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Abstract

Feedback loops or compensatory mechanisms are present in a wide range of biological systems and processes. Here, we hy-
pothesize that endogenous opioid peptides, such as endorphins and enkephalins, can be broken down and enzymatically
converted to catecholamines (dopamine, norepinephrine, epinephrine) locally. Particularly, this proposed local production of
norepinephrine may modulate analgesia through feedback mechanisms. A similar arrangement may occur for corticotropin-
releasing factor and adrenocorticotropic hormone (hypothalamic-pituitary-adrenal axis mediation), insulin (blood glucose reg-
ulation), and angiotensin II (cardiovascular regulation). Endorphins, enkephalins, and dynorphins have an initial amino acid
sequence of Tyr-Gly-Gly-Phe, where tyrosine (and possibly phenylalanine) could be enzymatically clipped from the peptide
and converted to catecholamines locally, through the canonical biosynthetic molecular pathway for catecholamines. Spatially
and possibly temporally precise conversion of these terminal amino acids to catecholamines may allow them to be produced
“on demand” in specific regions of the brain, spinal cord, or periphery. This hypothesis is readily testable by infusing stable
isotopically labeled opioids into the brain or periphery of model organisms, and observing through liquid chromatography-

mass spectrometry whether the terminal amino acids of these opioids are converted to catecholamines.

Introduction

Compensatory mechanisms or feedback loops, including posi-
tive and negative feedback regulation, occur in a broad range of
biological systems and processes. For example, a major output
molecule of the human hypothalamic-pituitary-adrenal axis, cor-
tisol, is engaged in negative feedback regulation that can reduce
its own production.! Feedback regulation may also characterize
neurophysiological responses to pharmacological agents, includ-
ing upregulation of D2 dopamine receptors in response to chronic
treatment with antipsychotic drugs.> Compensatory processes may
even correlate with behavioral measures in rodents, where upregu-
lation of neural activity in medial prefrontal cortex may represent a
failed response to counteract impaired extinction in a fearful strain
of mice.? The current publication suggests that various feedback
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mechanisms may be involved in novel pathways for neurotrans-
mitter biosynthesis, in a range of organisms.

Hypothesis

The locus coeruleus-norepinephrine system plays a vital role in
pain modulation, both through its connections within the brain and
its descending inputs to the spinal cord.* Here, we hypothesize that
endogenous opioid peptides, such as endorphins and enkephalins,
which have analgesic properties, can be broken down and enzy-
matically converted to catecholamines (dopamine, norepinephrine,
epinephrine) locally. In this way, local production of norepineph-
rine in particular may provide feedback for keeping analgesia from
endogenous opioids in check, or otherwise modulating analgesia.
The biosynthetic pathway from tyrosine to catecholamines has in-
deed been established over 70 years ago,5” but to our knowledge it
is not thought to operate in the precise, “on demand” manner pro-
posed here. Consistent with a previous publication on stimulation-
produced analgesia,® perhaps local brain or spinal cord production
of norepinephrine could provide feedback to amplify pain and
counteract analgesia produced by endogenous opioids. An alterna-
tive hypothesis is that local biosynthesis of catecholamines from
endogenous opioids may contribute to analgesia, or perhaps this
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production can either increase or decrease local pain in different
circumstances.

Endorphins, enkephalins, and dynorphins all have an initial
amino acid sequence of Tyr-Gly-Gly-Phe,’ where tyrosine could
be enzymatically clipped from the peptide and transformed to cat-
echolamines in a local manner. The two glycines after tyrosine in
the sequence are the smallest amino acids and may allow tyrosine
to be enzymatically clipped since they may not sterically hinder
the clipping enzyme. Phenylalanine, a known biosynthetic precur-
sor to tyrosine, in the fourth position may also be excised and con-
verted to catecholamines. Spatially and possibly temporally pre-
cise conversion of these terminal amino acids to catecholamines
may allow them to be produced “on demand” in specific regions
of the brain, spinal cord, or periphery. The related molecules noci-
ceptin and the endomorphins have an amino acid sequence that re-
spectively begins with phenylalanine or tyrosine,” which may also
facilitate bioconversion to catecholamines. However, Substance P
does not possess such a characteristic amino acid sequence.

Corticotropin-releasing factor (CRF) and adrenocorticotropic
hormone (ACTH) also have particular amino acids on their ends,
such as tyrosine and serine,!%!! that may be excised and converted
to catecholamines in vivo. These hormones are involved in the hy-
pothalamic-pituitary-adrenal axis response to psychological stress,
which is partially mediated by norepinephrine and epinephrine. A
similar principle may apply to insulin, with its A and B sequences,
where phenylalanine is the first amino acid in one of these peptide
sequences (B). Also, at the other end of the B peptide, there is a
Tyr-Phe-Phe sequence four amino acids in. This latter sequence
could be enzymatically excised and converted to catecholamines
as well. Since insulin decreases the blood glucose level whereas
norepinephrine can increase it,'? local conversion of insulin to nor-
epinephrine could represent a compensatory mechanism to regu-
late glucose availability. The angiotensin II peptide, which plays
a prominent role in cardiovascular regulation, also has phenyla-
lanine at one of its terminals. Since angiotensin II can increase
blood pressure,!3 it could amplify catecholaminergic signaling by
being transformed to norepinephrine or epinephrine locally. On the
other hand, such putative local production of catecholamines from
angiotensin I could produce a paradoxical compensatory effect on
blood pressure.

Evaluation of the hypothesis

Stable isotope biochemical experiments, which do not involve ra-
dioactivity and are accordingly safe to carry out, can be used to test
the overarching hypotheses about endogenous opioids described
here.'* The same principles can be applied to examine the amino
acids in the other molecules reviewed here, such as angiotensin II
and CRF. For example, tyrosine or phenylalanine within the beta
endorphin molecule can be engineered to contain carbon-13 or
deuterium in one or more of its atoms (for example, synthesized
by: MilliporeSigma, CDN Isotopes, Charles River Laboratories,
Cambridge Isotope Laboratories, KareBay Biochem), and this
“heavy”, labeled beta endorphin can then be infused (intracere-
broventricularly) into the brain of a mouse or a rat. After a delay
of minutes to hours or even up to a day or so, microdialysis sam-
ples can be obtained and analyzed using liquid chromatography-
mass spectrometry to test for the presence of carbon-13 (or deute-
rium) labeling within dopamine, norepinephrine, and epinephrine
molecules. Control animals can receive unlabeled carbon-12 (or
regular hydrogen) beta endorphin, where the carbon-13/carbon-12
ratio for each catecholamine can then be compared between the
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experimental and control animals using an unpaired two-tailed t-
test. Microdialysis may be needed, rather than less sensitive as-
says, to detect the presumably very low concentrations of labeled
catecholamines in vivo. Systemic (intraperitoneal, subcutaneous,
or intravenous) administration of carbon-13 (or deuterium) labeled
beta endorphin could also be carried out, followed by testing blood
plasma, urine, or brain samples.

Additional considerations

Several other points should also be considered regarding the
overarching hypothesis presented here. First, why would analge-
sia from endogenous opioids need to be kept in check by puta-
tive biotransformation to catecholamines such as norepinephrine?
As noted above, local production of norepinephrine may actually
increase analgesia rather than counteract it, and in either case, it
may serve as an additional means for pain modulation, allowing
for more flexible regulation. Additional consequences may result
from biotransformation of endogenous opioids to catecholamines,
where one possibility is that the endogenous opioid and catecho-
laminergic systems work more closely together in vivo than cur-
rently appreciated. Finally, a potentially deleterious outcome of
the hypothesis proposed here, may be that dysregulation of the
endogenous opioid system could disrupt many other endogenous
systems and signaling pathways. While this could be the case, an-
other possibility is that precise temporal and spatial control over
the production of catecholamines, as suggested here, would limit
disturbances in other molecular systems.

Future directions

There are a number of possibilities for extending the ideas put forth
in this publication. First, the series of hypotheses described here
need to be directly tested with the straightforward techniques de-
scribed above. If these hypotheses are experimentally confirmed, a
future direction would be to more precisely determine the anatomi-
cal locations and cell types within the body where these biochemi-
cal processes occur, where one medium is the bloodstream itself,
or various circuits within the brain, for example. Of critical impor-
tance would be to identify the potentially novel enzymes that carry
out these putative reactions, particularly the enzymes that may clip
the various peptides described above, allowing for conversion to
catecholamines. These enzymes could be druggable targets for
disorders of pain in the case of the endogenous opioids, metabolic
disorders in the case of insulin, or cardiovascular disorders with
regard to angiotensin II.

Conclusions

This publication has put forth the hypothesis that terminal amino
acids of endogenous opioid peptides may be enzymatically cleaved
and converted to catecholamines in vivo, in a spatially and possibly
temporally precise manner. This novel form of regulation may al-
low for “on demand” production of these important signaling mol-
ecules that could help regulate analgesia in a fine-grained manner.
Similar reasoning may apply to CRF and ACTH (hypothalamic-
pituitary-adrenal axis regulation), insulin (blood glucose supply),
and angiotensin II (cardiovascular modulation). Basic researchers
using animal models, such as rodents, are encouraged to test these
hypotheses using stable isotope pharmacology combined with lig-
uid chromatography-mass spectrometry.
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