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Dynorphin A(1–13), a tridecapeptide of the endogenous opioid peptides, has modest effects in re-
ducing mild opiate withdrawal in humans. Previous studies revealed that dynorphin also potentiates
the analgesic effect of morphine in morphine-tolerant rats and mice. The therapeutic potential of dynor-
phin A(1–13) is limited due to extensive metabolism by human metabolic enzymes resulting in an in
vivo half-life of less than one minute. Chemical modifications of dynorphin A(1–13), such as N-methy-
lation of Tyr1 and amidation of the C-terminus have been shown to be effective in protecting against
the proteolytic enzymes in human plasma. This article is a general review of the metabolism of dynor-
phin A(1–13) in human plasma and CSF.

1. Introduction

Dynorphin A(1–13) is a tridecapeptide (Fig. 1) belonging
to the family of endogenous opioid peptides. It has been
shown to modulate the effects of other opioids (Smith and
Lee 1988). Dynorphins (Dyn) are derived from a common
precursor peptide called prodynorphin (Goldstein et al.
1979), by endoproteolysis. These include Dyn A(1–17)
and its active fragments Dyn A(1–13), Dyn A(1–8), all
with potent opioid activity and binding preference for the
k-opioid receptors (Terasaki et al. 1989). The first 5 amino
acids are believed to constitute the message sequence for
interaction with opioid receptors (Chavkin and Goldstein
1981). Beside the opioid receptors Dyn A(1–13) has been
reported to bind to other non-opioid receptors such as
muscarinic receptors (Hu and El-Fakahany 1993), orpha-
nin receptor (Zhang and Yu 1995), melanocortin receptors
(Quillan and Sadee 1997), and N-methyl-D-aspartate-re-
ceptors (NMDA) (Shukla and Lemaire 1994).
It was shown that dynorphin is not analgesic itself when
given in the mammalian brain (Chavkin et al. 1982; Fried-
man, et al. 1981), however, it is analgesic when adminis-
tered intrathecally (Herman and Goldstein 1985). It was
also reported that dynorphin has modulatory effects on
morphine induced analgesia, antagonizes it in naive and

potentiates it in morphine tolerant animals after different
route of administration (Friedman et al. 1981; Hooke and
Lee 1995; Hooke et al. 1995). Hooke et al. found Dyn
A(1–13) effective in suppressing morphine tolerance in
mice in the writhing test after intrathecal, intracerebroven-
tricular and intravenous administration. They stated in
agreement with Nakazawa et al. that there might be two
distinct sites of action for dyn A(1–13) one central and
one peripheral (Hooke et al. 1995; Nakazawa et al. 1985).
However, the spinal administration is hampered by the ob-
servation, that the peptide has neurotoxic effects as it pro-
duces hindlimb paralysis and necrosis of the spinal cord
close to the catheter tip after administration of high doses
(Caudle and Isaac 1987). This effect is not antagonized by
naloxone (Caudle and Isaac 1987). This is the reason that
most of the studies evaluating the opioid modulatory ac-
tions of dynorphins have been performed after intravenous
administration or direct injection into the brain. In conclu-
sion the evidence that dynorphin has modulatory effects in
opioid analgesia and withdrawal suggests that it might be
beneficial in the treatment of morphine addicted pa-
tients.
Of significant therapeutic interest, Dyn A(1–13) has been
reported to modulate morphine tolerance and attenuate the
effects of opiate withdrawal symptoms in mice, rats, mon-
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Fig. 1
Structure of Dynorphin A(1–13) with main enzy-
matic cleavage points. AP ¼Aminopeptidase,
ACE ¼ Angiotensin converting enzyme, CPN ¼ Car-
boxypeptidase N



keys and humans (Aceto et al. 1982; Green and Lee 1988;
Hooke and Lee 1995; Specker et al. 1998; Takemori et al.
1992; Wen and Ho 1982). Wen et al. observed a signifi-
cant lowering in withdrawal symptoms in heroin addict
patients after intravenous administration [60 mg/kg Dyn
A(1–13)] (Wen and Ho 1982; Wen et al. 1984). Specker
et al. also found Dyn A(1–13) effective in ameliorating
withdrawal syndrome in opiate addicts and the peptide
was well tolerated even in high doses (1000 mg/kg)
(Specker et al. 1998). The exact mechanism of action is
still unknown, but dynorphins seem to exert these modula-
tory effects through non-opioid receptors. This statement
is based partly on the insensitivity of these actions to na-
loxone, and the retention of those actions by non-opioid
fragments like des-Tyr Dyn A(1–17) (Hooke et al. 1995).
Walker et al. have postulated the existence of opioid and
non-opioid effects (Walker et al. 1980). NMDA receptors
have been suggested to be involved in these non-opoid
effects of Dyn A since NMDA receptor antagonist prevent
hindlimb paralysis (Shukla and Lemaire 1994). Moreover
Dyn A was shown to bind directly to these receptors
(Chen et al. 1995) and interact with the glutamate site
(Muller et al. 1998). It is believed that dynorphin’s interac-
tion with NMDA receptors lead to toxic effects, like hy-
peralgesia, allodynia, neurodegeneration observed in many
animal models (Hauser et al. 1999; Laughlin et al. 2001).
NMDA-related mechanisms may also be involved in sup-
pression of opiate tolerance and withdrawal (Shukla and
Lemaire 1994). It is difficult to understand the pharmaco-
logical effect of the peptide due to the rapid metabolism
in human plasma by proteolytic enzymes and it might be
speculated that the effects in humans might be enhanced
by increasing the pharmacokinetic stability of dynorphin
derivatives in humans while maintaining the pharmacody-
namic activity. A proper understanding of the underlying
metabolic pathways is important in order to design a more
stable derivative. This review focuses on the metabolism
of Dyn A(1–13) in plasma and cerebrospinal fluid, with
respect to some chemical modification to improve the sta-
bility.

2. Inactivation of dynorphin in plasma

Recent clinical studies have determined the pharmacoki-
netics of Dyn A(1–13) in vivo and have found an initial
half life of 0.56 min for the peptide (Gambus et al. 1998),
which agrees well with the half-life of less then 1 min
determined from in vitro studies conducted in our lab
(Muller and Hochhaus 1995) and is consistent with the
statement that more stable derivatives are necessary for
therapy.
Plasma has been described as a primary site for peptide
degradation (Powell et al. 1992). Determination of in vitro
stability of peptides in plasma is therefore relevant for pre-
dicting the overall stability of a peptide, selecting a thera-
peutical drug candidate which would be more stable than
its peptide precursor and as a result would be expected to
be more stable in vivo.
Dyn A(1–13) is rapidly broken down in human plasma to
metabolites mainly by exopeptidases. Exopeptidases, which
cleave amino acids from either end of a peptide chain, in-
clude aminopeptidases and carboxypeptidases. Aminopepti-
dases cleave the N-terminal amino acid from a peptide
chain, while carboxypeptidases cleave the C-terminal ami-
no acid. Aminopeptidase M is a member of this group and
responsible for the cleavage of the Tyr1-Gly2 bond of differ-
ent neuropeptides [enkephalins, Dyn A(1–17)] (Csuhai

et al. 1995). Another group of enzymes are endopeptidases.
These enzymes generally are specific for a particular amino
acid side chain or discrete sequence (Csuhai et al. 1995).
Exopeptidases are responsible for more than 95% of the
total metabolism of Dyn A(1–13), specifically carboxypep-
tidases and aminopeptidases account for 80% and 15% re-
spectively (Muller and Hochhaus 1995). The major meta-
bolites for Dyn A(1–13) were DynA(1–12), A(2–12),
A(4–12) and A(4–8) (Fig. 2). Dyn A(1–12) is formed by
carboxypeptidases N, known to act on peptides with basic C-
terminal amino acids as the C-terminal Lys in Dyn A(1–13)
(McCleave et al. 1996). Formation of Dyn A(2–13) is be-
lieved to be mediated by aminopeptidase M by cleavage of
the N-terminal amino acid (Safavi and Hersh 1995).
Further metabolites are Dyn A(3–13), A(3–12), A(5–12),
A(6–12), A(7–12), A(1- 10), A(2–10), A(2–8), A(3–8)
(Muller and Hochhaus 1995; Muller et al. 1997).
Chou et al. compared the metabolism of natural peptide
Dyn A(1–17) to synthetic analogues like Dyn A(1–13)
and Dyn A(1–10) amide (Chou et al. 1996). They found
that the natural peptide has a half-life of 180 min, and
they believe that the four carboxyl-terminal amino acid
present in Dyn A(1–17) protect the peptide from enzymes.
In good agreement with Muller et al. Dyn A(1–13) was
processed rapidly in human blood (half-life < 1 min),
while the carboxyl-terminally protected Dyn A(1–10)
amide has a half-life of 10 min (Chou et al. 1996). Young
et al. suggested the existence of specific aminopeptidase
which could convert Dyn A(1–17) to Dyn A(2–17) in
vitro, but not Dyn A(1–13) (Young et al. 1987). Safavi
et al. have shown that aminopeptidase M has a high affi-
nity to longer peptides like Dyn A(1–17) (Safavi and
Hersh 1995). Dyn A(2–17), as a non-opioid fragment was
also effective in suppressing withdrawal symptoms (Hooke
and Lee 1995; Hooke et al. 1995). Relying on these obser-
vations truncated non-opioid peptides could have clinical
significance in treating addicts.

3. Inactivation of dynorphin in cerebrospinal fluid
(CSF), importance of blood-brain barrier

While the potential site of action might be also in the
central nervous system, metabolism in these areas might
be of interest as well. In addition, endogenous dynorphins
are widely distributed in most areas of the central nervous
system (Chavkin and Goldstein 1981), they are present in
the hypothalamus, in the nucleus tractus solitarii and in
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Fig. 2: Major plasma metabolites of Dyn A(1–13) and the proteolytic en-
zymes involved in the metabolism in human plasma. AP ¼Aminopep-
tidase,ACE ¼ Angiotensinconvertingenzyme,CPN ¼ Carboxypepti-
dase N, EP ¼ Endopeptidase (Muller, Hochhaus 1995)



the areas of spinal cord involved in transmission of pain
(Przewlocki and Przewlocka 2001). Opioid administration
increases the expression of dynorphin in spinal cord,
where this peptide is a mediator of sustained pain (Van-
derah et al. 2001). Occurrence of these peptides in several
regions of the brain and spinal cord suggests that dynor-
phins have important functions, however these functions
are still not well understood. In order to induce its actions
the peptide should have the ability to cross blood-brain
barrier (BBB). BBB protects the brain from hydrophilic
molecules greater than 400 Da (Borlongan and Emerich
2003). BBB is poorly permeable for Dyn A(1–13) due to
large molecular weight and hydrophilicity. However, the
passage of Dyn A(1–13) through BBB into hippocampus,
cortex, cerebellum has been demonstrated in cats, espe-
cially in induced focal cerebral ischaemia (Turner et al.
1998). Small peptides with an N-terminal tyrosine residue
have been found to cross BBB by carrier-mediated trans-
port mechanism (Banks et al. 1986). E-2078, a stable Dyn
A(1–8) analog has also been shown to be transported by
absorptive-mediated endocytosis through BBB (Terasaki
et al. 1989).
It was suggested that the peptide concentrations in the
CSF might reflect the extrasynaptically available peptide
activity in the brain and spinal cord (Terenius and
Nyberg 1988). CSF has also been studied for the metabo-
lism of different peptides, including dynorphins. The ab-
sence of carboxypeptidase N and the presence of a serine
protease, identified by Nyberg et al., which is specific for
cleaving neuropeptides at monobasic sites, called dynor-
phin converting enzyme (DCE), suggests a different way
of Dyn degradation than observed in plasma (Nyberg
et al. 1986). DCE exhibits a very high specificity towards
DynA, DynB, a-neo endorphin (Csuhai et al. 1995). The
activity of DCE in CSF has been reported to be cor-
related to opioid tolerance (Persson et al. 1989). Other
enzymes such as angiotensin converting enzyme, sub-
stance P-converting endopeptidases, a-amidating mono-
oxygenase, neprilysin (enkephalinase), aminopeptidases
and acethylcholinesterase have also been identified in
CSF (Csuhai et al. 1995). Studies conducted by Muller
et al. indicate that 85% of Dyn A(1–13) in CSF is meta-
bolized by exopeptidases, more specifically 50% by car-
boxypeptidase and 35% by aminopeptidases (Muller et al.
1996) (Fig. 3). This agrees well with previous studies on
metabolism of Dyn A(1–13) in plasma (Muller and
Hochhaus 1995) and rat cranial membranes (Leslie and
Goldstein 1982). It was also shown that Dyn A(1–6), the
major metabolite resulting from DCE action, does not re-
present a major metabolic fragment of Dyn A(1–13) in
CSF, which agrees with earlier reports of DCE being more
efficient with larger dynorphins [Dyn A(1–17)] than with

smaller ones (Nyberg et al. 1986). The major metabolites
found in CSF were Dyn A(2–13), Dyn A(1–12) and Dyn
A(1–6) (Muller et al. 1996). Results from the metabolism
studies of Dyn A(1–13) in human CSF agree well with
studies dealing with the metabolism of Dyn A(1–13) in
human plasma and suggest that derivatives with improved
plasma stability are also likely to show improved CSF
stability.

4. Approaches to stabilize dynorphin derivatives

As discussed above, Dyn A(1–13) is rapidly broken down
by peptidases. Consequently for the peptide to be of
relevant clinical potential, the half-life needs to be pro-
longed. In development of neuropeptides for clinical use,
several factors should be considered: 1) the stability of the
peptide in the systemic circulation; 2) the permeability of
the peptide through BBB (if effect is in the central ner-
vous system); 3) the stability of the peptide in cytoplasm
(Terasaki et al. 1989).
Previously a variety of analogs were synthesized to stabi-
lize Dyn A(1–13) against enzymatic degradation. Intro-
duction of a steric bulk along the peptide backbone by
placing an amide group at the C-terminal end has been
used to generally reduce the rate of enzymatic degradation
by carboxypeptidases and has shown to be effective in
improving the stability of different peptides (Heavner et al.
1986; Wettergren et al. 1998; Brinckerhoff et al. 1999).
Dyn A(1–10) amide (Chou et al. 1996), Dyn A(1–8)
amide (Yoshino et al. 1990), [N-methyl-Tyr1, N-methyl-
Arg7-D-Leu8] Dyn A(1–8) ethylamide, designated as E-
2078 (Yu et al. 1997), Tyr-D-Ala-Phe-Leu-ArgY (CH2NH)
Arg––NH2 (Hiramatsu et al. 2001) have been suggested to
be show protection against C-terminal attack. However,
the stability gain observed after amidation is not the same
for all peptides and depends on the C-terminal peptide se-
quence. As an example amidation of dynorphin A(1–13)
resulted in a 24-fold gain in stability (shifting the half-life
in plasma from 0.9 to 24 min, while the half-life Dyn
A(1–10) amide increased from 1.3 min to only 3.3 min).
These data together with enzyme inhibition studies on the
above peptides indicated that amidation might block attack
from the C-terminal end of the peptide in the case of car-
boxydase attack, but will only be partially successful if
other enzymes such as ACE (not being affected by amida-
tion) are involved. Thus, the protective effect of amidation
might differ among opioid peptides. Modulation of the
amino-terminus, for example, by using D-amino acids or
N-methylation of the amino group in position 1 reduces
the attack by aminopeptidases and increases peptide stabi-
lity. Studies conducted in our lab have shown that block-
ing of C and N-terminal attack by exopeptidases using N-
methylated tyrosine in position 1 (or the use of D-tyrosine
in position 1) in combination with C-terminal amidation
of Dyn A(1–13) increased significantly the peptide stabi-
lity, while the pharmacological activity of the derivatives
is retained as shown by the effectiveness of these deriva-
tives in suppressing tolerance in morphine-dependent rats
(data not published). Such derivatives which show en-
hanced stability in human plasma and retain pharmacolo-
gical activity would therefore be expected to be of phar-
macological benefit, although further protection, e.g. by
blocking endopeptidase attack might be beneficial. In ad-
dition, encapsulation of these derivatives, such as [N-Met-
Tyr1]-Dyn A(1–13) in stealth liposomes might be further
beneficial in prolonging the half-life of the drug (data not
published).
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Fig. 3: Major plasma metabolites of Dynorphin A(1–13) and the proteoly-
tic enzymes involved in the metabolism in CSF. AP ¼Aminopepti-
dase, ACE ¼ Angiotensin converting enzyme, CPN ¼ Carboxypepti-
dase N, DCE ¼ dynorphin converting enzymes (Muller, et al. 1996)



While it is not fully clear whether the modulation of mor-
phine tolerance and attenuation of the effects of opiate
withdrawal symptoms represent central or peripheral ef-
fects, potential approaches to increase the uptake of these
derivatives across the blood brain barrier might be helpful.
With respect to the permeability of the peptide through
BBB there are some delivery techniques available like ab-
sorptive-mediated endocytosis (Terasaki et al. 1989), sus-
tained-release polymer systems, use of active transporters
systems and chemical delivery systems for peptides which
allow passive diffusion after lipophilization and subse-
quent trapping after oxidation. Such approaches might be
incorporated into the design if beneficial.

5. Conclusion

In conclusion, the therapeutic use of endogenous peptides
is often challenging because these peptides have been de-
signed to be short-lived in order to function within a com-
plex neuronal signal transduction pathway. Applying ra-
tional drug design approaches, based on a detailed
understanding of metabolic degradation pathways and a
full knowledge of the structure activity relationships and
its incorporation in pharmacokinetic/pharmacodynamic,
development approach is the basis for potentially over-
coming these obstacles and improving drug therapy for
this important class of drugs.

This research paper was presented during the 4th Conference on Retrome-
tabolism Based Drug Design and Targeting, May 11–14, 2003, Palm
Coast, Florida, USA.
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