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Introduction 
Opioid compounds are still the most potent analgesics for medical use. Therefore 
opioids and the endogenous opioid system is under intensive research for a long 
time. The major issues in this system are well-characterized with the exception of 
most recently discovered endogenous opioid peptides, the endomorphins, where 
several questions still await further clarification. One of these is the biosynthetic 
route of endomorphins. Our experiments were aimed at answering some of the 
emerging questions. 
The endomorphins 
Since the discovery of the endomorphins (EM1: Tyr-Pro-Trp-Phe-NH2 és EM2: 
Tyr-Pro-Phe-Phe-NH2) in 1997 they are claimed to serve as the selective 
endogenous agonists of the µ-opioid receptors. They have a more than thousand-
fold selectivity for the µ opioid receptors. This selectivity ratio is exceptionally 
high among the endogenous receptor ligands. They have also some other peculiar 
pharmacological properties, such as their partial agonism. Partial agonism is also a 
very rare property among endogenous receptor ligands. 
Endomorphins show an uneven distribution in the central nervous system. EM1 is 
the dominant form in the forebrain and upper brainstem whereas EM2 is prevalent 
in the lower brainstem and spinal dorsal horn and dorsal root ganglia. EM2 is 
present in the majority of areas strategically involved in the early stages of 
nociceptive information processing. In sensory ganglia and in the dorsal horn is 
found mostly in peptidergic C-fibers and somata of origin, highly colocalizied with 
CGRP and SP. Endomorphins are inactivated primarily by dipeptidyl peptidase IV 
enzyme, which cleaves endomorphins after proline in position 2. The rate of 
inactivation is much slower as compared to other endogenous opioid peptides, with 
the possible exception of β-endorphin. 
In acute nociceptive tests the potency of the endomorphins is much lower than it 
would be expected from their in vitro potencies, even when given centrally 
(intracerebroventricularly or intrathecally). The duration of antinociceptive action 
is also shorter than it could be expected from their in vitro inactivation rate. 
Endomorphins are considerably more potent in non-acute pain modalities such as 
neuropathic pain or maintained/chronic inflammatory pain. Against allodynia they 
are much more potent. Tolerance develops to the nociceptive effects of both 
endomorphins, both the extent of cross-tolerance with other µ-opioid receptor 
agonists and each other is incomplete. There is some controversy about their 
respiratory depressant effect, abuse potential and physical dependence liability but, 
on balance, they appear to be moderate. 
Dipeptidyl peptidase IV (DPP IV, CD26, EC3.4.14.5) enzyme 
DPP IV is a dipeptidyl aminopeptidase, with a preferential cleavage after proline or 
alanine. The enzyme is a "prolyl oligopeptidase"; it belongs to the last discovered 
serine protease family. DPP IV is a membrane bound ectoenzyme, but circulating 
form is also known. It can be detected in several tissues and has a key role in the 
inactivation of many biologically active peptides. The activity is most abundant in 
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the luminal membrane of renal tubules, intestinal epithelium and in the endothel 
but it is present also in neural tissue. Among other substrates it cleaves and 
inactivates substance P (SP), neuropeptide Y (NPY), glucagon-like peptide 1 
(GLP-1), gastric inhibitory peptide (GIP), endomorphins and several cytokines, 
chemokines and growth factors. Many different inhibitors of the enzyme are 
known. In our experiments we used the "slowly hydrolyzing competitive substrate" 
type tripeptide inhibitor Ile-Pro-Ile (IPI, Diprotin A) and the potent, selective non-
peptide (cyanopyrrolidon-derivative) vildagliptin. Vildagliptin is registered as an 
"oral euglycemic" type antidiabetic drug, acting mainly by enhancing the half-life 
of GLP-1 and GIP. There are controversial reports on the issue whether or not DPP 
IV inhibitors could potentiate or prolong the antinociceptive action of 
endomorphins. Given intracerebroventricularly to rats, IPI had been reported to 
exert an opioid receptor mediated antinociceptive action whereas it had no direct 
opioid receptorial effect in vitro.  
The biosynthetic origin of endomorphins 
There is no generally accepted theory for the biosynthesis of the endomorphins. 
Neither the precursor protein(s) nor the genomic code(s) for them are identified as 
yet. These information’s render the possibility of conventional, ribosomal 
biosynthetic route highly unlikely. Therefore, the heretic though not unprecedented 
(e.g. carnosine or glutathione biosynthesis in vertebrates) de novo biosynthetic 
route had previously been proposed by our group. The data hitherto gathered 
supported this possibility. Following the intracerebroventricular injection of 
radiolabelled Tyr-Pro to rats a time-dependent incorporation of label has been 
found in purified brain extracts of rats into chromatographically (RP-HPLC, 
gradient elution) into endomorphin 2-related peaks. 
Hypotheses 
After having developed a specific radio-immunoassay to endomorphin 2, one 
important technical tool became available to explore the “de novo” endomorphin 
biosynthesis experimentally. The background information that the peptidergic 
small-sized neurons in rat dorsal root ganglia which are immunoreactive to 
substance P are immunoreactive also to endomorphin 2 offered an excellent in 
vitro model for testing the hypothesis. Thus 

• As a first stage, we wished to prove exactly the “de novo” biosynthesis of 
immunoreactive endomorphin 2 from Tyr-Pro precursor 

• After having done so, the next question to answer was the mechanism of 
“de novo” biosynthesis. In vitro peptide synthetic chemistry utilizes with 
good yield immobilized peptide hydrolases for peptide synthesis by 
switching them to synthase functional mode by creating extreme 
experimental conditions such as cryo-conditions, extremely polar or 
extremely lipophylic environment. Since DPP IV is intimately involved in 
endomorphin handling, we hypothesized that membrane-bound natural 
enzyme may also function as synthase under near-physiological 
conditions 



• After having demonstrated successfully that in rat isolated dorsal root 
ganglia DPP IV can be switched from hydrolase to synthase functional 
mode by using excessive concentration of Tyr-Pro biosynthetic substrate 
(which, otherwise, is the natural product of endomorphin hydrolysis by 
DPP IV) and inhibiting the hydrolase function (for details see "Results" 
and "Discussion"), we formulated a further hypothesis to extend the 
validity of in vitro results for in vivo conditions 

• Since the full reversal of DPP IV to synthase functional mode in isolated 
dorsal root ganglia took place in a depolarization-sensitive manner, we 
hypothesized that increased C-fiber barrage by maintained inflammation 
may create similar experimental conditions in vivo in rat spinal dorsal 
horn 

• We further hypothesized that if the in vivo reversal has any physiological 
relevance, the biosynthetic substrates must be present at the site of 
synthesis, therefore, no exogenous biosynthetic substrate additive(s) 
should be required 

Methods 
Experiments in isolated dorsal root ganglia 
L4 and L5 dorsal root ganglia were prepared from male Wistar rats weighing 250-
280 g. 3-4 ganglia/bath were used in the pilot experiments whereas 7-8/bath in the 
main experiments. Immediately after the dissection, ganglia were put into cold 
(4°C), carbogenated (O2 : CO2 = 95 : 5) Krebs' solution of followig composition (in 
mmol/l): NaCl 119.7, NaHCO3 25.0, NaH2PO4 1.2, KCl 3.0, glucose 11.0, CaCl2 
2.5, MgSO4. 
The scheme of final experimental protocol is given below 
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In the pilot experiment only 110 µL aliquots of bath and tissue extract samples 
were processed further for endomorphin 2 radio-immunoassay (RIA) and 
substance P enzyme-linked immunosorbent assay (ELISA).. For de-salting and 
partial purification Millipore ZipTip C18 (0.6 µg resin/tip, one tip per aliquot) was 
used according the protocol given by the supplier. In the final processing protocol, 
the entire frozen sample quantities were processed, using 4 ZipTips per sample. 
The amounts of immunoreactivities were normalized for tissue wet weights, and 
expressed as pg/mg wet tissue weight (WTW). 
The data sets were compared with one-way ANOVA and Newman-Keuls post hoc 
test. 
In vivo experiments 
In the in vivo experiments male Wistar rats, weighing 170-220 g were used, 5-10 
(occasionally 15-18) rats in each group. For the intrathecal (i.t.) injection direct 
transcutaneus injection method was used. The samples were injected in 5 µl 
volume. 
Antihyperalgesic experiments 
Inflammatory hyperalgesia was induced by intraplantar carrageenan injection (100 
µl 1%). Reduction in nociceptive threshold to pressure on the injected side (i.e. 
hyperalgesia ipsilaterally) was measured by the Randall-Selitto method. 
Hyperalgesia was maximal at 180 min after intraplantar injection and stayed at that 
level for at least 90 min. Nociceptive threshold on the side contralateral to 
intraplantar injection remained on the same level throughout the experiment. The 
test substances were injected i.t. immediately after "the hyperalgesic baseline" 
reading, i.e. after 180 min. EM2 antiserum was co-injected, whereas opioid 
antagonists were injected subcutaneously (s.c.) 10 min (naloxone, NX) or 15 min 
(naltrexone, NTX) before i..t. injection. After i.t. injections, readings were taken at 
5, 15, 30, 6a and in the case of vildagliptin, 120 min after injection.To construct an 
antihyperalgesic dose-response curve for Ile-Pro-Ile I calculated the percent 
antihyperalgesic effect (MPE) = (ipsilateral threshold – hyperalgesic baseline) / 
(contralateral threshold – hyperalgesic baseline) x 100% 
For the statistical comparison of time-matching data sets two way ANOVA and 
Bonferroni post hoc test was used 
Acute nociceptive tests 
For testing acute antinociceptive effect radiant heat tail flick test was used. After 
the baseline latencies were measured, test compounds were injected and tail flick 
latencies were measured at 5, 15, 30 (in the case of morphine at 20) after injection. 
The cutoff time was set to 8 s to prevent blistering. The maximum possible effect 
(MPE) was calculated according to the equation: [Actual latency – Baseline 
latency] / [Cutoff time – Baseline latency] x 100%). The ED50 values were 
calculated from the dose-response curves constructed by non-linear curve fitting.  



Results  
Experiments in isolated dorsal root ganglia 
Pilot experiment 
EM2 immunoreactivity could be detected in the bathing fluid only in the presence 
of 10-3 M exogenous Tyr-Pro, but the basal release could not be stimulated by 
depolarization. The tissue content was lower than the amount present in the bathing 
fluid. Low but measurable EM2 immunoreactivity was present in the bath with 
Tyr-Pro-Ser(O-glucose) additive, i.e. with the presumed precursor extended by a 
C-terminus facilitating plasma membrane penetration; again, the tissue content 
remained low. Immunoreactive SP was detectable mainly in tissue extracts (in 8 
out of 12) but barely in the bathing fluid (in 3 out of 24).  
Main experiment 
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In the main experiment, relaying on the information’s provided by the pilot series, 
we tested only Tyr-Pro and introduced Ile-Pro-Ile, an inhibitor of the hydrolytic 
function of DPP IV. We measured only EM2 immunoreactivity, and, to improve 
detection probabilities, we increased ganglion count, sample volume and 
purification efficiency. Similarly to the pilot experiments, EM2 immunoreactivity 
could be detected only in the presence of excess Tyr-Pro, and the amount present 
in the bath consequently surpassed the amount present in tissue extracts (Fig. 1). 
Likewise, the basal release could not be stimulated by depolarization. In the 
presence of IPI alone, immunoreactivity levels were reduced to almost 
undetectable levels both in bath and tissue. In the presence of both Tyr-Pro and Ile-
Pro-Ile, there was a significant resting EM2 immunoreactivity in the bath which 
could be stimulated eight-fold upon depolarization, while the tissue content still 
remained one-twentieth of the stimulated amount in the bath. 
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In vivo experiments 
Antihyperalgesic tests 
As it was predicted in the startup hypothesis, hyperalgesia induced by maintained 
inflammation caused by intraplantar carrageenan injection colud be fully reversed 
by it. IPI  injection (Fig 2.). Nociceptive threshold to pressure remained unchanged 
on the side contralateral to carrageenan injection even in the presence of IPI. A 
further noteworthy fact was that for the development of antihyperalgesic effect the 
injection of exogenous substrate(s) was (were) unecessary. The antihyperalgesic 
effect of Ile-Pro-Ile was dose-dependent, with a peculiar break in the dose-response 
curve between 3 and 10 nmol/rat (Fig 3 and 4). A more selective non-peptide 
inhibitor of DPP IV, vildagliptin exerted a slightly more potent and significantly 
longer-lasting antihyperalgesic effect (Fig 2.). The actions of both DPP IV 
inhibitors could be antagonized by co-injected EM2 antiserum and s.c. 
pretreatment with opioid antagonist (Fig 5 and 6) 
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Fig. 4 Dose-response relationship of IPI
(peak effect at 30 min)
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When given alone, neither EM2 antiserum nor the opioid antagonists affected 
either the hyperalgesic baseline or the nociceptive threshold to pressure on the side 
contralateral to carrageenan injection (not shown).
 
Acute antinociceptive tests 
Intrathecally injected direct  µ-opioid receptor agonists were effective also in the 
acute nociceptive test (Table1  whereas the DPP IV inhibitors were completely 
ineffective even at 30 nmol/rat. 
Table 1 

Compound ED50 (nmol/rat) 

Endomorphin 1 6.8 (3.85-11.0; DF=15) 

Endomorphin 2 13.3 (8.04-22.1; DF=21) 

DAMGO 0.0059 (0.0035-0.0104; DF=23) 

Morphine 0.11 (0.067-0.17; DF=26) 
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Discussion 
It was established in rat L4 and L5 isolated dorsal root ganglia that 
immunoreactive EM2 can be synthesized if excess concentration of Tyr-Pro 
dipeptide is provided as precursor, which, otherwise, is one of the hydrolytic 
products of EM2 generated by DPP IV enzyme. Ile-Pro-Ile, which is a "slowly 
hydrolyzed competitive substrate" type inhibitor of DPP IV, when given alone, 
reduced rather than stimulated EM2 generation. It follows that i) Ile-Pro-Ile does 
not cross-react with EM2 antiserum and ii) the basal generation of EM2 in the 
absence of Tyr-Pro precursor must be low. The simultaneous application of Tyr-
Pro and Ile-Pro-Ile rendered the EM2 generation depolarization-sensitive (8-fold 
increase) while the tissue EM2 content remained approximately one-twentieth of 
stimulated release. 
Although the direct evidence is still missing, taking into consideration the result of 
a quantititative study on the biodegradation of EM2 by DPP IV present in neural 
plasma membrane, where a slow hydrolysis was reported (more than 20 min half-
life for both endomorphins) and also the results of in vitro peptide synthetic 
chemistry (see the enzymological section of Introduction) it can be stated with 
good probability that DPP IV is likely to be involved causally in endomorphin 2 
biosynthesis, i.e. it can function as a synthase under special conditions. 
According to our proposed biosynthetic model (Fig 7) EM2 is generated 
extracellularly by the membrane-bound ectoenzyme DPP IV. The biosynthesis is 
initiated by excess concentrations of Tyr-Pro precursor. Ile-Pro-Ile, an inhibitor of 
the hydrolytic function of DPP IV, may serve to induce the synthetic function of 
DPP IV. This otherwise barely feasible switch may be supported by the recent 
report that the functionally active form of membrane-bound DPP IV is a dimer. 
Finally, the depolarization-stimulated biosynthesis led us to formulate the 
hypothesis that C-fiber barrage induced by maintained hindpaw inflammation my 
create experimentally similar conditions in spinal dorsal horn in vivo. 
Fig 7. The “de novo” biosynthetic model of EM2 
 

   
 
 In carrageenan-induced hyperalgesia, intrathecally injected DPP IV 
inhibitors (Ile-Pro-Ile, vildagliptin) exerted antihyperalgesic effect without the co-
administration of biosynthetic precursor(s). The antihyperalgesic effects of both 
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inhibitors could be antagonized by co-injected EM2 antiserum or subcutaneous 
pretreatment with opioid receptor antagonists (naloxone, naltrexone). When given 
alone, neither the antiserum nor the opioid antagonists affected hyperalgesic 
baseline on the side ipsilateral to carrageenan injection(i.e. the threshold at 180 min 
after carrageenan), nor the the nociceptive threshold to pressure on the contralateral 
side. 
 
The original findings/statements of thesis are as follows: 

1. Immunoreactive endomorphin 2 can be generated by a de novo 
biosynthetic route from Tyr-Pro precursor as a process inducer factor on 
isolated dorsal root ganglia. 

2. In our in vitro experimental system the biosynthesis took place 
extracellularly 

3. Although the direct evidence is missing, on the balance of indirect 
evidences it is proposed that dipeptidyl peptidase IV enzyme is causally 
involved in the biosynthesis as synthase 

4. Intrathecally injected DPP IV inhibitors such as Ile-Pro-Ile and 
vildagliptin exert antihyperalgesic action in rats in hyperalgesia induced 
by maintained inflammation 

5. The antihyperalgesic actions of both DPP IV inhibitors could be 
antagonized by co-injected EM2 antiserum and subcutaneous 
pretreatment with opioid receptor antagonists 

6. Thus, both actions were opioid receptor-mediated and could be attributed 
to endomorphin 2 generation 

7. Because no precursor co-administration was necessary, the precursor 
fragments must have been generated endogenously 

8. Intrathecally administered DPP IV inhibitors were ineffective in an acute 
nociceptive test such as the rat tail-flick assay 

9. Thus, there must be differences in the role of endomorphin 2 generation in 
the processing of acute non-acute nociceptive information in rat spinal 
dorsal horn 
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