrenal
gland, both HFDs showed an increase in angiotensinase aspartyl-aminopeptidase. The interrelation
of angiotensinases activities in the tissues were depending on the type of diet. In addition, corre-
lations were shown between angiotensinases and aminopeptidases that regulate stress and eating
behavior. (4) Conclusions: Taken together, these results support that the source of fat in the diet
affects several peptidases activities in the HPA axis, which could be related to alterations in RAS,
stress and feeding behavior.

Keywords: aminopeptidase; angiotensinase; dipeptidyl peptidase IV; high-fat diet; hypothalamus-
pituitary-adrenal axis; renin-angiotensin system; stress

1. Introduction

Continuous exposure to environmental stressors stimulates a grouped adaptive re-
sponse, arbitrated by the activation of different neural circuits involved in emotional
and cognitive processing, including the hypothalamic-pituitary-adrenal (HPA) axis and
associated with the renin-angiotensin-aldosterone (RAAS) system and hypertension [1,2].

Hyperactivity of the HPA axis has been observed in certain subgroups of patients
with anxiety and mood disorders [1]. HPA axis is an important neuroendocrine stress
system and high fat diets (HFD) are capable of inducing alterations in the basal regulatory
activity of the HPA axis, being related to obesity, different responses to the development of
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metabolic syndrome (MetS), stress, anxiety, anhedonia and certain behavioral changes [3–9].
The results of the activation of the HPA axis are limited and inconclusive as they differ
due to the wide range of animal models and methodological differences used, such as the
experimental conditions and the content/duration of the diets [4,10]. The mineralocorticoid
aldosterone is an important regulator of blood pressure (BP) and electrolyte balance,
being stimulated by HFD and its excess is counterproductive because it is associated with
cardiometabolic alterations [11–14]. A mechanism of adaptation to stress is provided by
glucocorticoid hormones, however, variations in their receptor function alter the activity
of the HPA axis as compensatory activity, thereby presenting normal lipid and glucose
homeostasis [15].

The renin-angiotensin system (RAS) has a fundamental role in cardiovascular physi-
ology through its effects on the regulation of blood pressure and electrolyte balance [16].
On the other hand, also as another adaptation mechanism to the excess of glucocorticoids,
it is associated with hypertension due to activation of the RAAS [15,17], and propensity
to suffer metabolic diseases via RAAS [2,15]. The obesogenic HFDs appear to be limiting
in the adaptations of the activity of the HPA axis and of the RAS [15]. The HPA axis
participates in the homeostasis of cardiovascular functions and in the regulation of BP,
where the RAS plays an important role [18,19]. The HPA axis and RAAS are well known
to be associated with hypertension [20], however, the underlying mechanisms are not yet
clear. Angiotensin II (Ang-II), which is associated with hypertension, also induces inflam-
mation of the brain and can induce depressive behaviors through microglial activation
in the hippocampus and hyperactivation of the HPA axis in mice [21]. The metabolism
of angiotensins and vasopressin depends on the action of certain aminopeptidases (APs)
whose activity may be influenced by sympathetic tone [18,19,22]. HFDs influence the
classical main components of the local and central RAS, as well as the behavior of other
non-classical RAS elements such as Ang 2–10, Ang-III, Ang-IV. These metabolites are regu-
lated by angiotensinase enzymes (Figure 1), among them we find the activities: aspartyl-AP
(AspAP; EC 3.4.11.21), hydrolyzes Ang-I to form Ang 2–10; glutamyl-AP (GluAP or AP-A;
EC 3.4.11.7), hydrolyzes Ang-II to form Ang-III; alanyl-AP (AlaAP or AP-M; EC 3.4.11.2)
and arginyl-AP (ArgAP or AP-B; EC 3.4.11.6), in charge of transforming Ang-III into Ang-IV
and Ang 4–8; cystinyl-AP or insulin-regulated AP (CysAP or IRAP; EC 3.4.11.3), which is
recognized as the binding site for the Ang-IV receptor (AT4), which in turn shares catalytic
centers for oxytocin and vasopressin [22–27]. Angiotensinases are known to be closely
related to cognitive, metabolic and cardiovascular functions, but the type of fat in the diet
can influence angiotensinases and, consequently, behavior [28]. RAS activation stimu-
lates catecholamine and NPY secretion [29–32], furthermore, NPY itself is also capable of
regulating catecholamine biosynthesis in the brain [33] and in the adrenal gland [34,35].

Several studies consider that a diet high in saturated fat, regardless of obesity, alters
the function of the HPA axis and contributes in different ways to behavior, stress and
anxiety [36,37]. Consuming saturated fat increases sensitivity to NPY [38]. It is suggested
that the increase in central levels of NPY mitigate the threshold of response to stress
and depression, causing a phenotype resistant to stress in animal models that present
mutations in the gene that expresses DPP-IV [39,40]. Dipeptidyl peptidase IV (DPP-IV,
CD26; EC 3.4.14.5) is an enzyme associated with the distribution of body fat [41] and
modifiable by the type of fat [23,24,42], with post-proline activity that cleaves several
relevant peptides for energy homeostasis [23,43], but neuropeptide Y (NPY) is the best and
main substrate for DPP-IV [44], a peptide known for its endogenous anxiolytic effect on
the central nervous system (CNS) (Figure 1).
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Figure 1. Downstream summary diagram of the classical and non-classical pathway of the renin-
angiotensin system (RAS) and its interaction with stimulatory-hydrolyzing pathways of neuropep-
tide Y (NPY) and catecholamines. ACE: angiotensin converting enzyme AlaAP: alanyl-aminopepti-
dase; Ang 2-10: Angiotensin 2-10; Ang-I: angiotensin I; Ang-II: angiotensin II; Ang-III: angiotensin 
III; Ang-IV: angiotensin IV; ArgAP: arginyl-aminopeptidase; AspAP: aspartyl-aminopeptidase; 
cHP: histidyl-proline diketopiperazine; DPP-IV: dipeptidyl peptidase IV; GluAP: glutamyl-ami-
nopeptidase; AT4/IRAP/CysAP: angiotensin IV receptor/insulin-regulated aminopeptidase/cysti-
nyl-aminopeptidase; NH2: amino terminal; NPY: neuropeptide Y; pGluAP: pyroglutamyl-ami-
nopeptidase; TH: tyrosine hydroxylase; TRH: Thyrotropin-releasing hormone; Tyr: tyrosine; TyrAP: 
tyrosyl-aminopeptidase. 
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have the ability to modify the biological functions of pGluAP [22,23,48]. (II) the tyrosyl-
aminopeptidase amino-enkephalinase (TyrAP; EC 3.4.11.-) [49], preferentially releasing 
amino (NH2)-terminal tyrosine residues [22], absolutely necessary for neuropeptides to 
exert analgesic effects and as a treatment in the delay of neurodegenerative diseases and 
mental disorders [50,51], with recognized regulation of intake-satiety, hedonic control, 
and intermediate metabolism [23]. 

Figure 1. Downstream summary diagram of the classical and non-classical pathway of the
renin-angiotensin system (RAS) and its interaction with stimulatory-hydrolyzing pathways
of neuropeptide Y (NPY) and catecholamines. ACE: angiotensin converting enzyme AlaAP:
alanyl-aminopeptidase; Ang 2-10: Angiotensin 2-10; Ang-I: angiotensin I; Ang-II: angiotensin
II; Ang-III: angiotensin III; Ang-IV: angiotensin IV; ArgAP: arginyl-aminopeptidase; AspAP:
aspartyl-aminopeptidase; cHP: histidyl-proline diketopiperazine; DPP-IV: dipeptidyl peptidase
IV; GluAP: glutamyl-aminopeptidase; AT4/IRAP/CysAP: angiotensin IV receptor/insulin-regulated
aminopeptidase/cystinyl-aminopeptidase; NH2: amino terminal; NPY: neuropeptide Y; pGluAP:
pyroglutamyl-aminopeptidase; TH: tyrosine hydroxylase; TRH: Thyrotropin-releasing hormone; Tyr:
tyrosine; TyrAP: tyrosyl-aminopeptidase.

The role of different APs that act on substrates that determine the activation of the
HPA axis is also recognized, among them: (I) Pyroglutamyl-aminopeptidase (pGluAP; EC
3.4.11.8), an enzyme that degrades the Thyrotropin-releasing hormone (TRH) substrate
(Figure 1) [45], implicated in energy metabolism associated with the regulation of eating
behavior [23,46] and mental stress disorders [47]. Furthermore, it is known that HFDs
have the ability to modify the biological functions of pGluAP [22,23,48]. (II) the tyrosyl-
aminopeptidase amino-enkephalinase (TyrAP; EC 3.4.11.-) [49], preferentially releasing
amino (NH2)-terminal tyrosine residues [22], absolutely necessary for neuropeptides to
exert analgesic effects and as a treatment in the delay of neurodegenerative diseases and
mental disorders [50,51], with recognized regulation of intake-satiety, hedonic control, and
intermediate metabolism [23].

However, on the HPA axis, the behavior of the dietary fatty acid type on the regulatory
mechanisms of the non-classical RAS pathway and its implication as a stress pathway is
still not entirely clear. The objective of this study was to investigate the effect of diets high
in saturated fat (SAFA) and monounsaturated (MUFA) on the activation of the HPA axis,
especially in the relationship between RAS classical/non-classical homeostasis regulatory
APs and APs related to stress and energy metabolism under long-term HFD-induced stress
conditions. The hypothesis of this work is based on a possible capacity of olive oil to
normalize the RAS activities and the activities involved in the regulation of stress and
energy metabolism of the HPA axis. This implies a beneficial effect of diets with a higher
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MUFA content, compared to SAFA diets, by reducing overstimulation of the RAS pathway
and its implication in the onset of stress.

2. Materials and Methods
2.1. Animals and Diets

For the experiments, they were started with adult male Wistar rats from the supplier
Harlan Interfauna Ibérica SA (Barcelona, Spain), when they were 6 months old to simu-
late the effect of a high-fat diet in adults and an approximate body weight of ±495 g, as
described [24]. The experimental designs were previously approved by the Institutional
Committee for Animal Care and Use of the University of Jaén, with project code number
PIUJA_2005_acción 14 (1 January 2006), under Directive 2010/63/EU of the Council of Com-
munities European Regulations and the Spanish Regulation RD 53/2013. The availability of
food and drink was ad libitum for 24 weeks, under controlled conditions of 12 h light: 12 h
darkness, stable values of temperature (20–25 ◦C) and humidity (50 ± 5%). The rats were
randomly separated by dietary groups: (1) a control group, called the standard diet (diet S,
n = 6), which corresponded to a commercial feed for laboratory rodents (Panlab, Barcelona,
Spain), with a composition nutritional consisting of proteins (16.5%), total fat (3%), carbo-
hydrates (60%, nitrogen-free extract (NFE)), minerals (5%) and fiber (4%). (2) The other
two groups corresponded to high-fat diets (HFD), based on diet S but supplemented with
a predominantly high composition in MUFA (20% virgin olive oil; VOO diet, n = 5) or
SAFA (20% butter + 0.1% cholesterol; diet Bch, n = 5) to simulate the average cholesterol
content of the western diet. The VOO diet contained virgin olive oil from the Coopera-
tiva de los Villares (Jaén, Spain), with a total content (%) of monounsaturated fatty acid
(MUFA: 75.5% oleic acid, C18:1ω-9), acid saturated fatty acid (SAFA: 11.5% palmitic acid,
C16:0) and polyunsaturated fatty acid (PUFA: 7.5% linoleic acid, C18:2 ω-6). Furthermore,
the VOO diet contained polyphenols (0.105 g/100 g) and α-tocopherol (0.050 g/100 g) as
unsaponifiable components. The Bch diet contained butter from Hacendado (Valencia,
Spain), composed of a total content (%) of monounsaturated fatty acid (MUFA: 29% oleic
acid, C18:1), saturated fatty acid (SAFA: 62% palmitic and stearic acid, C16:0 and C18:0),
classified polyunsaturated fatty acids (PUFA: 4% C16:0), short and medium chain fatty
acids (C4–C14) and α-tocopherol (0.0004 g/100 g). The VOO and Bch diets were isocaloric
among themselves (VOO: 1848 KJ/100 g vs. Bch: 1827 KJ/100 g), but hypercaloric with
respect to the S diet (1392 KJ/100 g), as described in previous works laboratory studies
where only the Bch diet shows alterations in lipid metabolism, increased adipocytokine,
leptin, increased lipemia and body weight as previously described [23–25]. At the end of
24 weeks, the rats were sacrificed under deep anesthesia with Equitensin (2 mL/kg body
weight) and perfused with saline solution (0.9% NaCl) through the left ventricle. The brain
and left adrenal gland were removed, rapidly freezing in liquid nitrogen to separate the
hypothalamus and the anterior lobe region of the pituitary (adenohypophysis), as previ-
ously described [25,52] and using the Paxinos and Watson brain atlas as a reference [53].
The samples were stored at −80 ◦C until use.

2.2. Assay of Aminopeptidase Activities

Homogenization of the samples was necessary to separate them into two fractions,
soluble (sol) and bound to the membrane (mb). A first homogenization of the samples in
10 volumes of 10 mM Tris-HCl buffer (pH 7.4) and their subsequent ultracentrifugation
at 100,000× g for 30 min at 4 ◦C allowed obtaining a supernatant containing the soluble
fraction, a fraction that it will serve for the measurement in triplicate of the enzymatic
activities and the protein content. The solubilization of the pellet with the previous ho-
mogenization buffer to which 1% Triton-X-100 detergent is added will allow the extraction
of proteins from the membrane after ultracentrifuge again at 100,000× g for 30 min at
4 ◦C. The supernatants were kept at least 4 h at 4 ◦C under agitation with SM-2 biobeads
(100 mg/mL) (Bio-Rad, Richmond, VA, USA) to remove the detergent and solubilize the
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membrane proteins. The resulting samples corresponding to the membrane-bound fraction
were used to again measure enzyme activities and protein content in triplicate.

The enzymatic activities of sol/mb fractions of angiotensinases (AlaAP, ArgAP, AspAP,
CysAP and GluAP), APs of eating behavior (DPP-IV and pGluAP), stress level regulator’s
APs (TyrAP) and biomarker Proline-iminopeptidase (PIP) were assesed by a fluorometric
method using amino-acyl-β-naphthylamides (aa-β-NA) as substrates according to the
methods of different authors [54–56] modified by Prieto and Ramírez [57,58]: L-Ala-,
L-Arg-, L-Asp-, L-Cys- or L-Glu-β-NA for angiotensinases; L-Gly-Pro-β-NA for DPP-IV:
L-pGlu-β-NA for pGluAP; L-Pro-β-NA for PIP; and L-Tyr-β-NA for TyrAP, respectively.
Inside 96-well black plates, 10 µL/well of the supernatant sample (sol or mb) was pipetted
along with 100 µL/well of substrate solutions, accompanied by an incubation at 37 ◦C for
30 min. Reactions are automatically stopped after 30 min of incubation by the addition of
100 µL/well of 0.1 M acetate buffer (pH 4.2). The enzymatic activity releases β-NA easily
quantifiable by fluorimetry at emission wavelength of 412 nm and excitation wavelength
of 345 nm. The activities of each tissue fraction were expressed as pmol of L-aa-β-NA
hydrolysates per minute and per mg of protein (pmol aa-β-NA/min/mg prot). All chemical
products were supplied by Sigma-Aldrich (St. Louis, MO, USA). PIP (EC 3.4.11.5) is
considered a local biomarker [59–62] capable of hydrolyzing prolyl NH2-terminal residues
of various peptides [59], however, its functional relationship in the brain to RAS changes
by different HFDs is unknown.

2.3. Protein Measurement

Proteins were quantified by the Bradford method [63], using a bovine serum albumin
prediluted protein concentration standard (1.0 mg/mL) (BSA; Sigma-Aldrich, St. Louis,
MO, USA) dissolved in homogenization buffer.

2.4. Statistic Analysis

Statistical analysis was determined with one-way ANOVA and identifying multiple
comparisons with Tukey’s post-hoc test. When the normality test is not successful, it
was verified with a Kruskal-Wallis one-way range analysis of variance. Pearson’s corre-
lation coefficient helped establish the relationship between the AP activities of the HPA
axis. Statistical estimates were made with Sigmaplot v11.0 software (Systat Software,
Inc., San José, CA, USA). Statistically significant differences were considered when the
p value was less than 0.05 (p < 0.05). Values are presented as mean ± standard error of the
mean (SEM).

3. Results

The experimental diets showed significant changes in the proteolytic activities of
the pituitary gland and the adrenal gland. In the hypothalamus, no significant changes
were observed in all the activities measured after the administration of the HFDs (data in
Supplementary Materials).

3.1. Angiotensinase Activities

In summary, the Bch diet showed increases in the activities AlaAP (sol/mb), ArgAP
(mb), and CysAP (sol) in the pituitary gland compared to the S and VOO diet. Interestingly,
the VOO diet presented similar values to the S diet. In the adrenal gland, only the AspAP
(sol) activity with the HFDs was significantly elevated compared to the S diet.

3.1.1. Aspartyl-Aminopeptidase Activity

The significant conversion of Ang-I to Ang 2–10 was carried out only in the adrenal
gland (Figure 2F). AspAP activity was not significant with any of the HFDs in the pituitary
(Figure 2A), however, with the HFDs it showed high activity only in the soluble fraction of
the adrenal gland (S: 18.19 ± 0.45; VOO: 28.33 ± 3.79; Bch: 27.23 ± 3.81; Figure 2F, left).
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With the Bch diet, AspAP activity was elevated in both fractions of the pituitary gland, but
without being significant (Figure 2A).
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3.1.2. Glutamyl-Aminopeptidase Activity

The experimental diets did not show significant differences in the hydrolyzing activity
of Ang-II (Figure 2B–G). Despite this, there is evidence indicating an increase in GluAP
(mb) activity in the pituitary (Figure 2B, right).

3.1.3. Alanyl-Aminopeptidase and Arginyl-Aminopeptidase Activities

The metabolism of Ang-III into Ang-IV was highlighted by AlaAP and ArgAP ac-
tivities in the pituitary gland, but not in the adrenal tissue (Figure 2C,D,H,I). The Bch
diet increased AlaAP activity with respect to the S and VOO diets in both fractions of
the pituitary gland (soluble fraction, S: 2027.08 ± 180.69; VOO: 2361.64 ± 112.38; Bch:
2955.28 ± 75.31; membrane-bound fraction, S: 4120.29 ± 286.42; VOO: 4156.58 ± 227.06;
Bch: 5553.27 ± 522.90; Figure 2C–H). Similar to AlaAP activity, an increase in ArgAP (mb)
activity was also found against S and VOO diets of the pituitary (S: 2876.15 ± 299.72; VOO:
3023.28 ± 47.22; Bch: 3810.46 ± 213.85; Figure 2D, right). HFD did not modify AlaAP and



Nutrients 2021, 13, 3939 7 of 18

ArgAP activities in the adrenal gland (Figure 2H,I), despite the existence of indications of
an increase in ArgAP (sol) activity with the VOO diet (Figure 2I, left). On the other hand,
the non-significant increases of the Bch diet in the activities AlaAP (mb) and ArgAP (sol
and mb) of the adrenal gland are also evidenced to a greater extent (Figure 2H,I).

3.1.4. Cystinyl-Aminopeptidase Activity

As a continuation of the previous metabolic pathway, only the Bch diet was able to
regulate CysAP activity, which translates into an increase in AT4 receptor or CysAP (sol)
activity with diet Bch versus S and VOO diets in the pituitary (S: 614.03 ± 37.24; VOO:
666.70 ± 32.79; Bch: 822.35 ± 48.02; Figure 2E, left). The adrenal gland did not present
alterations in CysAP activity with HFDs (Figure 2J), despite showing signs of increased
activity with the VOO and Bch diets in its soluble fraction, and only with the Bch diet in
the membrane bound fraction.

3.1.5. Interrelation and Intrarelation of Angiotensinase Activities in the Tissues That Form
the Hypothalamic-Pituitary-Adrenal Axis

Although the hypothalamus did not show significant differences in angiotensinase ac-
tivities, it showed significant correlations between many angiotensinase activities of the hy-
pothalamus (Figure 3 right; for more details see group correlation in Supplementary Table S1).
Furthermore, hypothalamus and adenohypophysis also showed interrelationships for Ar-
gAP (sol) and CysAP (sol) activities (Figure 3, left; for more details see: Supplementary Table S2).
A stratified correlation (Figure S1) showed that the Bch diet was the cause of the group
difference in the CysAP activities found between the hypothalamus and the pituitary.
However, with the ArgAP activity between these two organs, the stratified correlation
only observed an association with diet S. In the downstream axis, the CysAP (sol) activity
was again interrelated between the pituitary and the adrenal gland (Figure 3 left; for more
details see: Supplementary Table S2). A stratified correlation indicated (Figure S1) that the
Bch diet did not reach significance but presented a strong association between the CysAP
activity of both organs.

3.2. Dipeptidyl Peptidase IV, Pyroglutamyl-Aminopeptidase and Tyrosyl-Aminopeptidase Activities

The Bch diet significantly increased DPP-IV (sol) activity in the pituitary (S: 532.96 ± 28.05
vs. Bch: 651.73 ± 17.93; Figure 4C, left), but also suggests a non-significant increase of
DPP-IV (mb) (Figure 4C, right). In the adrenal gland, increases in DPP-IV activity were
suggested with both HFDs, but without being significant (Figure 4F).

None of the components of the HPA axis showed changes in the pGluAP activities
after the administration of the HFD diets (Figure 4A,D; Supplementary Table S3). Despite
this, a non-significant increase was shown in the adrenal gland with the two experimental
diets, but the membrane fraction showed the highest activity with the Bch diet (Figure 4D).

Only the VOO diet was able to show less significant values of TyrAP activity in pitu-
itary gland with respect to the Bch diet (VOO: 2377.77 ± 203.59 vs. Bch: 3072.27 ± 113.57;
Figure 4B, left). However, in a non-significant way, with the Bch diet an increase in TyrAP
activity was observed in all fractions of the pituitary and adrenal gland (Figure 4E).
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3.3. Interrelation between Stress Activities and Eating Behavior with RAS Regulatory Activities

The interconnection of RAS activation to induce the regulation of other pathways is
evident in Figure 1. The fractions of each tissue demonstrated the existence of correlations
between the activities of energy metabolism associated with stress and eating behavior
(DPP-IV and pGluAP) and of the behavior by enkephalinergic activity (TyrAP) with
angiotensinase activities (Supplementary Table S5). In the hypothalamus, the interrelation
between DPP-IV with pGluAP and TyrAP activities occurred only in the soluble fraction
(Supplementary Table S5).

In the pituitary, the interrelationships between DPP-IV with pGluAP and TyrAP activi-
ties were significant in the soluble and membrane-bound fractions, but the interrelationship
between the pGluAP and TyrAP activities were only significant in the soluble fraction
(Supplementary Table S5).

In the adrenal gland, interrelationships between DPP-IV activities with pGluAP and
TyrAP occurred in both the soluble and membrane-bound fractions. However, the corre-
lation between the pGluAP with TyrAP activities were only significant in the membrane-
bound fraction (Supplementary Table S5).
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to histidyl-proline diketopiperazine (cyclo [His-Pro]; CHP) by hydrolytic action of pGluAP activity. (A,D) pGluAP (sol
and mb) activity of the pituitary and adrenal glands. (H) Schematic representation of TyrAP activity, which cleaves the
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in the soluble (sol) and membrane-bound (mb) fractions of the pituitary and adrenal glands. S: standard diet; VOO: diet
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(S). # p-value < 0.05, compared between HFDs (VOO vs. Bch).

3.4. Proline-Iminopeptidase Activity like Neuromarker in Hypothalamus and Pituitary

The biomarker PIP (sol) showed in the pituitary a significant increase in activity
with the Bch diet (S: 430.85 ± 15.78 vs. Bch: 520.04 ± 19.99; Figure 5, left; for more
details: Supplementary Table S4). In addition, PIP (sol/mb) of the pituitary show sig-
nificant correlations with angiotensinase activities and regulators of stress and behavior
(Supplementary Table S6). An interesting data is found in the soluble fraction of the pitu-
itary, where the PIP activity presented the highest correlations in the following order with
DPP-IV > AlaAP > pGluAP activities. In the membrane-bound fraction of the pituitary,
of all the most significant correlations, the highest appeared in the following order with
CysAP > pGluAP > TyrAP.

The hypothalamus, despite having non-significant activities, presented correlations
very similar to that of the pituitary (Supplementary Table S6).
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Figure 5. Proline-iminopeptidase (PIP) activity as neuromarker in pituitary, which cleaves the amino
(NH2)-Proline (Pro) of peptide substrate. Mb: membrane-bound (mb) fraction; S: standard diet;
Sol: soluble fraction; VOO: diet enriched with virgin olive oil; Bch: diet enriched with butter and
cholesterol. The activities were expressed as picomoles of β-naphthylamide per minute per milligram
of protein (pmol/min/mg prot.). * p-value < 0.05, compared to standard diet (S).

4. Discussion

Chronic exposure to diets high in SAFA is known to act as a stressor that triggers stress
due to hyperactivation of the HPA axis and associates it with a dominant increase in RAS
and hypertension [9]. This work tries to understand how different types of HFDs (SAFA or
MUFA) can intervene in the PA activities that regulate the RAS, stress and eating behavior,
as well as to verify the existence of association between these activities. Furthermore,
another interesting perspective was to check whether the cardiovascular benefits of olive
oil have an implication on the mechanisms that regulate the aforementioned PA activities
and their association between them. The administration of the Bch diet to the animals
activated the non-classical RAS response in the anterior pituitary with the activities AlaAP
(sol/mb), ArgAP (mb), CysAP (sol), in relation to the S and VOO diets. This central
mechanism would explain in our experiments the increase in systolic BP (SBP) together
with the changes in the angiotensinase activities of the kidney that we recently described,
being the GluAP (sol) and CysAP (sol) activities of the renal medulla very high with the
Bch diet compared to S and VOO diets [22].

Our results differ with those of other works, where the CysAP activity is not significant
and the AlaAP activity is opposite in the frontal cortex of animals fed diets with a higher
proportion of MUFA (olive oil or Iberian lard) or SAFA (coconut), However, diets with
similar proportions of MUFA/PUFA and low proportion of SAFA (fish or sesame oil)
presented lower values of AlaAP activity [28] that would correspond more precisely to the
membrane-bound fraction [64].

A recent study in our laboratory in mice shows that with a diet of extra virgin olive
oil (EVOO) the hypothalamic concentrations of Ang-II, Ang-III and Ang-IV are reduced,
and neither the activity nor the gene expression change GluAP in hypothalamus [25].
In addition, a diet with butter increases the gene expression of GluAP and reduces its
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activity in the hypothalamus [25]. However, in our work we did not observe significant
changes in any hypothalamic AP activity after HFD administration.

In the adrenal gland, a high response of AspAP (sol) activity was only observed
with both HFDs Although the RAS axis regulates BP and acts on energy metabolism, the
impact of HFDs on angiotensinases in the adrenal gland remains unknown. More studies
would be needed to clarify the role of fatty acids on angiotensinase activities in the adrenal
gland. In spite of everything, remarkable inter- and intra-correlations of angiotensinase
activities were found between the components of the HPA axis, from which it was shown
that separate diets have the ability to regulate APs activities.

Excess lipids in the diet alter the function of the HPA axis and promote anxiety-like
behavior, however it is not entirely clear if these changes are based on high body weight
and if these effects are specific to some type of fatty acid from the diet [37]. Other works
contradict each other, where HFD would present anxiolytic properties and would be re-
lated to changes in HPA function [65]. There is evidence that prolonged high exposure to
HFD causes leptin resistance and marked neuroendocrine impairment in central feedback
loops of the HPA-norepinephrine stress axis [6]. A long-term SAFA diet intake, without
increasing body weight, increases cortisol levels and modulates the central feedback pro-
cesses of the HPA axis, without affecting anxiety-like behavior [37]. This suggests that the
anxiogenic effects of prolonged HFD feeding may depend on a more pronounced metabolic
dysfunction [37]. Due to this, this work focused on these aspects through APs activities
that associate the regulation of RAS and metabolism associated with stress and behavior in
the HPA axis.

DPP-IV, in addition to inactivating incretin hormones, mediates the degradation of
many chemokines and neuropeptides. Decreased DPP-IV activity has been reported in
sera from depressed patients [44]. However, increased DPP-IV activity is also associated
with the prevalence of HFD-induced obesity, depression, and cognitive impairment in
metabolic diseases in adults [66–69]. HFD induces regulation of DPP-IV substrate (NPY)
in hypothalamic neurons [70], however, our results did not appreciate changes in DPP-IV
activity in the hypothalamus, but a high DPP-IV activity in the pituitary with the Bch diet.
A recent study of depression in mice shows that the impact of HFD lengthened behavior,
as a consequence of a decrease in the expression of NPY in the hypothalamus and pituitary,
while the levels of NPY and the DPP-IV activity increased in plasma [71].

Ang-II induces the secretion and release of catecholamines and NPY to a greater extent
through stimulation of the AT1 receptor in primary cultures of human adrenal chromaffin
cells [72]. HFD feeding affects catecholamine and NPY biosynthesis in the adrenal medulla
in sympathetic response to stress along with increased BP, heart rate (HR), and delayed
cardiovascular recovery after stress [73]. In addition, HFD increases the protein expression
of the Ang-II receptor type 1 (AT1) in the hypothalamus, and also increases the levels of
adrenomedullary tyrosine hydroxylase and NPY [73]. Our results did not show DPP-IV
and TyrAP activity in the adrenal gland with HFD, but, as we have explained previously,
an increase in DPP-IV activity was observed in the soluble fraction of the pituitary with
the Bch diet and a higher TyrAP activity with the Bch diet than with the VOO diet in the
soluble fraction of the pituitary. The intake behavior of the DPP-IV and TyrAP activities in
the pituitary could be linked to previous results where, despite reducing the dietary intake
with both HFDs, a significant increase in body weight was observed with the Bch diet and
maintenance of weight with the VOO diet [23].

The significant difference between HFD diets in the adrenal gland would indicate
that with the VOO diet it would have the lowest release of tyrosine residues and, with it,
a reduction in the formation of catecholamines that would supposedly associate it with
low levels of stress. In other words, the reduced TyrAP activity in the VOO diet would
imply low levels of this enzyme which, together with a lower response in the induction
of catecholamines, would exert a less analgesic role in the adenohypophysis due to not
presenting disorders. The Bch diet showed a considerable non-significant increase in
TyrAP activity in the pituitary and adrenal glands. Stress induces the activation of brain
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TyrAP [49] and a diet with virgin olive oil is capable of reducing the TyrAP activity in the
soluble and membrane-bound fractions of the renal medulla [22].

As the highest stress on the APs regulatory activities of RAS and NPY hydrolysis
occurred with the Bch diet in the soluble fraction of the pituitary sample, the marker of
PIP functionality in the pituitary was subsequently verified. According to the previous
results, the Bch diet also marked a significant increase in PIP activity in the soluble fraction
of the pituitary. Possibly the high activity of this marker is the reflection of a significant
correlation with APs activities regulating stress metabolism (DPP-IV) and RAS (AlaAP).

Activation of the RAS, or Ang-II itself, also seems to be involved in the effects of
TRH on central cardiovascular regulation, being key in the etiology of hypertension [74].
The activation of AT1 receptors of the pituitary Ang-II and TRH stimulates the produc-
tion of inositol phosphate, regulates the mobilization of intracellular Ca2+ and induces
the secretion of adenohypophyseal hormones [75–77]. pGluAP has TRH as a substrate
and produces the antioxidant and anti-inflammatory histidyl-proline diketopiperazine
(cyclo [His-Pro]; cHP) as a product [78–80], but both exert effects on the CNS that include
excitement and depression [47,81,82]. cHP has the ability to regulate central and local
catecholamine levels [83,84], exert a neuroprotective role [80,85,86], stimulate neurogen-
esis in hippocampus [87] and treat metabolic diseases [88]. The metabolites of pGluAP
have the ability to bind specifically to the adrenal glands and liver [23,89] and regulate
catecholamine secretion [85]. Regulation of pGluAP appears to play a role in CNS stress
and memory [83]. Previous studies in our laboratory identified that HFD modifies the
local activity of pGluAP [24,49], however, our results with HFD did not alter pGluAP
activity in the HPA axis, suggesting that it has no metabolic participation in cardiovascular
regulation and energy homeostasis under stress conditions. It seems that imbalances in
the HPA axes are accompanied by disorders in the hypothalamic-pituitary-thyroid (HPT)
axis, both of which are frequently associated with CNS disorders, but the role of biological
dysregulations of pituitary secretions on their target organs remains unclear [90,91].

This work showed as a novelty that olive oil can affect the regulation of blood pressure
of HPA axis, protecting from an overactivation of the non-classic RAS, followed by a benefit
on the enzymes that participate in dietary and stress control. However, there are limitations
in our study that make it difficult to translate from animals to humans. Specifically, there is
a lot of variability in the results of these experiments depending on the type of animal and
proportions of the diet used. In addition, these results include a study started in a small
number of male animals (n = 5–6/group) of advanced age (6 months of age), of which it
would be necessary to increase the number of animals to reduce variability and include the
female gender as a mixed study.

5. Conclusions

This study implies a participation of dietary fat on central and local APs that regu-
late RAS and stress components (Figure 6). The greatest involvement of angiotensinase
activities occurs in the pituitary, showing an activation of the RAS pathway with the Bch
diet; however, the VOO diet seems to go against the results with the Bch diet, presenting
significantly lower values. In the adrenal gland, only its soluble fraction showed an increase
in AspAP activity, suggesting a greater conversion of Ang-I to Ang 2–10. The pituitary
also presented changes in the activities involved in stress behavior, where the Bch diet
implied an increase in DPP-IV activities linked to an increase in the biomarker PIP. On the
other hand, TyrAP (sol) activity in pituitary showed with VOO diet lower values of TyrAP
activity with respect to the Bch diet, implying a decrease in sympathetic activity as a
reflection of a lower angiotensinase activity. A future study of the possible interaction
between the hypothalamic-pituitary-adrenal/thyroid axes associated with HFDs would
allow to further narrow the relationship between cardiovascular homeostasis and stress
energy homeostasis. Given that the axis of stress induced by HFD is closely regulated by
leptin [6], it would be necessary to know how the saponifiable and minor components
of virgin olive oil (in the short and long term) in adipose tissue influence dopaminergic,
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noradrenergic, thyroid (HPT) and adrenal (HPA) activities. Despite olive oil being a major
benefactor in RAS regulation, its role in stress regulation remains unknown.
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Abbreviations

AlaAP alanyl-aminopeptidase
Ang angiotensin
AP aminopeptidase
ArgAP arginyl-aminopeptidase
AspAP aspartyl-aminopeptidase
Bch butter plus cholesterol
BP blood pressure
CysAP cystinyl-aminopeptidase
CNS central nervous system
DPP-IV dipeptidyl peptidase IV
GluAP glutamyl-aminopeptidase
HFD high-fat diet
IRAP insulin-regulated aminopeptidase
MUFA monounsaturated fatty acids
pGluAP pyroglutamyl-aminopeptidase
PIP Proline-iminopeptidase
RAS renin–angiotensin system
S standard
SAFA saturated fatty acids
TyrAP Tyrosyl-aminopeptidase
VOO virgin olive oil

References
1. Tafet, G.E.; Nemeroff, C.B. Pharmacological Treatment of Anxiety Disorders: The Role of the HPA Axis. Front. Psychiatry 2020,

11, 443. [CrossRef] [PubMed]
2. Daimon, M.; Kamba, A.; Murakami, H.; Mizushiri, S.; Osonoi, S.; Matsuki, K.; Sato, E.; Tanabe, J.; Takayasu, S.; Matsuhashi, Y.;

et al. Dominance of the hypothalamus-pituitary-adrenal axis over the renin-angiotensin-aldosterone system is a risk factor for
decreased insulin secretion. Sci. Rep. 2017, 7, 11360. [CrossRef]

3. Niu, X.; Wu, X.; Ying, A.; Shao, B.; Li, X.; Zhang, W.; Lin, C.; Lin, Y. Maternal high fat diet programs hypothalamic-pituitary-
adrenal function in adult rat offspring. Psychoneuroendocrinology 2019, 102, 128–138. [CrossRef] [PubMed]

4. Auvinen, H.E.; Romijn, J.A.; Biermasz, N.R.; Pijl, H.; Havekes, L.M.; Smit, J.W.; Rensen, P.C.; Pereira, A.M. The effects of high fat
diet on the basal activity of the hypothalamus-pituitary-adrenal axis in mice. J. Endocrinol. 2012, 214, 191–197. [CrossRef]

5. Liu, L.; Yang, J.; Qian, F.; Lu, C. Hypothalamic-pituitary-adrenal axis hypersensitivity in female rats on a post-weaning high-fat
diet after chronic mild stress. Exp. Ther. Med. 2017, 14, 439–446. [CrossRef] [PubMed]

6. Shin, A.C.; MohanKumar, S.M.J.; Balasubramanian, P.; Sirivelu, M.P.; Linning, K.; Woolcock, A.; James, M.; MohanKumar, P.S.
Responsiveness of hypothalamo-pituitary-adrenal axis to leptin is impaired in diet-induced obese rats. Nutr. Diabetes 2019, 9, 10.
[CrossRef]

7. Dutheil, S.; Ota, K.T.; Wohleb, E.S.; Rasmussen, K.; Duman, R.S. High-Fat Diet Induced Anxiety and Anhedonia: Impact on Brain
Homeostasis and Inflammation. Neuropsychopharmacology 2016, 41, 1874–1887. [CrossRef]

8. Yang, J.L.; Liu, D.X.; Jiang, H.; Pan, F.; Ho, C.S.; Ho, R.C. The Effects of High-Fat-Diet Combined with Chronic Unpredictable
Mild Stress on Depression-like Behavior and Leptin/LepRb in Male Rats. Sci. Rep. 2016, 6, 35239. [CrossRef] [PubMed]

9. Sivanathan, S.; Thavartnam, K.; Arif, S.; Elegino, T.; McGowan, P.O. Chronic high fat feeding increases anxiety-like behaviour
and reduces transcript abundance of glucocorticoid signalling genes in the hippocampus of female rats. Behav. Brain Res. 2015,
286, 265–270. [CrossRef]

http://doi.org/10.3389/fpsyt.2020.00443
http://www.ncbi.nlm.nih.gov/pubmed/32499732
http://doi.org/10.1038/s41598-017-10815-y
http://doi.org/10.1016/j.psyneuen.2018.12.003
http://www.ncbi.nlm.nih.gov/pubmed/30544004
http://doi.org/10.1530/JOE-12-0056
http://doi.org/10.3892/etm.2017.4498
http://www.ncbi.nlm.nih.gov/pubmed/28672951
http://doi.org/10.1038/s41387-019-0076-y
http://doi.org/10.1038/npp.2015.357
http://doi.org/10.1038/srep35239
http://www.ncbi.nlm.nih.gov/pubmed/27739518
http://doi.org/10.1016/j.bbr.2015.02.036


Nutrients 2021, 13, 3939 15 of 18

10. Auvinen, H.E.; Romijn, J.A.; Biermasz, N.R.; Havekes, L.M.; Smit, J.; Rensen, P.C.; Pereira, A.M. Effects of high fat diet on the
Basal activity of the hypothalamus-pituitary-adrenal axis in mice: A systematic review. Horm. Metab. Res. 2011, 43, 899–906.
[CrossRef]

11. Weldon, S.M.; Brown, N.F. Inhibitors of Aldosterone Synthase. Vitam. Horm. 2019, 109, 211–239. [CrossRef] [PubMed]
12. Kawarazaki, W.; Fujita, T. The Role of Aldosterone in Obesity-Related Hypertension. Am. J. Hypertens. 2016, 29, 415–423.

[CrossRef] [PubMed]
13. Aroor, A.R.; Habibi, J.; Nistala, R.; Ramirez-Perez, F.I.; Martinez-Lemus, L.A.; Jaffe, I.Z.; Sowers, J.R.; Jia, G.; Whaley-Connell, A.

Diet-Induced Obesity Promotes Kidney Endothelial Stiffening and Fibrosis Dependent on the Endothelial Mineralocorticoid
Receptor. Hypertension 2019, 73, 849–858. [CrossRef] [PubMed]

14. Hayakawa, T.; Minemura, T.; Onodera, T.; Shin, J.; Okuno, Y.; Fukuhara, A.; Otsuki, M.; Shimomura, I. Impact of MR on Mature
Adipocytes in High-Fat/High-Sucrose Diet-Induced Obesity. J. Endocrinol. 2018, 239, 63–71. [CrossRef]

15. Michailidou, Z.; Carter, R.N.; Marshall, E.; Sutherland, H.G.; Brownstein, D.G.; Owen, E.; Cockett, K.; Kelly, V.; Ramage, L.; Al-
Dujaili, E.A.; et al. Glucocorticoid receptor haploinsufficiency causes hypertension and attenuates hypothalamic-pituitary-adrenal
axis and blood pressure adaptions to high-fat diet. FASEB J. 2008, 22, 3896–3907. [CrossRef]

16. Ferrario, C.M. Role of angiotensin II in cardiovascular disease therapeutic implications of more than a century of research.
J. Renin Angiotensin Aldosterone Syst. 2006, 7, 3–14. [CrossRef]

17. Ivy, J.R.; Evans, L.C.; Moorhouse, R.; Richardson, R.V.; Al-Dujaili, E.A.S.; Flatman, P.W.; Kenyon, C.J.; Chapman, K.E.; Bailey, M.A.
Renal and Blood Pressure Response to a High-Salt Diet in Mice with Reduced Global Expression of the Glucocorticoid Receptor.
Front. Physiol. 2018, 9, 848. [CrossRef]

18. Prieto, I.; Segarra, A.B.; de Gasparo, M.; Martínez-Cañamero, M.; Ramírez-Sánchez, M. Divergent profile between hypothalamic
and plasmatic aminopeptidase activities in WKY and SHR. Influence of beta-adrenergic blockade. Life Sci. 2018, 192, 9–17.
[CrossRef] [PubMed]

19. Segarra, A.B.; Prieto, I.; Martínez-Cañamero, M.; de Gasparo, M.; Luna, J.d.D.; Ramírez-Sánchez, M. Thyroid Disorders Change
the Pattern of Response of Angiotensinase Activities in the Hypothalamus-Pituitary-Adrenal Axis of Male Rats. Front. Endocrinol.
2018, 9, 731. [CrossRef] [PubMed]

20. Daimon, M.; Kamba, A.; Murakami, H.; Takahashi, K.; Otaka, H.; Makita, K.; Yanagimachi, M.; Terui, K.; Kageyama, K.;
Nigawara, T.; et al. Association Between Pituitary-Adrenal Axis Dominance Over the Renin-Angiotensin-Aldosterone System
and Hypertension. J. Clin. Endocrinol. Metab. 2016, 101, 889–897. [CrossRef]

21. Park, H.S.; You, M.J.; Yang, B.; Jang, K.B.; Yoo, J.; Choi, H.J.; Lee, S.H.; Bang, M.; Kwon, M.S. Chronically infused angiotensin II
induces depressive-like behavior via microglia activation. Sci. Rep. 2020, 10, 22082. [CrossRef]

22. Domínguez-Vías, G.; Segarra, A.B.; Ramírez-Sánchez, M.; Prieto, I. Effects of Virgin Olive Oil on Blood Pressure and Renal
Aminopeptidase Activities in Male Wistar Rats. Int. J. Mol. Sci. 2021, 22, 5388. [CrossRef] [PubMed]

23. Domínguez-Vías, G.; Segarra, A.B.; Ramírez-Sánchez, M.; Prieto, I. The Role of High Fat Diets and Liver Peptidase Activity in the
Development of Obesity and Insulin Resistance in Wistar Rats. Nutrients 2020, 12, 636. [CrossRef] [PubMed]

24. Domínguez-Vías, G.; Segarra, A.; Martínez-Cañamero, M.; Ramírez-Sánchez, M.; Prieto, I. Influence of a Virgin Olive Oil versus
Butter plus Cholesterol-Enriched Diet on Testicular Enzymatic Activities in Adult Male Rats. Int. J. Mol. Sci. 2017, 18, 1701.
[CrossRef] [PubMed]

25. Segarra, A.B.; Domínguez-Vías, G.; Redondo, J.; Martínez-Cañamero, M.; Ramírez-Sánchez, M.; Prieto, I. Hypothalamic Renin–
Angiotensin System and Lipid Metabolism: Effects of Virgin Olive Oil versus Butter in the Diet. Nutrients 2021, 13, 480. [CrossRef]
[PubMed]

26. Domínguez-Vías, G.; Aretxaga-Maza, G.; Prieto, I.; Luna, J.D.D.; de Gasparo, M.; Ramírez-Sánchez, M. Diurnal opposite variation
between angiotensinase activities in photo-neuro-endocrine tissues of rats. Chronobiol. Int. 2017, 34, 1180–1186. [CrossRef]

27. Morais, R.L.; Hilzendeger, A.M.; Visniauskas, B.; Todiras, M.; Alenina, N.; Mori, M.A.; Araújo, R.C.; Nakaie, C.R.; Chagas,
J.R.; Carmona, A.K.; et al. High aminopeptidase A activity contributes to blood pressure control in ob/ob mice by AT2
receptor-dependent mechanism. Am. J. Physiol. Heart Circ. Physiol. 2017, 312, H437–H445. [CrossRef] [PubMed]

28. Segarra, A.B.; Prieto, I.; Banegas, I.; Martínez-Cañamero, M.; de Gasparo, M.; Vanderheyden, P.; Zorad, S.; Ramírez-Sánchez, M.
The Type of Fat in the Diet Influences the Behavior and the Relationship Between Cystinyl and Alanyl Aminopeptidase Activities
in Frontal Cortex, Liver, and Plasma. Front. Mol. Biosci. 2020, 7, 94. [CrossRef] [PubMed]

29. Grouzmann, E.; Werffeli-George, P.; Fathi, M.; Burnier, M.; Waeber, B.; Waeber, G. Angiotensin-II mediates norepinephrine and
neuropeptide-Y secretion in a human pheochromocytoma. J. Clin. Endocrinol. Metab. 1994, 79, 1852–1856. [CrossRef]

30. Westfall, T.C.; Macarthur, H.; Byku, M.; Yang, C.L.; Murray, J. Interactions of neuropeptide y, catecholamines, and angiotensin at
the vascular neuroeffector junction. Adv. Pharmacol. 2013, 68, 115–139. [CrossRef] [PubMed]

31. Byku, M.; Macarthur, H.; Westfall, T.C. Nerve stimulation induced overflow of neuropeptide Y and modulation by angiotensin II
in spontaneously hypertensive rats. Am. J. Physiol. Heart Circ. Physiol. 2008, 295, H2188–H2197. [CrossRef]

32. Nussdorfer, G.G.; Gottardo, G. Neuropeptide-Y family of peptides in the autocrine-paracrine regulation of adrenocortical function.
Horm. Metab. Res. 1998, 30, 368–373. [CrossRef]

33. Hong, M.; Li, S.; Pelletier, G. Role of neuropeptide Y in the regulation of tyrosine hydroxylase messenger ribonucleic acid levels
in the male rat arcuate nucleus as evaluated by in situ hybridization. J. Neuroendocrinol. 1995, 7, 25–28. [CrossRef] [PubMed]

http://doi.org/10.1055/s-0031-1291305
http://doi.org/10.1016/bs.vh.2018.10.002
http://www.ncbi.nlm.nih.gov/pubmed/30678857
http://doi.org/10.1093/ajh/hpw003
http://www.ncbi.nlm.nih.gov/pubmed/26927805
http://doi.org/10.1161/HYPERTENSIONAHA.118.12198
http://www.ncbi.nlm.nih.gov/pubmed/30827147
http://doi.org/10.1530/JOE-18-0026
http://doi.org/10.1096/fj.08-111914
http://doi.org/10.3317/jraas.2006.003
http://doi.org/10.3389/fphys.2018.00848
http://doi.org/10.1016/j.lfs.2017.11.022
http://www.ncbi.nlm.nih.gov/pubmed/29155297
http://doi.org/10.3389/fendo.2018.00731
http://www.ncbi.nlm.nih.gov/pubmed/30555423
http://doi.org/10.1210/jc.2015-3568
http://doi.org/10.1038/s41598-020-79096-2
http://doi.org/10.3390/ijms22105388
http://www.ncbi.nlm.nih.gov/pubmed/34065436
http://doi.org/10.3390/nu12030636
http://www.ncbi.nlm.nih.gov/pubmed/32121057
http://doi.org/10.3390/ijms18081701
http://www.ncbi.nlm.nih.gov/pubmed/28777292
http://doi.org/10.3390/nu13020480
http://www.ncbi.nlm.nih.gov/pubmed/33572630
http://doi.org/10.1080/07420528.2017.1354871
http://doi.org/10.1152/ajpheart.00485.2016
http://www.ncbi.nlm.nih.gov/pubmed/27940965
http://doi.org/10.3389/fmolb.2020.00094
http://www.ncbi.nlm.nih.gov/pubmed/32500082
http://doi.org/10.1210/jcem.79.6.7989494
http://doi.org/10.1016/B978-0-12-411512-5.00006-3
http://www.ncbi.nlm.nih.gov/pubmed/24054142
http://doi.org/10.1152/ajpheart.00384.2008
http://doi.org/10.1055/s-2007-978900
http://doi.org/10.1111/j.1365-2826.1995.tb00663.x
http://www.ncbi.nlm.nih.gov/pubmed/7735294


Nutrients 2021, 13, 3939 16 of 18

34. Hong, M.; Li, S.; Fournier, A.; St-Pierre, S.; Pelletier, G. Role of Neuropeptide Y in the Regulation of Tyrosine Hydroxylase Gene
Expression in Rat Adrenal Glands. Neuroendocrinology 1995, 61, 85–88. [CrossRef] [PubMed]

35. Renshaw, D.; Hinson, J.P. Neuropeptide Y and the Adrenal Gland: A Review. Peptides 2001, 22, 429–438. [CrossRef]
36. Sullivan, E.L.; Riper, K.M.; Lockard, R.; Valleau, J.C. Maternal high-fat diet programming of the neuroendocrine system and

behavior. Horm. Behav. 2015, 76, 153–161. [CrossRef] [PubMed]
37. Hryhorczuk, C.; Décarie-Spain, L.; Sharma, S.; Daneault, C.; Rosiers, C.D.; Alquier, T.; Fulton, S. Saturated high-fat feeding inde-

pendent of obesity alters hypothalamus-pituitary-adrenal axis function but not anxiety-like behaviour. Psychoneuroendocrinology
2017, 83, 142–149. [CrossRef]

38. van den Heuvel, J.K.; Eggels, L.; van Rozen, A.J.; Luijendijk, M.C.; Fliers, E.; Kalsbeek, A.; Adan, R.A.; la Fleur, S.E. Neuropeptide
Y and leptin sensitivity is dependent on diet composition. J. Neuroendocrinol. 2014, 26, 377–385. [CrossRef] [PubMed]

39. Golub, Y.; Schildbach, E.M.; Touma, C.; Kratz, O.; Moll, G.H.; von Hörsten, S.; Canneva, F. Role of hypothalamus-pituitary-adrenal
axis modulation in the stress-resilient phenotype of DPP4-deficient rats. Behav. Brain Res. 2019, 356, 243–249. [CrossRef] [PubMed]

40. Canneva, F.; Golub, Y.; Distler, J.; Dobner, J.; Meyer, S.; von Hörsten, S. DPP4-Deficient Congenic Rats Display Blunted Stress,
Improved Fear Extinction and Increased Central NPY. Psychoneuroendocrinology 2015, 53, 195–206. [CrossRef] [PubMed]

41. Valerio, C.M.; de Almeida, J.S.; Moreira, R.O.; Aguiar, L.; Siciliano, P.O.; Carvalho, D.P.; Godoy-Matos, A.F. Dipeptidyl
peptidase-4 levels are increased and partially related to body fat distribution in patients with familial partial lipodystrophy type
2. Diabetol. Metab. Syndr. 2017, 9, 26. [CrossRef]

42. Domínguez-Vías, G.; Segarra, A.B.; Ramírez-Sánchez, M.; Prieto, I. High-Fat Diets Modify the Proteolytic Activities of Dipeptidyl-
Peptidase IV and the Regulatory Enzymes of the Renin–Angiotensin System in Cardiovascular Tissues of Adult Wistar Rats.
Biomedicines 2021, 9, 1149. [CrossRef]

43. Pérez-Durillo, F.T.; Segarra, A.B.; Villarejo, A.B.; Ramírez-Sánchez, M.; Prieto, I. Influence of Diet and Gender on Plasma DPP4
Activity and GLP-1 in Patients with Metabolic Syndrome: An Experimental Pilot Study. Molecules 2018, 23, 1564. [CrossRef]
[PubMed]

44. Wagner, L.; Kaestner, F.; Wolf, R.; Stiller, H.; Heiser, U.; Manhart, S.; Hoffmann, T.; Rahfeld, J.U.; Demuth, H.U.; Rothermundt, M.;
et al. Identifying neuropeptide Y (NPY) as the main stress-related substrate of dipeptidyl peptidase 4 (DPP4) in blood circulation.
Neuropeptides 2016, 57, 21–34. [CrossRef]

45. Prasad, C.; Jayaraman, A. Metabolism of thyrotropin-releasing hormone in human cerebrospinal fluid. Isolation and characteriza-
tion of pyroglutamate aminopeptidase activity. Brain Res. 1986, 364, 331–337. [CrossRef]

46. Marubashi, S.; Kunii, Y.; Tominaga, M.; Sasaki, H. Modulation of plasma glucose levels by thyrotropin-releasing hormone
administered intracerebroventricularly in the rat. Neuroendocrinology 1988, 48, 640–644. [CrossRef] [PubMed]

47. Iriuchijima, T.; Prasad, C.; Wilber, J.F.; Jayaraman, A.; Rao, J.K.; Robertson, H.J.; Rogers, D.J. Thyrotropin-releasing hormone
and cyclo (His-Pro)-like immunoreactivities in the cerebrospinal fluids of ‘normal’ infants and adults, and patients with various
neuropsychiatric and neurologic disorders. Life Sci. 1987, 41, 2419–2428. [CrossRef]

48. Arechaga, G.; Prieto, I.; Segarra, A.B.; Alba, F.; Ruiz-Larrea, M.B.; Ruiz-Sanz, J.I.; de Gasparo, M.; Ramirez, M. Dietary fatty acid
composition affects aminopeptidase activities in the testes of mice. Int. J. Androl. 2002, 25, 113–118. [CrossRef] [PubMed]

49. De Gandarias, J.M.; Irazusta, J.; Echevarria, E.; Lagüera, M.D.; Casis, L. Effect of swimming-to-exhaustion stress on the Tyr-
aminopeptidase activity in different brain areas of the rat. Int. J. Neurosci. 1993, 69, 137–141. [CrossRef] [PubMed]

50. Hui, K.S. Brain-specific aminopeptidase: From enkephalinase to protector against neurodegeneration. Neurochem. Res. 2007,
32, 2062–2071. [CrossRef]

51. de Gandarias, J.M.; Astiazaran, J.I.; Varona, A.; Fernández, D.; Gil, J.; Casis, L. Effect of lithium treatments on the tyrosine-
aminopeptidase activities in the rat brain and the pituitary gland. Arzneimittelforschung 1999, 49, 816–819. [CrossRef]

52. Prieto, I.; Segarra, A.B.; Vargas, F.; Alba, F.; de Gasparo, M.; Ramírez, M. Angiotensinase activity in hypothalamus and pituitary
of hypothyroid, euthyroid and hyperthyroid adult male rats. Horm. Metab. Res. 2003, 35, 279–281. [CrossRef]

53. Paxinos, G.; Watson, C. The Rat Brain in Stereotaxic Coordinates, 6th ed.; Elsevier: Amsterdam, The Netherlands; Academic Press:
Boston, MA, USA, 2007.

54. Greenberg, L.J. Fluorometric Measurement of Alkaline Phosphatase and Aminopeptidase Activities in the Order of 10-14 Mole.
Biochem. Biophys. Res. Commun. 1962, 9, 430–435. [CrossRef]

55. Cheung, H.S.; Cushman, D.W. A soluble aspartate aminopeptidase from dog kidney. Biochim. Biophys. Acta. 1971, 242, 190–193.
[CrossRef]

56. Tobe, H.; Kojima, F.; Aoyagi, T.; Umezawa, H. Purification by affinity chromatography using amastatin and properties of
aminopeptidase A from pig kidney. Biochim. Biophys. Acta. 1980, 613, 459–468. [CrossRef]

57. Prieto, I.; Martínez, J.M.; Hermoso, F.; Ramírez, M.J.; de Gasparo, M.; Vargas, F.; Alba, F.; Ramírez, M. Effect of valsartan on
angiotensin II- and vasopressin-degrading activities in the kidney of normotensive and hypertensive rats. Horm. Metab. Res. 2001,
33, 559–563. [CrossRef] [PubMed]

58. Ramírez, M.; Prieto, I.; Banegas, I.; Segarra, A.B.; Alba, F. Neuropeptidases. Methods Mol. Biol. 2011, 789, 287–294. [CrossRef]
59. Matsushima, M.; Takahashi, T.; Ichinose, M.; Miki, K.; Kurokawa, K.; Takahashi, K. Structural and immunological evidence for the

identity of prolyl aminopeptidase with leucyl aminopeptidase. Biochem. Biophys. Res. Commun. 1991, 178, 1459–1464. [CrossRef]
60. Turzynski, A.; Mentlein, R. Prolyl aminopeptidase from rat brain and kidney. Action on peptides and identification as leucyl

aminopeptidase. Eur. J. Biochem. 1990, 190, 509–515. [CrossRef] [PubMed]

http://doi.org/10.1159/000126816
http://www.ncbi.nlm.nih.gov/pubmed/7731501
http://doi.org/10.1016/S0196-9781(01)00353-9
http://doi.org/10.1016/j.yhbeh.2015.04.008
http://www.ncbi.nlm.nih.gov/pubmed/25913366
http://doi.org/10.1016/j.psyneuen.2017.06.002
http://doi.org/10.1111/jne.12155
http://www.ncbi.nlm.nih.gov/pubmed/24698502
http://doi.org/10.1016/j.bbr.2018.08.029
http://www.ncbi.nlm.nih.gov/pubmed/30176267
http://doi.org/10.1016/j.psyneuen.2015.01.007
http://www.ncbi.nlm.nih.gov/pubmed/25635612
http://doi.org/10.1186/s13098-017-0226-0
http://doi.org/10.3390/biomedicines9091149
http://doi.org/10.3390/molecules23071564
http://www.ncbi.nlm.nih.gov/pubmed/29958403
http://doi.org/10.1016/j.npep.2016.02.007
http://doi.org/10.1016/0006-8993(86)90845-0
http://doi.org/10.1159/000125075
http://www.ncbi.nlm.nih.gov/pubmed/2977989
http://doi.org/10.1016/0024-3205(87)90667-9
http://doi.org/10.1046/j.1365-2605.2002.0334a.x
http://www.ncbi.nlm.nih.gov/pubmed/11903661
http://doi.org/10.3109/00207459309003324
http://www.ncbi.nlm.nih.gov/pubmed/8083000
http://doi.org/10.1007/s11064-007-9356-3
http://doi.org/10.1055/s-0031-1300507
http://doi.org/10.1055/S-2003-41302
http://doi.org/10.1016/0006-291X(62)90029-3
http://doi.org/10.1016/0005-2744(71)90098-2
http://doi.org/10.1016/0005-2744(80)90100-X
http://doi.org/10.1055/s-2001-17207
http://www.ncbi.nlm.nih.gov/pubmed/11561217
http://doi.org/10.1007/978-1-61779-310-3_18
http://doi.org/10.1016/0006-291X(91)91057-J
http://doi.org/10.1111/j.1432-1033.1990.tb15603.x
http://www.ncbi.nlm.nih.gov/pubmed/2373079


Nutrients 2021, 13, 3939 17 of 18

61. Koll, M.; Ahmed, S.; Mantle, D.; Donohue, T.M.; Palmer, T.N.; Simanowski, U.A.; Seltz, H.K.; Peters, T.J.; Preedy, V.R. Effect of
acute and chronic alcohol treatment and their superimposition on lysosomal, cytoplasmic, and proteosomal protease activities in
rat skeletal muscle in vivo. Metabolism 2002, 51, 97–104. [CrossRef]

62. Hiraoka, B.Y.; Harada, M. Use of L-prolyl-L-leucylglycinamide (MIF-1) for the high-performance liquid chromatographic
determination of proline iminopeptidase activity in rat liver. J. Chromatogr. 1991, 563, 142–146. [CrossRef]

63. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

64. Segarra, A.B.; Prieto, I.; Martinez-Canamero, M.; Ruiz-Sanz, J.I.; Ruiz-Larrea, M.B.; de Gasparo, M.; Banegas, I.; Zorad, S.;
Ramirez-Sanchez, M. Enkephalinase activity is modified and correlates with fatty acids in frontal cortex depending on fish, olive
or coconut oil used in the diet. Endocr. Regul. 2019, 53, 59–64. [CrossRef] [PubMed]

65. McNeilly, A.D.; Stewart, C.A.; Sutherland, C.; Balfour, D.J. High fat feeding is associated with stimulation of the hypothalamic-
pituitary-adrenal axis and reduced anxiety in the rat. Psychoneuroendocrinology 2015, 52, 272–280. [CrossRef]

66. Zheng, T.; Liu, Y.; Qin, S.; Liu, H.; Yang, L.; Zhang, X.; Li, G.; Li, Q. Increased Dipeptidyl Peptidase-4 Activity Is Associated
with High Prevalence of Depression in Middle-Aged and Older Adults: A Cross-Sectional Study. J. Clin. Psychiatry 2016, 77,
e1248–e1255. [CrossRef] [PubMed]

67. Zheng, T.; Qin, L.; Chen, B.; Hu, X.; Zhang, X.; Liu, Y.; Liu, H.; Qin, S.; Li, G.; Li, Q. Association of Plasma DPP4 Activity with
Mild Cognitive Impairment in Elderly Patients with Type 2 Diabetes: Results from the GDMD Study in China. Diabetes Care 2016,
39, 1594–1601. [CrossRef]

68. Stephan, M.; Radicke, A.; Leutloff, S.; Schmiedl, A.; Pabst, R.; von Hörsten, S.; Dettmer, S.; Lotz, J.; Nave, H. Dipeptidyl peptidase
IV (DPP4)-deficiency attenuates diet-induced obesity in rats: Possible implications for the hypothalamic neuropeptidergic system.
Behav. Brain Res. 2011, 216, 712–718. [CrossRef] [PubMed]

69. Maes, M. Evidence for an immune response in major depression: A review and hypothesis. Prog. Neuropsychopharmacol.
Biol. Psychiatry 1995, 19, 11–38. [CrossRef]

70. Dalvi, P.S.; Chalmers, J.A.; Luo, V.; Han, D.Y.; Wellhauser, L.; Liu, Y.; Tran, D.Q.; Castel, J.; Luquet, S.; Wheeler, M.B.; et al. High fat
induces acute and chronic inflammation in the hypothalamus: Effect of high-fat diet, palmitate and TNF-α on appetite-regulating
NPY neurons. Int. J. Obes. 2017, 41, 149–158. [CrossRef]

71. Hassan, A.M.; Mancano, G.; Kashofer, K.; Fröhlich, E.E.; Matak, A.; Mayerhofer, R.; Reichmann, F.; Olivares, M.; Neyrinck,
A.M.; Delzenne, N.M.; et al. High-fat diet induces depression-like behaviour in mice associated with changes in microbiome,
neuropeptide Y, and brain metabolome. Nutr. Neurosci. 2019, 22, 877–893. [CrossRef]

72. Cavadas, C.; Grand, D.; Mosimann, F.; Cotrim, M.D.; Ribeiro, C.A.F.; Brunner, H.R.; Grouzmann, E. Angiotensin II Mediates
Catecholamine and Neuropeptide Y Secretion in Human Adrenal Chromaffin Cells through the AT1 Receptor. Regul. Pept. 2003,
111, 61–65. [CrossRef]

73. Erdos, B.; Broxson, C.S.; Cudykier, I.; Basgut, B.; Whidden, M.; Landa, T.; Scarpace, P.J.; Tümer, N. Effect of high-fat diet feeding
on hypothalamic redox signaling and central blood pressure regulation. Hypertens. Res. 2009, 32, 983–988. [CrossRef]

74. García, S.I.; Alvarez, A.L.; Porto, P.I.; Garfunkel, V.M.; Finkielman, S.; Pirola, C.J. Antisense inhibition of thyrotropin-releasing
hormone reduces arterial blood pressure in spontaneously hypertensive rats. Hypertension 2001, 37, 365–370. [CrossRef]

75. Velardez, M.O.; Benitez, A.H.; Cabilla, J.P.; Bodo, C.C.; Duvilanski, B.H. Nitric oxide decreases the production of inositol
phosphates stimulated by angiotensin II and thyrotropin-releasing hormone in anterior pituitary cells. Eur. J. Endocrinol. 2003,
148, 89–97. [CrossRef] [PubMed]

76. Iglesias, A.G.; Suárez, C.; Feierstein, C.; Díaz-Torga, G.; Becu-Villalobos, D. Desensitization of angiotensin II: Effect on [Ca2+]i,
inositol triphosphate, and prolactin in pituitary cells. Am. J. Physiol. Endocrinol. Metab. 2001, 280, 462–470. [CrossRef] [PubMed]

77. Login, I.S.; Judd, A.M.; Kuan, S.I.; MacLeod, R.M. Role of calcium in dopaminergic regulation of TRH- and angiotensin
II-stimulated prolactin release. Am. J. Physiol. 1991, 260, E553–E560. [CrossRef]

78. Prasad, C.; Mori, M.; Pierson, W.; Wilber, J.F.; Ewards, R.M. Developmental Changes in the Distribution of Rat Brain Pyroglutamate
Aminopeptidase, a Possible Determinant of Endogenous Cyclo(His-Pro) Concentrations. Neurochem. Res. 1983, 8, 389–399.
[CrossRef]

79. Prasad, C. Cyclo(His-Pro): Its distribution, origin and function in the human. Neurosci. Biobehav. Rev. 1988, 12, 19–22. [CrossRef]
80. Grottelli, S.; Costanzi, E.; Peirce, M.J.; Minelli, A.; Cellini, B.; Bellezza, I. Potential Influence of Cyclo(His-Pro) on Proteostasis:

Impact on Neurodegenerative Diseases. Curr. Protein Pept. Sci. 2018, 19, 805–812. [CrossRef]
81. Peterkofsky, A.; Battaini, F.; Koch, Y.; Takahara, Y.; Dannies, P. Histidyl-proline diketopiperazine: Its biological role as a regulatory

peptide. Mol. Cell. Biochem. 1982, 42, 45–63. [CrossRef]
82. Aguilar-Valles, A.; Sánchez, E.; de Gortari, P.; García-Vazquez, A.I.; Ramírez-Amaya, V.; Bermúdez-Rattoni, F.; Joseph-Bravo, P.

The expression of TRH, its receptors and degrading enzyme is differentially modulated in the rat limbic system during training
in the Morris water maze. Neurochem. Int. 2007, 50, 404–417. [CrossRef] [PubMed]

83. Jikihara, H.; Ikegami, H.; Koike, K.; Wada, K.; Morishige, K.; Kurachi, H.; Hirota, K.; Miyake, A.; Tanizawa, O. Intraventricular
administration of histidyl-proline-diketopiperazine [Cyclo(His-Pro)] suppresses prolactin secretion and synthesis: A possible role
of Cyclo(His-Pro) as dopamine uptake blocker in rat hypothalamus. Endocrinology 1993, 132, 953–958. [CrossRef]

84. Miyamori, C.; Murata, A.; Imura, E.; Sato, T. Effect of TRH and histidyl-proline diketopiperazine (cyclo(His-Pro)) on catecholamine
secretion. Nihon Naibunpi Gakkai Zasshi 1989, 65, 1226–1238. [CrossRef] [PubMed]

http://doi.org/10.1053/meta.2002.28967
http://doi.org/10.1016/0378-4347(91)80286-L
http://doi.org/10.1016/0003-2697(76)90527-3
http://doi.org/10.2478/enr-2019-0007
http://www.ncbi.nlm.nih.gov/pubmed/31517628
http://doi.org/10.1016/j.psyneuen.2014.12.002
http://doi.org/10.4088/JCP.15m10154
http://www.ncbi.nlm.nih.gov/pubmed/27529287
http://doi.org/10.2337/dc16-0316
http://doi.org/10.1016/j.bbr.2010.09.024
http://www.ncbi.nlm.nih.gov/pubmed/20887754
http://doi.org/10.1016/0278-5846(94)00101-M
http://doi.org/10.1038/ijo.2016.183
http://doi.org/10.1080/1028415X.2018.1465713
http://doi.org/10.1016/S0167-0115(02)00253-7
http://doi.org/10.1038/hr.2009.129
http://doi.org/10.1161/01.HYP.37.2.365
http://doi.org/10.1530/eje.0.1480089
http://www.ncbi.nlm.nih.gov/pubmed/12534362
http://doi.org/10.1152/ajpendo.2001.280.3.E462
http://www.ncbi.nlm.nih.gov/pubmed/11171601
http://doi.org/10.1152/ajpendo.1991.260.4.E553
http://doi.org/10.1007/BF00965728
http://doi.org/10.1016/S0149-7634(88)80069-1
http://doi.org/10.2174/1389203719666180430155112
http://doi.org/10.1007/BF00223538
http://doi.org/10.1016/j.neuint.2006.09.009
http://www.ncbi.nlm.nih.gov/pubmed/17101195
http://doi.org/10.1210/endo.132.3.7679984
http://doi.org/10.1507/endocrine1927.65.11_1226
http://www.ncbi.nlm.nih.gov/pubmed/2512185


Nutrients 2021, 13, 3939 18 of 18

85. Grottelli, S.; Ferrari, I.; Pietrini, G.; Peirce, M.J.; Minelli, A.; Bellezza, I. The Role of Cyclo(His-Pro) in Neurodegeneration.
Int. J. Mol. Sci. 2016, 17, 1332. [CrossRef]

86. Grottelli, S.; Mezzasoma, L.; Scarpelli, P.; Cacciatore, I.; Cellini, B.; Bellezza, I. Cyclo(His-Pro) inhibits NLRP3 inflammasome
cascade in ALS microglial cells. Mol. Cell. Neurosci. 2019, 94, 23–31. [CrossRef] [PubMed]

87. Choi, B.Y.; Kim, I.Y.; Kim, J.H.; Lee, B.E.; Lee, S.H.; Kho, A.R.; Sohn, M.; Suh, S.W. Zinc plus cyclo-(His-Pro) promotes hippocampal
neurogenesis in rats. Neuroscience 2016, 339, 634–643. [CrossRef]

88. Song, M.K.; Bischoff, D.S.; Song, A.M.; Uyemura, K.; Yamaguchi, D.T. Metabolic relationship between diabetes and Alzheimer’s
Disease affected by Cyclo(His-Pro) plus zinc treatment. BBA Clin. 2016, 7, 41–54. [CrossRef]

89. Bataini, F.; Koch, Y.; Takahara, Y.; Peterkofsky, A. Specific binding to adrenal particulate fraction of cyclo(histidyl-proline), a TRH
metabolite. Peptides 1983, 4, 89–96. [CrossRef]

90. Mokrani, M.C.; Duval, F.; Erb, A.; Lopera, F.G.; Danila, V. Are the thyroid and adrenal system alterations linked in depression?
Psychoneuroendocrinology 2020, 122, 104831. [CrossRef]

91. Duval, F.; Mokrani, M.C.; Erb, A.; Danila, V.; Lopera, F.G.; Jeanjean, L. Dopaminergic, Noradrenergic, Adrenal, and Thyroid
Abnormalities in Psychotic and Affective Disorders. Front. Psychiatry 2020, 11, 533872. [CrossRef]

http://doi.org/10.3390/ijms17081332
http://doi.org/10.1016/j.mcn.2018.11.002
http://www.ncbi.nlm.nih.gov/pubmed/30439413
http://doi.org/10.1016/j.neuroscience.2016.10.035
http://doi.org/10.1016/j.bbacli.2016.09.003
http://doi.org/10.1016/0196-9781(83)90172-9
http://doi.org/10.1016/j.psyneuen.2020.104831
http://doi.org/10.3389/fpsyt.2020.533872

	Introduction 
	Materials and Methods 
	Animals and Diets 
	Assay of Aminopeptidase Activities 
	Protein Measurement 
	Statistic Analysis 

	Results 
	Angiotensinase Activities 
	Aspartyl-Aminopeptidase Activity 
	Glutamyl-Aminopeptidase Activity 
	Alanyl-Aminopeptidase and Arginyl-Aminopeptidase Activities 
	Cystinyl-Aminopeptidase Activity 
	Interrelation and Intrarelation of Angiotensinase Activities in the Tissues That Form the Hypothalamic-Pituitary-Adrenal Axis 

	Dipeptidyl Peptidase IV, Pyroglutamyl-Aminopeptidase and Tyrosyl-Aminopeptidase Activities 
	Interrelation between Stress Activities and Eating Behavior with RAS Regulatory Activities 
	Proline-Iminopeptidase Activity like Neuromarker in Hypothalamus and Pituitary 

	Discussion 
	Conclusions 
	References

