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Abstract OBJECTIVES: Enkephalins functions are partly modulated by enkephalinases
especially membrane-bound alanyl aminopeptidase (EC-3.4.11.2) considered as
the major enkephalin-degrading enzyme in brain. The analysis of its activity in
standard and non-standard light/dark conditions may help the understanding of
the regulatory mechanisms of enkephalins.

METHODS: Enkephalinase activity was determined fluorometrically, using an
arylamide derivative as substrate, in hypothalamus and pituitary of adult male
rats, in a standard 12:12 h light/dark cycle; samples were collected at 10:00 h,
13:00 h and 16:00 h of the light period (light on from 7:00 to 19:00 h) and at 22:00
h, 01:00 h and 04:00 h of the dark one (light off from 19:00 h to 07:00 h). For
comparison, the enzymatic activity was also measured in the same locations at the
same time-points but under constant light conditions.

RESULTS: In standard light/dark conditions, the results demonstrated an opposite
daily rhythm in hypothalamus and pituitary. While the highest levels of AlaAP or
enkephalinase activities were measured in hypothalamus during the dark period,
they were the highest in the pituitary during the light one. In contrast, the lowest
levels of activity were observed in the light period in the hypothalamus whereas
they were in the dark one in the pituitary. A similar pattern was observed under
constant light. The differences were however higher in hypothalamus and lower,
but still significant, in pituitary.

CONCLUSION: These results may reflect the behaviour of the endogenous sub-
strates of enkephalinase and consequently be involved in their functions. This
observation may affect the chronotherapeutic strategies.
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INTRODUCTION

Enkephalins are involved in multiple neuroendocrine
and behavioural functions. They act as neuromodu-
lators regulating hypothalamic neurohormones and
pituitary hormones (Bodnar 2018). Importantly, these
neuropeptides and hormones as well as their func-
tions are under a circadian pattern influenced by
environmental light/dark conditions (Urbanski 2011).
Enkephalins are also under a circadian rhythm (Kumar
et al. 1982) which, as a consequence, may influence the
factors and functions regulated by them. Disruptions of
these rhythms may have important physiologic conse-
quences (Valdés-Tovar et al. 2015). The functional role
of enkephalins is regulated in part by enkephalinases
which may also be under a circadian pattern of activ-
ity. As it is possible to affect this enzymatic activity
through activators or inhibitors (Bonnard et al. 2016),
it is important to search for a possible daily rhythm for
this activity in standard and non-standard conditions.
This aspect has not yet been analysed. The purpose of
our study was to determine enkephalinase (EC 3.4.11.2,
AlaAP, APM) activity through a standard 12h/12h
light/dark cycle (07 h to 19 h light/ 19 h to 07 h dark)
and also under constant light conditions. This enzyme
is considered the major enkephalin-degrading enzyme
in the brain its distribution being similar to the one of
the enkephalin receptors (Hersh 1985). In addition to
enkephalins, this enzyme also hydrolyzes endorphins
(Danziger 2008), angiotensin III (Zini et al. 1996) and
the artificial substrate alanyl-p-naphthylamide (Hersh
et al. 1987).

MATERIALS AND METHODS

Seventy two adult male Wistar rats weighing 200-250 g
(at reception) were used. The animals were separated
in twelve groups (n=6 each) and housed in cages under
controlled temperature (25 °C) with free access to water
and food during at least 24 days until sacrifice. Six
groups were under a regular 12:12 h light:dark cycle,
with lights on from 07 to 19 h and off from 19 to 07 h.
The other six groups were under constant light during
such period of time. In each of the experimental condi-
tions (light/dark or constant light) six separated experi-
ments were performed using one different group for
each of the six time-points studied: 10:00, 13:00, and
16:00 h of the light period and 22:00, 01:00 and 04:00 h
of the dark period. The same time-points were analysed
in the groups under constant light. The experiments
were performed in summer. All the experiments were
carried out in accordance with the European Commu-
nities Council Directive 86/609/EEC and approved by
the bioethics committee of the University of Jaén. The
animals of each group were individually anaesthetized
with equithensin (2 ml/kg body weight) (42.5g/1 chlor-
alhydrate dissolved in 19.76 ml ethanol, 9.72 g/l Nem-
butal®, 0.3961/1 propylenglycol and 21.3 g/l magnesium

sulphate in distilled water). The brains, perfused with
saline through the left cardiac ventricle, were quickly
removed (less than 60 s) and cooled in dry ice. For the
dark period study, the animals were perfused under a
dim red light. At the time of the analysis, brains were
individually defrosted and sliced by hand with a blade.
The hypothalamus was identified in the slices and dis-
sected according to the stereotaxic atlas of Paxinos &
Watson (1998). The selected area (pooled left and right)
was between 7.7 mm and 3.7 mm anterior to the inter-
aural line with approximately 2 mm of thickness from
midline and 3 mm height from the base. The pituitary
gland (pooled anterior and posterior) was also dissected
and cooled in dry ice. The membrane-bound fraction
and the fluorometric measurement of enkephalinase
activity using L-alanyl-beta-naphthylamide as sub-
strate was previously described in details (Ramirez et
al. 2011). All enzymatic measures were performed on
the same day. Proteins were quantified in triplicate by
the method of Bradford (1976) using BSA as a standard.
Specific enkephalinase activity was expressed as nano-
moles of L-alanyl-beta-naphthylamide hydrolyzed per
minute per milligram of protein. The data were anal-
ysed with an ANOVA table as previously described in
details (Dominguez-Vias et al. 2017). Significant results
were declared at the 5% level. The analysis was per-
formed with Stata 14.0 software.

RESULTS

Under standard light/dark (12:12 h) conditions,
enkephalinase activity showed in hypothalamus a peak
at 13:00 h of the light period, differing significantly
from 10:00 h (p<0.001) and 16:00 h (p<0.01). In the
dark period, enkephalinase activity increased progres-
sively until a maximum at 04:00 h. At 22:00 h, the activ-
ity differed significantly from 10:00 h (p<0.001) and
16:00 h (p<0.001) without difference with 13:00h. At
01:00 h of the dark period, the activity differed signifi-
cantly from 10:00 h (p<0.001), 13:00 h (p<0.05) and
16:00 h (p<0.01). At 04:00 h enkephalinase activity
differed significantly from 10:00 h (p<0.001), 13:00 h
(p<0.01), 16:00 h (p<0.01) and 22:00 h (p<0.05). In the
pituitary, enkephalinase activity fell to its lowest levels
in the three time-points of the dark period, all of them
differing significantly (p<0.001) from all the time-
points tested in the light one. Enkephalinase activity
was always significantly higher in hypothalamus during
both light and dark period than in pituitary with a high
p<0.001 level except at 16:00 h where it was slightly
lower at p<0.01 (Figure 1).

Under constant light conditions, the activity in hypo-
thalamus was low at 10:00 h, 13:00 h and 16:00h (with-
out differences between these time-points). At 22:00 h,
01:00 h and 04:00 h the activity increased significantly
(p<0.001) in comparison with the three previous time-
points. In pituitary, there were no differences between
10:00 h, 13:00 h and 16:00 h. At 22:00 h, the enkepha-
linase activity was significantly lower (p<0.01) than
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the three previous time-points. At 01:00 h, the activity
was lower than at 10:00 h (p<0.01), 13:00 h (p<0.05)
and 16:00 h (p<0.05). At 04:00 h, no differences were
observed in comparison with any time-point. In con-
trast to the light/dark conditions, at 10:00 h, 13:00 h and
16:00 h the activity was higher (p<0.001) in pituitary
than in hypothalamus. However, the contrary occurred
at 22:00 h, 01:00 h and 04:00 h (Figure 1).

DISCUSSION

There is a daily regulation of neurohormone and hor-
mone profiles in which the hypothalamus-pituitary
axis (Urbanski 2011) and the pineal gland (Johnston
& Skene 2015) play a central role. Multiple patholo-
gies involve circadian disruptions of the physiological
rhythms and chronotherapeutic strategies are being
developed for their management (Smolensky et al.
2016). Daily fluctuating levels of Met-Enkephalin
were reported in hypothalamus showing low levels in
the morning and reaching a peak at midnight. Pine-
alectomy reduced or shift such increment observed at
midnight (Kumar ef al. 1982). Melatonin regulates the
circadian rhythm of opioids and also modulates their
synthesis in brain (Miguel Asai et al. 2007). The absence
of melatonin, induced by constant light, led to a sig-
nificant decrease of enkephalin in hypothalamus. Our
present results showing an increase of enkephalinase
activity in hypothalamus (high level of enzyme activity/
low level of substrate) agree with these results. Pyroglu-
tamyl peptidase I, an aminopeptidase involved in the
control of TRH, which in turn is modulated by hypo-
thalamic enkephalins (Tapia-Arancibia & Astier 1983),
is directly influenced by specific light-dark schedules
(Sanchez et al. 1996). The present data also clearly
indicate a direct effect of light and dark conditions on
enkephalinase activity and, consequently, on its endog-
enous substrates and the functions they control.

With regard to the role of enkephalins in analge-
sia, our knowledge about the chronobiological aspects
of pain is currently still partial (Junker & Wirz 2010).
Disruptions of the standard light/dark cycle such
as constant light conditions demonstrated that the
responsiveness to pain and the antinociceptive effects
of morphine increased in comparison with the stan-
dard light/dark condition (Oliverio ef al. 1982). The use
of opiates is an essential tool in the treatment of pain.
In order to prolong their effect, some agents are being
developed to prevent their enzymatic inactivation as it
is the case for specific enkephalinase inhibitors (Bon-
nard et al. 2016). The immune system is also under a
circadian pattern (Labrecque & Cermakian 2015) and
daily rhythm alterations have important effects on the
immune response through hormonal changes (Roberts
2000). Disruptions of these rhythms clearly alter the
immune response (Polidarova et al. 2017) as endog-
enous opioids modulate the immune system processes
(Finn et al. 2004).

Circadian rhythm of enkephalinase activity
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Fig. 1. Diurnal variation (upper figure) of enkephalinase activity in
hypothalamus (Ht) and pituitary (Pt) of adult male rats under
a 12:12 h light:dark cycle (light on from 07 h to 19 h) during at
least 24 days. The rats were sacrificed at 10:00 h (n=6), 13:00 h
(n=6) and 16:00 h (n=6) of the light period and at 22:00 h (n=6),
01:00 h (n=6) and 04:00 h (n=6) of the dark one. Similar analysis
with the same time-points and tissue collection were performed
in rats under constant light conditions (lower figure) during
also at least 24 days. Each point represents the mean + SEM
levels of enkephalinase activity expressed as nmol of alanyl-
beta-naphthylamide hydrolyzed per min per mg of proteins.
(a) indicates a significant difference versus 10 h (b) indicates
a significant difference versus 13 h (c) indicates a significant
difference versus 16 h. (d) indicates a significant difference
versus 22 h. Single letter (p<0.05); double letter (p<0.01); triple
letter (p<0.001).

The rhythmic pattern for enkephalinase activity
observed in the present work could explain in part
the results of the studies reported above as an example
and other processes in which enkephalins participate.
Moreover, it is necessary to consider that this enzyme
also metabolizes Ang III which is the main hyperten-
sive peptide of the renin-angiotensin system in brain
(Zini et al. 1996). Therefore, the use of inhibitors of this
AlaAP/Enkephalinase in hypertensive subjects should
consider a possible daily rhythm for this activity. In
this sense, it is necessary to recall the existence of circa-
dian rhythms for blood pressure (Hermida et al. 2013)
and for various components of the renin-angiotensin
system (Lemmer et al. 2000). Such circadian rhythms
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should therefore also be considered in antihypertensive
therapeutic strategies (Hermida et al. 2013; Domin-
guez-Vias et al. 2017).

In conclusion, enkephalinase activity showed a
significant opposite daily rhythm in hypothalamus
and pituitary in standard light/dark conditions which
change under non-standard conditions such as constant
light. This may reflect the behaviour of its endogenous
substrates and be involved in the circadian rhythm of
hormones, neurohormones and their functions. This
information improves our knowledge on enkephalin
regulation and may be important for our present chro-
nobiological strategies for several therapies.

ACKNOWLEDGEMENTS

This work was supported by Junta de Andalucia through
PAI CVI-221 (Peptides and Peptidases).

REFERENCES

1 Bodnar RJ (2018). Endogenous Opiates and Behavior: 2016.
Peptides 101: 167-212.

2 Bonnard E, Poras H, Fournié-Zaluski MC, Roques BP (2016). Pre-
ventive and alleviative effects of the dual enkephalinase inhibi-
tor (Denki) PL265 in a murine model of neuropathic pain. Eur J
Pharmacol 788: 176-82.

3 Bradford MM (1976). A rapid and sensitive method for the quan-
tification of microgram quantities of protein utilizing the prin-
ciple of protein dye binding. Anal Biochem 72: 248-54.

4 Danziger RS (2008). Aminopeptidase N in arterial hypertension.
Heart Fail Rev 13:293-8.

5 Dominguez-Vias G, Aretxaga-Maza G, Prieto |, Luna JD, de Gasp-
aro M, Ramirez-Sanchez M (2017). Diurnal opposite variation
between angiotensinase activities in photo-neuro-endocrine
tissues of rats. Chronobiol Int 34: 1180-6.

6 Finn A, Agren G, Bjellerup P, Vedin |, Lundeberg T (2004). Produc-
tion and characterization of antibodies for the specific determi-
nation of the opioid peptide Met5-Enkephalin-Arg6-Phe7. Scand
J Clin Lab Invest 64: 49-56.

7 Hermida RC, Ayala DE, Fernandez JR, Mojén A, Smolensky MH,
Fabbian F, et al. (2013). Administration-time differences in effects
of hypertension medications on ambulatory blood pressure
regulation. Chronobiol Int 30: 280-314.

8 Hersh LB (1985). Characterization of membrane-bound ami-
nopeptidases from rat brain: identification of the enkephalin-
degrading aminopeptidase. J Neurochem 44: 1427-35.

9 Hersh LB, Aboukhair N, Watson S (1987). Immunohistochemical
localization of aminopeptidase M in rat brain and periphery:
relationship of enzyme localization and enkephalin metabolism.
Peptides 8: 523-32.

10 Johnston JD, Skene DJ (2015). 60 YEARS OF NEUROENDOCRINOL-
OGY: Regulation of mammalian neuroendocrine physiology and
rhythms by melatonin. J Endocrinol 226: T187-98.

11 Junker U, Wirz S (2010). Review article: chronobiology: influ-
ence of circadian rhythms on the therapy of severe pain. J Oncol
Pharm Pract 16: 81-7.

12 Kumar MS, Chen CL, Sharp DC, Liu JM, Kalra PS, Kalra SP (1982).
Diurnal fluctuations in methionine-enkephalin levels in the
hypothalamus and preoptic area of the male rat: effects of pine-
alectomy. Neuroendocrinology 35: 28-31.

13 Labrecque N, Cermakian N (2015). Circadian Clocks in the
Immune System. J Biol Rhythms 30: 277-90.

14 Lemmer B, Witte K, Schanzer A, Findeisen A (2000). Circadian
rhythms in the renin-angiotensin system and adrenal steroids
may contribute to the inverse blood pressure rhythm in hyper-
tensive TGR(mREN-2)27 rats. Chronobiol Int 17: 645-58.

15 Miguel Asai MA, Lilian Mayagoitia LM, David Garcia DG, Gilberto
Matamoros-Trejo GM, Marcela Valdés-Tovar MV, Phillipe Leff PL
(2007). Rat brain opioid peptides-circadian rhythm is under con-
trol of melatonin. Neuropeptides 41: 389-97.

16 Oliverio A, Castellano C, Puglisi-Allegra S (1982). Opiate anal-
gesia: evidence for circadian rhythms in mice. Brain Res 249:
265-70.

17 Paxinos G, Watson C (1998). The rat brain in stereotaxic coordi-
nates. 4th ed. London: Academic Press.

18 Polidarové L, Houdek P, Sumova A (2017). Chronic disruptions
of circadian sleep regulation induce specific proinflammatory
responses in the rat colon. Chronobiol Int 34: 1273-87.

19 Ramirez M, Prieto |, Banegas |, Segarra AB, Alba F (2011). Neuro-
peptidases. Methods Mol Biol 789: 287-94.

20 Roberts JE (2000). Light and immunomodulation. Ann N Y Acad
Sci917:435-45.

21 Sanchez B, Alba F, Luna JD, Martinez JM, Prieto I, Ramirez M
(1996). Pyroglutamyl peptidase | levels and their left-right dis-
tribution in the rat retina and hypothalamus are influenced by
light-dark conditions. Brain Res 731: 254-7.

22 Smolensky MH, Hermida RC, Reinberg A, Sackett-Lundeen L, Por-
taluppi F (2016). Circadian disruption: New clinical perspective
of disease pathology and basis for chronotherapeutic interven-
tion. Chronobiol Int 33: 1101-19.

23 Tapia-Arancibia L, Astier H (1983). Opiate inhibition of K+-
induced TRH release from superfused mediobasal hypothalami
in rats. Neuroendocrinology 37: 166-8.

24 Urbanski HF (2011). Role of circadian neuroendocrine rhythms in
the control of behavior and physiology. Neuroendocrinology 93:
211-22.

25 Valdés-Tovar M, Escobar C, Solis-Chagoyén H, Asai M, Benitez-
King G (2015). Constant light suppresses production of
Met-enkephalin-containing peptides in cultured splenic mac-
rophages and impairs primary immune response in rats. Chrono-
biol Int 32: 164-77.

26 Zini S, Fournie-Zaluski MC, Chauvel E, Roques BP, Corvol P,
Llorens-Cortes C (1996). Identification of metabolic pathways
of brain angiotensin Il and Il using specific aminopeptidase
inhibitors: predominant role of angiotensin Ill in the control of
vasopressin release. Proc Natl Acad Sci USA 93: 11968-73.

Copyright © 2018 Neuroendocrinology Letters ISSN0172-780X « www.nel.edu



