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INTRODUCTION

Intestinal absorption of biologically inactive and active peptides

The question of transport of small peptides across the intestinal mucosa

has been covered mainly in the context of nutrition. The subject has been

extensively reviewed (Matthews, 1975, Matthews and Payne, 1980, Adibi and

Kim, 1981) and will only be mentioned briefly here. For many years it was

believed that proteins were degraded to their constituent amino acids in

the intestinal lumen with subsequent transmucosal uptake. It was not until

1968 that 't could be shown that di- and tripeptides could be absorbed more

rapidly than the equivalent amino acids (Craft et al., 1968, Adibi and

Phillips, 1968). The number of amino acid residues seems to be an important

factor for absorption, i.e. peptides with more than three Gly residues are

no longer substrates for the transport system (Adibi and Morse, 1977).

After a peptide is ingested orally it has to encounter a number of enzyme

systems in the gastrointestinal tract. The intra lumen phase of protein

digestion is accomplished by the pepsins (Taylor, 1968) and the proteoly-

tic enzymes of the pancreas (Keller, 1968). Further metabolic break-down

occurs on the brush-border layer of the intestinal epithelium by amino-

ol igopeptidases. These brush-border peptidases are distinct from those of

the cytosol of the absorptive cells (Noren et al., 1977). Generally, dipep-

tides are hydrolyzed mainly in the cytosol whereas larger peptides are

hydrolyzed mainly on the brush-border (Nicholson and Peters, 1977, Peters,

1970).

Elucidation of the mechanisms of peptide transport across the intestinal

mucosa has been carritd out by using peptides resistant to hydrolysis in
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the cytoplasm. Such peptides include /3-Ala-L-His, Gly-Sar and Gly-Sar-Sar

(Addison et al., 1972, Addison et al., 1975, Matthews et al., 1974). The

uptake of these peptides is inhibited by hypoxia, metabolic inhibitors and

Na+ depletion, all of which confirm the existence of an active system for

peptide transport. Furthermore, one should be able to saturate the

transport mechanism by progressively increasing substrate concentrations.

The rate of passage of Gly-Sar into rings of everted hamster jejunum did

not entirely conform to this principle (Matthews et al., 1979). The influx

appeared to approach a plateau at lower concentrations but this was not

apparent at higher concentrations. This finding suggests the presence of

two transport systems; one saturable (carrier mediated) and one non-

saturable (simple diffusion).

Through in vitro studies of peptide uptake by rat or hamster small

intestine some effects of molecular structure alterations have been

observed. Substitution of the terminal amino-group reduces or abolishes

affinity for transport. Amidation of the carboxyl-terminal group reduces

affinity for peptide transport. Peptides made up of L-amino acid residues

are favoured by the peptide transport system(s), though di-peptides con-

taining or made up of D-amino acids are probably not entirely without affi-

nity for peptide transport, although they are slowly hydrolyzed and an a-

peptide bond is preferred. Furthermore, proline containing peptides seem to

be relatively resistant to enzymatic degradation (for review see Matthews

and Payne, 1980). It has also been suggested that cyciization of a peptide

renders it more resistant to hydrolysis (Gallo-Torres et al., 1964).

Possible pathways for intestinal absorption of small peptides are shown in

Fig. 1.
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Diagrammatic representation of the single layer of mucosal cells lining the

lumen of the small intsstine.

Amino acid and peptide transport by route A has been well characterized,

but the possibility that intact peptides reach the systemic circulation at

D has been neglected. B represents the 'paracellular' route entailing

passage through the so-called 'tight' junctions. Note also the dual (*)

localization of the peptide hydrolases, brush border and cytoplasmic.
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It can be concluded that the field of intestinal peptide absorption is a

complex one, with several carrier-mediated transport systems in operation

depending on the structure and molecular size of the peptide. Passive dif-

fusion may account for some transmural peptide transport.

Despite the potential scientific interest, very little information is

available regarding the intestinal absorption of biologically active pep-

tides. Since a considerable number of peptides with biologic or phar-

macologic potency are larger than three amino acid residues it is

questionable if they are absorbed by similar mechanisms as di- and tripep-

tides. Apart from the already mentioned active transport mechanisms one

must take into account passive diffusion and endocytosis. The latter mecha-

nism is responsible for transmucosal transport of macromolecules (e.g. pro-

teins) (Walker, 1981). It is generally accepted that macromolecules are

absorbed in large quantities during the neonatal period. In older infants

and immature animals a so-called closure phenomenon occurs whereafter only

minor amounts are absorbed (Rodewalk, 1973). Warshaw et al. (1974) reported

that the pinocytotic mechanism may persist on a small scale in adult life,

since they found that about 2% of bovine serum albumin was absorbed into

blood and lymph in intact form. The «. zyme marker, horseradish peroxidase

(HRP) has been found to be taken up by a pinocytotic mechanism indicating

that an exogenous macromolecuie can be absorbed (Cornell et al., 1971).

However, Rhodes and Karnovsky, (1971) reported that after surgical trauma

to small intestine of adult guinea pigs, HRP was noted to diffuse inter-

cellularly through tight junctions of epithelial cells and was not taken up

in demonstrable quantities by the absorptive cells. It is possible that

absorption of biologically active peptides is a result of a combination of

all mechanisms mentioned here, some dominating more than others.
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Of even greater interest are observations on effects of orally ingested

peptides which may be used as therapeutic agents. Such examples are scarce

but some interesting findings will be mentioned here. TRH, pyroGlu-His-

ProNH2, was shown to release TSH in man after oral administration (Ormston,

1972). Another hypothalamic releasing factor, LHRH, induced a rise in

plasma LH when given orally to rats (Amors, 1972, Humphrey et a!., 1973).

An analogue of LHRH, [D-6Ala, desl°G1yNH2]-LHRH ethylamide, was even more

potent in eliciting release of LH (Nishi et al., 1975). Doses as low as 1

and 10 ng caused significant elevations in plasma LH. The cyclic peptide,

cyclo (L-Leu-l4[c]Gly) was administered intragastrically to unanaesthetized

rats with catheterizeci portal veins (Gallo-Torres et al., 1984). This pep-

tide was absorbed effectively (completion after 20 min) in the unmetabo-

lized form. Most of the absorption took place in the proximal intestine.

Interestingly, cyclo (2-Leu-Gly) also seems to penetrate the blood-brain

barrier and exhibits central nervous system activity (Walter, 1975, van Ree

and deWied, 1976, Walter et al., 1979). In vitro experiments revealed that

this peptide apparently traverses the intestinal wall passively. A peptide

with opiate-like activity, L-Tyr-D-Ala-Gly-L-Phe, passed everted sacs of

rat ileum in vitro (Rogers et al., 1980). The appearance of this peptide on

the serosal side of gut sacs was determined with a bioassay method, and the

mechanism apparenfy involved active transport (Heading et al., 1979).

Radioimmunoassay of vasopressin

The first antibodies to vasopressin were developed by Roth et al. (1966).

The earliest RIAs were problematic due to non-specific interference from

plasma components other than AVP (Permutt et al., 1966, Robertson et al.

1970). In 1971 a very specific and sensitive AVP antiserum was produced by
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Oyama et al. Though originally used for measurements in non-extracted

urine, this method was also developed to determine AVP blood levels

(Robertson et al., 1973; Husain et al., 1973). These methods incorporated

an extraction step whereby plasma proteins were precipitated by acetone and

lipids removed by petroleum ether. According to Chard and Forsling (1976)

the extraction method should fulfill the following criteria: it should be

quick and simple and the hormone should be concentrated into a smaller

volume than that of the original sample to improve sensitivity. The proce-

dure should not concentrate nonspecific inhibitors or proteolytic enzymes,

the recovery should be greater than 50% of the material, it must be repro-

ducible and identical for the range of hormone concentrations likely to be

encountered under physiological conditions, and the extract should on dilu-

tion yield a curve parallel to that of the standard hormone. Various

methods to extract AVP from plasma and urine are summarized in table 1.

Table I. Various materials used to extract vasopressin from plasma and

urine.

Extraction method

Florisi1

Bentonite

Fuller's earth

Vycor

Octadecas-ilylsil ica

Author

Beardwell et al., 1975; Morton et al., 1975;

Uhlich et al., 1975

Skowsky et al., 1974

Sequeira et al., I960

Oogterom et al., 1978

La Roche!1e et al., 1980
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All of the extraction methods mentioned in table I are adsorptive in

contrast to the earlier mentioned acetone/petroleum ether method. A method

for assaying AVP in non-extracted plasma has also been described (Fyhrquist

et al., 1976). Recently, a number of methods utilizing antibody bound

microcrystal1ine cellulose (solid-phase) have been developed (Larose et

al., 1985, Burd et al., 1984) in which a washing step replaces the conven-

tional separation step. This approach tends to decrease the coefficients of

variation at the extreme concentrations of the standard curve. In order to

measure the extremely low concentrations (Husain et al., 1973) of AVP pre-

sent in normally hydrated individuals it is of utmost importance to employ

a highly sensitive and specific antiserum. With a sensitive antiserum at

hand one should thoroughly investigate its specificity characteristics by

assaying a number of structurally related analogues and fragments. (Moore

et al., 1977, North et al., 1978, Rooke and Baylis, 1982). If possible it

is worthwhile to compare immunologically obtained results with a biologic

assay (Chard and Forsling, 1976). However, as pointed out by Mohring et al.

(1982) the RIA method is superior as regards reproducibility and the number

of samples which can be analysed in a short time. These authors also recom-

mend a chemical rather than biological method to standardize AVP for RIA.

Through the development of high-resolution chromatographic methods like

high performance liquid chromatography (HPLC) it has become possible to

characterize biological immunoreactivity by comparing elution profiles of

standard and sample (Schöneshofer and Fenner, 1981). Although one cannot be

absolutely certain that standard and extracted material are identical, this

approach seems at present to be the most reliable means of characterizing a

RIA.
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Biological effects and metabolism of DDAVP

l-deamino-8-D-arginine vasopressin (DDAVP) was first synthesised by Zaoral

and Sorm in 1966 as a modification of the vasopressin molecule. This hor-

mone analogue was found to be superior to AVP in eliciting an anti-diuretic

effect in rats, dogs and man (Vavra et al., 1968). In addition DDAVP is vir-

tually devoid of the pressor increasing effect of the natural molecule;

substitution of L-Arg to D-Arg drastically reduces pressor potency and

deamination of the hemicystine in position 1 probably prolongs and enhances

the antidiuretic effect (Sawyer et al., 1974a,b). It is suggested that the

persistent action of DDAVP could be ascribed its resistance to enzymatic

breakdown. The principal biological effects of DDAVP and AVP are shown in

table II. The peptides were highly purified by HPLC (>95%).

Table II. Biological effects of AVP and DDAVP.

Method

Antidiuretic Pressor

(L.E. Larsson et al•, 1978) (Dekanski, 1952)

DDAVP 1200 IU/umol 0.38 IU/umol

AVP -450 iu/umol -450 IU/umol

Other biological effects of DDAVP include promotion of FVIII release

(Warrier and Lusner, 1983), and possibly an influence on memory functions

(Weingartner et al., 1981) but DDAVP has not been found to cross the blood-

CSF-barrier in significant amounts (Stegner et al., 1983, Sörensen et al.,

1984).
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The fate of ODAVP in the organism after diiferent routes of administration

is largely unknown. A large portion of the clearance of AVP from che cir-

culation occurs in the kidney (30-50%) by glomerular filtration and extrac-

tion from the peritubular circulation (Rabkin and Kitaji, 1983). When

Walter and Bowman (1973) added vasopressin and oxytocin to the isolated

perfused kidney, the urinary glycinamide amounted to 85 or 60%, respec-

tively. However, these figures may ior be true for DOAVP which contains

8D-Arg. Since no pertinent data concerning the metabolic fate of DDAVP

exist it may be of value to visualize the possible degradation sites in

the AVP molecule (Walter, 1971) (Fig. 1).
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Walter suggested that two primary mechanisms of covalent bond cleavages are

responsible for inactivation of AVP: a) initial reductive rupture of the

disulfide bridge, b) cleavage of the bond between residues 8 and 9 in the

acyclic tripeptide sequence. Furthermore, kidney homogenates of various

species contain a post-proline cleaving enzyme capable of removing the C-

terminal dipeptide in both oxytocin and vasopressin (Walker, 1976).

Although no characterization of breakdown products as such has been per-

formed some kinetic da.a have appeared in the literature. Pullan et al.

(1978) measured the half-life (tJj) of DDAVP, after bolus injections to

diabetes insipidus (DI) patients, which ranged from 89-158 min. Total

apparent volumes of distribution ranged between 21.5 to 42.3 1. These

authors found that the duration of action and plasma half-life were closely

correlated. Similar results were obtained by Edwards et al. (1973) in DI

patients. Since DDAVP was considered to be excessively degraded by

gastrointestinal enzymes the oral route of administration was never tried.

Instead a few reports deal with the ontidiuretic effect obtained after

intranasal (i.n.) administration in man, since this route together with

intravenous injections has been preferred in therapy. Seif et al. (1978)

administered 20 ug of DDAVP i.n. to DI subjects but the duration of

response among patients varied from 5 - 21h. The great interindividual

variation was also apparent in the measured tH ranging from 0.4 - 4h. The

conclusion of that report was that the prolonged antidiuresis of DDAVP was

due to slow absorption from the nasal mucosa, prolonged persistence in

plasma caused by the slow absorption plus a delayed destruction and

enhanced generation of cyclic AMP. Another approach to study plasma kine-

tics of DDAVP has been carried out in sheep (Stegner et al., 1984) using
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constant infusion. The clearance rate was determined, using several infu-

sion rates, to be 0.0036 1-kg'1-min"! corresponding to about 0.018

l-kg-i-min"1 in similar studies with AVP. In that report, the decreased

clearance of ODAVP compared to AVP was considered to be the major factor

determining the prolonged antidiuresis. Other factors, such as binding to

plasma proteins (Lauson, 1974, Share and Crofton, 1980), may also play a

role in removing small peptides from access to target organs and thus

affecting clearance rates.

The oral route

As mentioned earlier, DDAVP has mainly been administered vis the i.v. and

i.n. routes in therapy. A dose-response relationship in antidiuretic effect

has also been shown after subcutaneous injections (Moses et al., 1981) and

antidiuresis were achieved in DI patients after ODAVP was given as a

sublingual tablet (Laczi et al., 1980). The most interesting observation,

however, both from a therapeutical and physiological point of view, is the

possibility to ingest this peptide orally with a full pharmacological

response. Historically, this finding dates back to 1918 when Motzfeld

desc-ibed a female diabetes insipidus patient who could reduce her nocturia

from 2.5 to 0.3 1 by eating 2-7 fresh bovine pituitary bodies every

evening. Since then no attempts were made to explore further the oral route

of administration until 60 years later when Saffran and coworkers (1979)

administered lysine vasopressin (LVP) to water-loaded anaestetized rats by

gastric tube. Oespite a rather high dose (90 ug) no pressor effect was

found indicating poor absorption. Further studies were performed using

conscious water-loaded dogs who were treated peroraily with a number of

vasopressin analogues (Vilhardt and Bie, 1983). A dose-dependent antidiure-
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tic effect occurred. DDAVP and 4-Asn-DDAVP were the most potent substances

tested. These results were followed up in hydrated human volunteers

(Vilhardt and Bie, 1984) and again a dose-dependent antidiuresis was

observed. As little as 20 ug of DDAVP was found to reduce urine volume and

increase urine osmolality. When DDAVP was added to the drinking water of DI

rats they were found to be capable of normalizing their own diuresis

(Kinter and Beeuwkes, 1932). Recently Hammer and Vilhardt (1985) have

reported that adult DI patients can be successfully treated with tablets

containing DDAVP.

Aims of the present investigation

Although DDAVP has been used as a therapeutic agent for more than ten years

very little attention has been focused on the behaviour of this analogue in

body fluids. To be able to perform accurate measurements of DDAVP the first

goal of this investigation was to develop and validate a specific RIA

method. With this RIA method at hand a number of part projects were schemed

in which:

* appearance of immunoreactive DDAVP in plasma as measured with a specific

radioimmunoassay was compared to its biological effect.

* the influence of a constant and prolonged infusion of DDAVP on the water

balance and plasma concentrations of AVP, DDAVP and 0T in conscious nor-

mally hydrated rats was investigated. The neural lobe levels of 0T and

AVP were also determined.

* the pharmacokittetic behaviour of orally ingested DDAVP was studied in

conscious dogs; to verify that intact peptide was absorbed across the

gastrointestinal 'barrier'.



19

* an attempt was made at elucidating possible mechanisms of gastroin-

testinal transport by use of an in vitro model.

* possible sites of increased uptake was studied by intragastrointestinal

injections in vivo and subsequent measurements of plasma concentrations.

* the plasma kinetics of DOAVP was studied in man.

* the biological effect and plasma concentrations of DOAVP were studied in

man after intranasal and perorai administration.

MATERIAL AND METHODS

Pad i o i mmunoassays

The following peptides were used in this investigation: l-deamino-8-D-

arginine vasopressin (DDAVP), arginine-vasopressin (AVP), oxytocin (OT),

8-D-arginine vasopressin,(8-D-AVP), l-desamino-8-D-ornithine vasopressin,

4-Asn-ODAVP, 6-monocarba-DDAVP, 4-Val-ODAVP, and l-desamino-2-Tyr(0-Ethyl)-

oxytocin (DeOT). All peptides had a purity >95% as assessed by HPLC.

Antisera against ODAVP were produced in Dutch rabbits by using the proce-

dure of Sofroniew et al. (1978). The most sensitive antiserum was

designated ADA'6 and further validated. Assays and RIAs for AVP and OT were

established using antisera from external sources. These RIAs have been

characterized as previously described (Rooke and Baylis, 1982, Robinson,

1980). All peptides were iodinated with the iodogen method (Salacinski et

ai., 1979) followed by purification of the tracer on Sephadex G-2S or

reversed phase HPLC.

The RIAs were performed essentially as described by Möhring and Mohring

(1975) using charcoal in the separation step. In some studies the extrac-
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tion step was excluded and standard curves were diluted in plasma from the

species being investigated. Initially two extraction methods were used and

compared for efficiency, namely precipitation with acetone (Robertson et

al., 1973) and adsorption onto C^g silica (La Roche lie st al., 1980).

Generally 1 or 2 ii plasma samples were extracted.

The DOAVP RIA was validated using a number of methods. First of all the

specificity of the antiserum was determined by studying c.-oss-reactions of

the antiserum with structural analogues. Furthermore, plasma extracts were

serially diluted and compared with the RIA standard curve for parallelism.

Immunoidentity of extracted DDAVP and standards were assessed using HPLC.

Biological studies

Anjrals

OOAVP was administered In rats with gastric tube at two dosages, 5 and 15

nmol/kg. One hour later the rats were decapitated and blood collected for

subsequent analysis. As a rule, blood was collected in heparinized tubes,

and centrifuged at 4*C at 800 g a v for 15 min. The plasma was aspirated and

stored frozen at -70*C until analysis.

Biological versus immunological assay was performed by intragastric admi-

nistration of OOAVP (5 nmol/kg) to diabetes insipidus (01) rats. Urine

osmolality (Uosn) and urine volume (Uvoi) were recorded. Animals were

killed and blood samples taken at various time intervals for up to 20 h

after drug ingestion. These samples were later assayed for ODAVP content.

Small osmotic minipumps (Alza*, Palo Alto, CA, USA) were implanted intra-

peritoneally in Sprague-Dawley rats kept in metabolic cages. OOAVP
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dissolved in bacteriostatic saline was infused at a rate of 1 nmol/kg/day

for 3 days. Controls were given vehicle only. 24 h urine collections were

made for determination of Uvol and Uosm. The animals were decapitated,

blood collected in heparinized tubes and RIA measurements performed to

determine plasma concentrations of AVP, 0T and DOAVP. Neural lobes were

dissected out, extracted with 0.1 M HC1 and assayed for AVP and 0T content.

Trained female Beagle dogs received 3 and 15 nmol/kg b.w. DOAVP by gastric

tube. A third group was continuously infused intravenously with DOAVP at a

rate of 0.13 pmol/kg*min. Blood samples were removed at 0, 5, 10, 30, 45,

90, 120, 150 and 180 min after the start of the infusion or intragastric

administration and assayed for peptide content. Pharmacokinetic parameters

were derived from the resulting time-concentration curves.

An in-vitro method was set up using everted sacs of rat jejunum modified

from Wilson and Wiseman, 1954. Intestinal segments were excised, everted

and placed in a perspex cylinder. The segment was immersed in Krebs medium

(Krebs, 1950) and aerated with carbogen at 37*C with constant shaking. A

small amount of medium (400 ui) was introduced into the lumen of the

everted segment (the serosal side) and the incubation was started by adding

the peptides to the medium surrounding the mucosal side. Aliquots (10 ul)

of serosal medium were removed at various intervals of time from the sero-

sal medium. The removed samples were diluted and boiled. The peptides

tested were AVP, 0T, DOAVP and DeOT. Both standard DOAVP and DOAVP obtained

after incubation in serosal medium were measured both by RIA and HPLC. The

samples had to be extracted prior to HPLC analysis and were later analysed

by RIA. The relative hydrophobicity of AVP, 0T, DeOT and DDAVP was esti-

mated from the retention time on HPLC.
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The volume of distribution of DDAVP in intestinal mucosa was determined by

incubating flakes of mucosal tissue in a buffer containing 100 nmol/1 of

peptide and 20 ptCi of [l.2 - 3H] po1yethyleneg1yco1 (Munch, 1972). After 45

min at 37°C each tissue piece was cut into two halves on a filter paper.

After determination of wet weight on preweighed pieces of alumina foil one

half was dried at 105°C for 24h for measurement of dry weight. The other

half was homogenized in 2 ml 0.1 M HC1 and boiled for 5 min. After centri-

fugation, 25 pi of the supernatant was used for RIA of DDAVP and 1 ml for

determination of 3H in vials containing 20 ml Lumagel (Lumac, The Nether-

lands).

Using an in vivo model, DDAVP absorption was investigated at different sites

along the gastrointestinal tract. After anaesthesia, the abdomen of rabbits

were cut open at proper locations and a polyethylene catheter was intro-

duced into the desired area. The following anatomically distinct regions

were chosen for peptide injection: the stomach, the duodenum, the ileum

(mid-part), the ileo-coecal valve and the colon (traverse part). Care was

taken not to damage blood vessels. Only at the pylorus was a non-traumatic

ligature tied. Peptide was administered at a dose of 30 nmol/kg. Blood

sampling occurred at the following times: 0, 10, 20, 30, 45 and 60 min.

Humans

DDAVP was dissolved in sterile 0.9% NaCl. After a bolus injection of 5 nmol

DOAVP was infused intravenously in 8 healthy volunteers of both sexes at a

rate of 1538 fmol/kg*min. Blood samples (5 ml) were obtained before and at

intervals for 3.5 hours at which time the infusion was stopped. Blood

sp-pling, however, was continued for another 2.5 hours. Pharmacokinetic

data were derived from plasma measurements of ODAVP.
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Six healthy males (22-34 years) participated in a study where DDAVP was

administered either as an intranasal preparation (Oesmopressin*, 100

nmol/mi) or as tablets containing 100 and 200 nmol of ODAVP. The par-

ticipants received DDAVP intranasal1y or perorally (two doses) in a ran-

domized order. A normal breakfast had been eaten before the experiment. The

volunteers underwent hydration by drinking tap water corresponding to 1.5%

of body weight. Urine collections were made every 15 min until the end of

the experiment 6 hours later. Alter measurements of Uvoi an equal amount of

tap water was ingested. When water diuresis exceeded 150 ml/15 min, DDAVP

was administered either intranasally (20 nmol) or perorally (100 or 200

nmol). U o s m was measured using an Advanced Instruments Osmometer (model

3DII). Blood (5 ml) was collected from indwelling venflon catheters in a

forearm vein before and at intervals up to 6 hours after administration of

DDAVP.

Statistical analyses

Comparison between groups were assessed with Student's unpaired t-test.

Time-concentration curves were treated with analyses of variance (ANOVA).

Data from study IV and VII were assessed by the Mann-Whitney test. Computer

programmes si lowed calculation of pharmacokinetic parameters (Wagner, 1975)

in study III and study VI.

RESULTS

Rad i o i mmunoassays

0T, AVP and DDAVP were iodinated to high specific activities (SA) using the

iodogen method. By using HPLC instead of gel filtration a SA close to the
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theoretical optimum (1800 Ci/mmole) was reached. Separation of standard and

monoiodinated DDAVP is shown in Fig. 3. A molar excess of DDAVP prevented

formation of diiodo-DDAVP. Radioiodine was 80% incorporated into DDAVP.

* 2 1 4

DDAVP

125I-DDAVP

Cpm

30 000

20 000

10 000

5 10 15 20
Retention t im* (min)

Fig. 3 Separations of unreacted DDAVP and monoiodinated DDAVP on HPLC.
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The best antiserum, designated ADA'6, had a RIA titer of 1:100.000 for 50%

inhibition of tracer binding. A number of structural analogues was tested

for cross-reactivity in the RIA system. The binding inhibition curves

revealed that analogues with amino acid substitutions in the hexapeptide

ring structure displayed considerable binding to the antiserum, whereas 0T

and AVP which differ in position 8 did not (I). The apparent affinity

constant (Ka) for this antibody was calculated to 1.16 x 10*1 1/mol and the

number of binding sites (Ab) was 16.09 pmol/1 (Scatchard, 1949).

Initially, two extraction methods were used; the acetone/petroleumether

method and the Sep-Pak* (octodecasilylsilica, ODS) method. Extracts of

identical plasma samples were prepared and subjected to HPLC. For this pur-

pose extracted plasma obtained from a dog administered intragastrically

with 60 nmol/kg DDAVP was used. This resulted in the two elution profiles

depicted in fig. 4. The main peak, corresponding to where standard DO AVP

eluted, amounted to 85,5% of total immunoreactivity after HPLC of the ace-

tone extract and 97.6% after HPLC of the Sep-Pak« extract. The ODAVP peak

in HPLC of the acetone extract was 52.5% of that found in the Sep-Pak®

peak. On serial dilution the 00S extract ran in parallel with the standard

curve of DDAVP.
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Fig. 4 HPLC elution profiles of extracted dog plasma obtained lh after

intragastric administration of DDAVP. A Octadecylsilane B Acetone/

Petroleumether.
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When trying to measure DDAVP in unextracted plasma, binding was reduced by

14.4 + 1.1% (n=4) using 200 jil of plasma, and the assay sensitivity was

reduced so that B50 was attained at a standard DDAVP concentration of 25.4

±1.9 fmcl/tube (n=10). The smallest detectable DDAVP concentrations were

1.5 ± 0.2 pmoVl after extraction of 1 ml plasma samples and 5.0 ± 1.0

pmol/1 using unextracted plasma (n=10). A plasma pool containing 100 pmol/1

of DDAVP was measured both directly and after extraction and was found to

contain 100.4 t 2.4 and 78.9 ± 2.9 pmol/1 respectively (n=6). Serial dilu-

tions of DDAVP in plasma obtained after administration to animals or humans

were parallel to standard DDAVP diluted in plasma from the investigated

species.

By repeated measurements of a plasma pool containing 6.4 pmol/1 DDAVP

inter- and intra-assay coefficients of variation (CV%) were found to be 18%

and 8.1% respectively using extraction. A pool containing 30 pmol/1 was

prepared and assayed repeatedly without extraction. Inter- and intra-assay

CV% were 14% and 7.5%.

Animal studies

DDAVP was given intragastrically to homozygous Brattleboro rats in a dose

of 5 nmoles/kg. Uvo-|, U o s m and PQDAVP were then followed for the next

20h. A reduction of Uvoi was observed in all rats and, if urine could

be obtained, measured U o s m was concomitantly increased. PQDAVP after 1.5h

was 8.7 ± 1.9 pmol/1 and after 6.5h it was 7.2 ± 2.4 pmol/1. After 20h

the animals had returned to their abnormally high diuresis and PDDAVP was

undetectable.

DDAVP was also administered intragastrically in two doses, 5 and 15

nmoles/kg. A dose-dependent increase was found after low dose ingest ion
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resulting in a PooAVP o f 7- 8 * 1 < 3 pmol/1 and the high dose yielding a

PDDAVP °f 26.1 ± 6.5 pmol/1. When 5 nmoles/kg of DDAVP was injected

intravenously as a bolus a PQDAVP o f 1 5 2 1 * 1 4 0 pmol/1 was measured at

the same time interval as in the intragastrio experiment (In), yielding a

ratio of 190 to 1 over intragastric PoDAVP-

Long-term infusion of DDAVP was accomplished by the use of email osmotic

minipumps implanted intraperitoneally in rats (II). An infusion rate of 1

nmol/kg/day resulted in a PDDAVP o f 3 O- 4 ± !-7 pmoles/1.

Despite a significant rise (p<0.005) in U o s m as well as a decrease in

uvol' plasma osmolality (Posm)- plasma concentrations of AVP and OT, and

neural lobe levels of AVP and OT were unaffected after 3 days of constant

DDAVP infusion. U o s m and Uvoi obtained from control animals infused with

saline did not change from day 0 to day 3.

DDAVP was administered to dogs via stomach tube (III). The employed doses

were 3 and 15 nmol/kg. Time-concentration curves revealed that DDAVP was

significantly absorbed from the gastrointestinal tract after both high

and low dose peptide ingest ion (p<0.001). PDOAVP remained elevated during

the observation period. Peak concentrations were 13.2 ± 4.8 pmol/1 (n*5)

and 41.2 i 6.5 pmol/1 (n=6) after low and high doses respectively. The

mean areas under the curves (AUC) were estimated to 892.0 and 3025.5

pmol/l»min.

Continuous intravenous infusion of 0.13 pmol/kg»min of DDAVP led to a gra-

dual increase in PQDAVP which was significant (p<0.001) in relation to

time. Since there was a trend for a simple exponential increase in the i.v.

infusion curve and the intragastric curves possibly represent a one-
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compartment open model, we examined this hypothesis by subjecting the data

to the method of moving averages, an approach that smooths away extremes in

the time-concentration curves. By using this approach in combination with

the back-projection method, elimination (K) and absorption (K^) rate

constants as well as half-lives (t)$) were calculated. Due to experimental

error the results derived from the low dose curve differed somewhat from

those obtained after high dose ingestion. However, half-lives for the eli-

mination phase were about 77 min, which was almost identical in both cur-

ves.

The back projection method was also used to fit the data to a theoretical

curve. For this purpose the 15 nmol/kg curve was used. The calculated curve

followed the smoothed curve closely, and as the i.v. infusion curve

revealed a simple, exponential increase (asymptotic) towards a maximum con-

centration, it may be justified to assume that the present data conformed

to the one-compartment open model. A steady-state Pn.DAVP extrapolated by

curve-fitting was found to be 33.8 pmol/1.

Based on this mean PoDAVP a metabolic clearance rate (MCR) of 0.0039

1/min'kg was calculated. From the ascending part of the i .».. infusion

curve a value for tj$ of 50 min was calculated. The apparent volume of

distribution (VQ) for DDAVP was found to be 0.216 I/kg.

An in vitro model using everted intestinal sacs of rats was employed to

obtain further information about possible transport mechanisms and absorp-

tion rates (IV).

When Blue Dextran (1%) was added to the serosal Krebs medium a slight,

but significant (p<0.05) increase in dye concentration was observed in
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samples obtained during a one hour period indicating that some net

transport of water occurred between the compartments of the preparation.
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Fig. 5 Double logarithmic plot of serosa1 concentrations of 1-deamino-

8-D-arginine vasopressin measured after 60 min of incubation of

everted intestinal segments with mucosal concentrations of the

peptide ranging from 0.01 to 100 nmol«l~l.
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After addition of OT, AVP, DOAVP and OeOT to the mucosal meoium the sero-

sal peptide concentration increased with time. The rate of transport was

different for the four peptides tested, increasing in the following

order: AVP, OT, DeOT and DDAVP. After 60 min of incubation the con-

centration of DDAVP in the serosal medium was 6.8 i 1.2% of that on the

mucosal side. DDAVP transport was studied over a concentration range from

0.01 pmol to 100 pmol/1 of mucosal medium. No apparent transport maximum

could be demonstrated (Fig. 5). Addition of 1 jimol/1 of DDAVP together

with a hundred-fold excess of AVP or 0T to the mucosal side did not cause

any reduction in the transport rate of DDAVP. Gassing the medium with N2

or the metabolic inhibitor 1,2-dinitrophenol (DNP) did not affect initial

transport rates of DDAVP. Instead an increase in transport rate occurred

after 30 min of incubation. Omission of glucose from the medium did not

affect DDAVP transport. The relative overall hydrophobicity of AVP, OT,

DeOT and ODAVP was estimated from the retention time on reversed phase

HPLC. The capacity factors K ^ V R / V Q - I (VR = retention volume for peptide

and Vo for solvent) were calculated according to Lindeberg et al. (1980).

When comparing the hydrophobicity factors for the four peptides to intesti-

nal transport rates the correlation was not perfect since DeOT was con-

siderably more hydrophobic than DDAVP although the latter peptide was

transported at a higher rate. Absence of the N-terminal ami no group (DeOT

and DDAVP) increased hydrophobicity, as expected, and also facilitated

intestinal transport when compared to the aminated peptides (OT and AVP).

HPLC and RIA estimations were performed both in standard and in serosal

medium containing DDAVP, to assess the identity of the transported pep-

tide. Serosal medium obtained from intestinal segments after 60 min of
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incubation with ODAVP on the mucosal side was heat-treated, centrifuged

and extracted. The concentration of DOAVP in the extracts was measured by

RIA and by quantitative HPLC. For all concentrations tested RIA deter-

minations were found to be about 18% higher than the corresponding values

obtained by HPLC.

The volume of distribution of 3H-polyethylene glycol in mucosal prepara-

tions was calculated to be 41?8.9% (mean ± SEM; n=5) of total tissue water.

VQ for DDAVP as measured by RIA was 23.2±4.3% of tissue water. The dif-

ference was statistically significant (p<0.05).

DDAVP was administered at various locations of the gastrointestinal tract

in rabbits by direct intraluminal injections, followed by sampling of

blood at intervals for 1 hour. After peptide injections DDAVP levels

increased rapidly with maximal PQDÄVP observed after 10-20 min, except

for the colon. Intraduodenal and ileo-coecal administrations yielded by

far the highest PQDAVP- Analysis of variance revealed that these two con-

centrations curves were significantly (p<0.01) elevated above the zero

level as well as in relation to the other administration sites. Absorp-

tion from the other sites was low and not statistically significant.

Hunan studies

A bolus injection of 5 nmol followed by constant infusion of DDAVP to

normally hydrated volunteers appeared to produce steady-state PQDAVP

after 3.5 hours. At this stage infusion was stopped and blood was sampled

at various times for determination of PDDAVP-
 Tne total clearance rate

(metabolic clearance plus elimination from plasma) was calculated to be

0.0022 1/min/kg b.w. (infusion rate/Pn.DAVP at steady-state) and the
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apparent volume of distribution 0.206 I/kg b.w. From the slope of the

curve following discontinuation of the infusion the half-life in plasma

of ODAVP was calculated to be 55±7 min.

OOAVP was administered perorally to hydrated human volunteers as tablets

containing 100 and 200 nmol peptide as well as intranasally in a clini-

cally relevant dose of 20 nmol. The diuresis started to fall 15-30 min

after administration of the drug and maximal antidiuresis was achieved

within 2 hours. Urine production rate remained low for several hours with

a slight tendency to increase at the end of the observation period.

Three hours after administration of DDAVP urine osmolality in the intra-

nasal study was 790±55 m0sm/kg (mean t SEM), 835t39 m0sm/kg after the 100

nmol tablet and 794±81 mOsm/kg after the 200 nmol tablet. The differences

were not statistically significant.

DDAVP appeared in the plasma 15 min after intranasal administration.

Maximal values were reached within 1-2 hours and remained fairly constant

during the rest of the observation period, although large inter-individual

differences were observed. The difference between PQDÄVP after intake of

the 100 and the 200 nmol tablet was not statistically significant at any

given point of time. However, when pooling all the points for each of the

two curves the mean levels after 200 nmol of DDAVP came out significantly

higher than after the 100 nmol tablet (p<0.05). Calculated in this way

plasma concentrations after intranasal administration of DDAVP were signi-

ficantly higher (p<0.05) than after the 100 nmol peroral but not after the

200 nmol dose.

The mean PQDAVP during the last 4 hours of the experiment was 38 pmol/1

after intranasal application of 20 nmol of OOAVP and 16 and 23 pmol/1
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after the 100 and 200 nmol tablets. Using a value of 0.0022 1/kg/min for

the metabolic clearance rate of 00AVP obtained during infusion of DOAVP

in humans it Mas possible to calculate the bioavailability of DDAVP

during the first 6 hours after administration of the drug. After intrana-

sai application 11.3% of the dose appeared in the blood during the 6

hours observation period. Figures for the 100 and 200 nmol peroral doses

were 1.0 and 0.7%.

In 5 volunteers, urine was assayed for DDAVP following administration of a

100 nmol tablet. From the appearance of DDAVP in the urine till the end

of the experiment the average total excretion of ODAVP amounted to 164

pmol with a mean urinary concentration of 349 pmol/1. Based on these

data the urinary clearance of DDAVP was calculated to be 0.514 ml/min/kg,

and the amount of peptide excreted in the urine during the observation

period constituted 16.4% of the amount absorbed from the intestine to

blood over the same period of time.

DISCUSSION

To perform accurate measurements of DDAVP in biological materials we

found it necessary to develop a specific RIA. Previous investigations

have utilized non-specific AVP or LVP antisera to determine this

vasopressin analogue (Pullan et al., 1978, Edwards et al., 1973, Seif et

ai., 1978, Katzyama et al., 1980, Stegner et al., 1984). Specificity

assessments, as performed by testing cross-reactivities against struc-

tural analogues, showed that the selected antiserum was directed towards

the C-terminal of the DDAVP molecule. This finding is in accordance with

what is usually observed when the amino terminus of oxytocin (Robinson,
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1980, Schams et al., 1979) and vasopressin (Moore et al., 197?, Chard and

Forsling, 1976, Glänzer et al., 19ew) is coupled to large immunogenic

proteins. Since substitution of 8L-Arg to 8D-Arg is one of the molecular

alterations converting AVP to ODAVP a substitution in that position prov-

ed to be advantageous for the development of a specific DDAVP ant iserum.

A fundamental question in RIAs of small peptides is if and how to extract

the sample. This is of course dependent on the expected concentration

range. Normally high sample concentrations can be assayed without extrac-

tion, since small volumes can be used. In the present investigation a

concentration range from the low femtomole to the low picomole level was

analysed. Therefore, assays were carried out both with and without

extraction. With extraction of DDAVP the lowest concentration that could

be measured was about 1.5 pmol/1 and without extraction 5 pmol/1 (I +

II). When selecting an appropriate extraction method two principally dif-

ferent approaches were employed, namely an adsorption and a precipitation

method. As adsorption method, octadecasilyl silica cartridges were used

because of reported high recoveries in the low femtomole range (La

Rochelie et al., 1980, Van Brussel, 1984, Glänzer et al., 1984, Sadler,

1983). For the precipitation method, using acetone and petroleumether,

recoveries have been fairly low, 50-60%, (Robertson et al., 1973, Mönring

and Möhring, 1975) although a recovery of 94% has been described (Oki et

al., 1984). A plasma sample obtained from a dog given intragastric DDAVP

was extracted with both of these methods. The highest recovery as well as

the "purest" extract was found after ODS extraction, with almost all immu-

noreactivity eluting as standard DDAVP. It is therefore recommended to

perform such a study to optimize a RIA. When plasma concentrations were
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expected to be high the extraction step was omitted (study IV). Undiluted

plasma reduced binding of tracer to the ant i serum but this was not a

problem because zero binding remained above 30%. Assay sensitivity was

reduced about four times but was still good enough for measurements in

the femtomol range. Although it wai concluded in study I that extrac-

tion was necessary to eliminate interfering material, parallel dilutions

of ODAVP in unextracted plasma and measurements of plasma pools revealed

that correlation between methods was good.

ODAVP was detected in plasma of Spraque-Dawley rats implanted intraperi-

toneally with small osmotic minipumps delivering the peptide at a

constant rate (II). Considering that the achieved PQDAVP after 3 days of

infusion was 15 times higher from PAVP
 and that tne analogue is 3 times

more potent (Zaoral, 1985) the effects on P o s m and Pvoi were modest.

During the study period the animals must have been in a maximal state of

antidiuresis due to the high PoDAVP- Tne neurohypophysial levels of 0T

and AVP were not affected by the constant DDAVP infusion, indicating an

unchanged rate of release of AVP from the pituitary. This is to be

expected since plasma osmolality, the primary stimulus for osmoreceptor

function, was similar in control and experimental animals. It can there-

fore be concluded that prolonged DDAVP infusion in rats apparently does

not interfere with the function of the hypothalamo-neurohypophysial

system, neither as to biosynthesis nor as to release of AVP.

Reports describing antidiuretic effects of orally ingested lysine-

vasopressin (Saffran et al., 1979) and DOAVP (Kinter and Beewkes, 1982)

as well as preliminary results of our own experiments focused our atten-

tion on this interesting prospect of peptide administration. A thorough
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investigation of antidiuretic effects of orally administered vasopressins

were performed in conscious, water-loaded dogs (Vilhardt and Bie, 1983).

When equimolar amounts of these peptides were administered via gastric

tube it was found that all of them were antidiuretic in doses of SO nmol

or less Clearly, a sufficient amount of intact peptide must have crossed

the gastrointestinal barrier since any cleavage of peptide bonds or

reduction of the disulfide bridge would abolish the biological effect

(Zaoral, 1985). Based on these results it was difficult to assess the

relative net absorption rate of the employed substances since they elicit

different antidiuretic effects, have different plasma kinetics and pro-

bably also different stability in the gastrointestinal milieu. However,

it appeared that DDAVP was absorbed better than AVP and 1-deamino-AVP

better than 8-D-AVP. These observations indicate that the generally

believed dogma that peptides and proteins are degraded to their consti-

tuent amino acids or that only di- and tripeptides are absorbed

(Matthews, 1975) must be revised.

To get a better understanding of the gastrointestinal absorption of

vasopressin and its analogues we utilized specific RIAs to measure these

peptides. In particular, we were interested in the absorption of the clini-

cally important analogue, DDAVP (Vilhardt et al., 19B5).

The first experiments made with intragastric administration of DDAVP

followed by RIA of blood levels were made in rats (I). PQDAVP could be

recovered dose-dependently after giving a low and a high dose. Comparison

with PQDAVP achieved after intravenous injection showed an i.v./intra-

gastric ratio of 190 to 1 at a time when the oral dose can be considered to

be close to its peak in blood, indicating that only a small fraction of
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administered DDAVP enters the circulation. The use of DI rats seemed to be

a suitable model in which to compare a biological response to PQDAVP-

Measurable blood levels of OOAVP were associated with increased U o s m or a

reduction in Uvo-|. Twenty hours after peptide ingestion no DDAVP could be

detected in the plasma of the remaining group of animals and the water

balance was again characteristic of the DI rat. These results indeed show

that the RIA is highly specific for DDAVP.

Investigations of the plasma kinetics o. DDAVP are scarce. In this pre-

sentation two studies (III and VI) deal with this question. In the first

of these studies (III) DDAVP was given via stomach tube to conscious,

normally hydrated dogs in two doses and PDDAVP were tnen monitored for 3

hours. The five-fold difference in DDAVP dose was reflected in the calcu-

lated area under the curves (AUCs) and peak PQDÄVP-
 Tne first-pass effect

of the liver on the removal of DDAVP from the circulation was not deter-

mined, since we had no possibility of analyzing portal blood. By subjecting

the data to various computer programmes pharmacokinetic parameters could

be deduced from the material, such as half-lives for oral absorption and

elimination phases. As expected absorption was more rapid than elimina-

tion. After stripping-analysis (back-projection method) the obtained data

could be fitted to the one compartment open model and absorption or eli-

mination rate constants could be determined. Half-lives for both high and

low oral DDAVP dose were about 77 min. This value agrees quite well with

earlier results (Pullan et al., 1978) obtained with a non-specific RIA.

However, when compared with the tjj estimated from the ascending portion

of the i.v. infusion curve, 50 min, it is apparent that this figure is an

overestimation due to contribution from the absorption phase. Similar
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apparently high half lives were found by Seif et al. (1978) after intra-

nasal administration of ODAVP. Half-lives obtained in dogs and in our

human study (VI), 55 min, are in good agreement. In rats a tjj of 48.8 min

was found (Janaky et al., 1984). By measuring the tig for DDAVP from par-

tial infusion data as in the dog study or at intervals well removed from

zero time (study VI) no influence from a f9rc initial decay phase was

found contrary to what is usually observed with vasopressins (Lauson,

1974). By the constant infusion technique we measured the plasma

clearance rate of DOAVP both in humans and dogs. Clearance was found to

be somewhat lower in humans than in dogs (0.0022 1/kg/min). Only one com-

parable study has been performed. In sheep Stegner et al. (1984) found a

clearance rate of 0.0036 1/kg/min at different infusion rates in accor-

dance with our results in dogs. The decreased clearance of DOAVP fro* the

circulation is probably the most important factor for its protracted

antidiuretic effect, considering that AVP is cleared at a rate of about

0.016 1/kg/min in dogs (Matsui et al., 1983) and sheep (Stegner et al.,

1984). A lower clearance rate for AVP have been obtained in human studies,

0.0068 1/kg/min (Benmansour et al., 1982). By using the constant infusion

method Fabian and colleagues (1969) found a mean total clearance of 0.0111

ml/kg/min in man. These results were obtained using a bioassay. Apart from

the metabolic stability of OOAVP compared to AVP, the renal extractions of

the peptide may be reduced.

OOAVP was measured in urine of subjects who had received a 100 nmol oral

dose in the form of tablets. The mean urinary clearance of the analogue

(0.0005 I/kg b.w.) found (VII) is about a third of that reported for AVP

in rats (Gazis and Sawyer, 1978) and in dogs (Matsui et al., 1983). Oazis
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and Sawyer (1978) found that in the rat the urinary clearance of 1-deamino-

AVP was approximately 4 times higher than that of AVP which is in marked

contrast to our results with the structurally similar analogue DDAVP. We

conclude that in man both total clearance and urinary clearance of ODAVP

are low and that only a small portion of the peptide absorbed from the

gastrointestinal tract is excreted in the urine. Since we made no charac-

terization of immunoreactive material in urine it cannot be excluded that

fragments or non-hormonal material were measured by the RIA.

Administration of 20 nmol DOAVP intranasally and 100 and 200 nmol percrally

induced profound antidiuretic effects in hydrated human volunteers. The

sustained antidiuresis achieved after intranasal administration corresponds

to earlier results (Seif et al., 1978). Although a somewhat lower Pn.DAVP

was achieved after peroral tablet ingest ion antidiuresis was of the same

magnitude indicating that transmucosal absorption of the peptide takes

place over a considerable period of time. The bioavailability of vaso-

pressin was calculated both after intranasal and peroral administration.

The value of about 10% obtained after intranasal ODAVP is similar to the

observations made with the vasopressin analogue l-deamino-2-D-Tyr(0Et)4-

Thr-8Orn Vasotocin (Lundin et al. submitted). Intranasal absorption of

triglycyl vasopressin in man may be similar, but since only peak levels

were measured in the study of Forsling et al. (1980) a direct comparison

cannot be made. Ten times lower absorption was found after peroral tablet

ingestion, an observation that agrees well with clinical experiences made

when switching diabetes insipidus patients from intranasal to peroral DDAVP

therapy (Hammer and Vilhardt, 1985). The plasma concentrations achieved in

various species are summarized in Table III. From these values it can be

concluded that no dramatic differences in DDAVP absorption occur.
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As a consequence of the hitherto described findings of gastrointestinal

absorption of OOAVP, we asked ourselves what possible mechanism(s) and

sites of absorption could be relevant for the transmucosal transport of

this hormone analogue.

Table III. Summary of peak PnOAVP achieved in various species after

oral or intragastric administration.

Species

Rat

Dog

Han

Vehicle

0.9* NaCl

it

••

II

Tablet

<•

PDDAVP

(omol/l)

7.7

26

11

40

19

28

Time

(h)

1

1

0.75

1.5

2

5

Dose

(nmol/kq b.w

5

15

3

15

1.6

3.2

In order to elucidate possible transport mechanisms for DDAVP across the

intestinal mucosa we considered that an in vitro model like the everted rat

intestine (Wilson and Wiseman, 1954) would be suitable, even though it has

some drawbacks, i.e. one cannot obtain direct information concerning the

separate function of the mucosal and the basolateral membranes and back

flux may occur. It is, however, easy to perform and gentle to the tissue.

The mucosal concentration of pept ide can be regarded as constant during the

incubation so that back flux due to diffusion can be neglected. Of the four

peptides tested ODAVP displayed the highest absorption rate and over a con-

centration range of 104 no transport maximum was observed. Excessive
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amounts of AVP and OT did not affect the transport of DDAVP. Neither were

any metabolic inhibitors effective in decreasing transport rates. These

findings indicate that DDAVP and related peptides are passively transferred

through the intestinal wall. The route of transport seems to occur para-

cellular ly since the distribution volume of polyethylene glycol exceeded

that of DDAVP in the mucosal preparations. Since it appears that DOAVP is

transported by passive diffusion across the intestinal wall one cannot

apply the general molecular modifications affecting peptide transport

suggested by Matthews and Payne (1980). There are, however, some altera-

tions in the DDAVP molecule that could reduce its affinity for carrier-

mediated transport like the existence of a D-amino acid, deamination in

position one, amidation of the carboxyterminal group and a proiine residue

in position 7. Cyclization by a disulfide bridge may also influence DDAVP

transport. Taken together these structural properties would make the pep-

tide a less attractive substrate for hydrolytic enzymes. Deamination of the

DDAVP molecule increased both its transport rate and hydrophobicity. The

more hydrophobic analogue DeOT was, however, transported at a slower rate

than OOAVP. It is therefore evident that hydrophobicity alone cannot

account for an improvement in intestinal transport rate. Instead one may

have to consider discreet molecular configuration changes or local

hydrophobicity of the amino acid sequence in the assessment of the ability

of a particular peptide to cross the intestinal wall.

Me also subjected DDAVP incubated in mucosal medium to quantitative HPLC

and identical mucosal samples were analyzed with RIA in order to ascertain

chemical identity of the transported peptide. RIA values were slightly

higher than the results obtained by HPLC. A possible explanation for this
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discrepancy could be the appearance of immunoreactive metabolites of DDAVP

as a result of mucosal brush border peptidase activity during the incuba-

tion. As pointed out before the combination of HPLC and RIA provides at

present the best possibility to identify immunoreactive materials.

The use of the open everted sac technique seemed well suited to solve fun-

damental problems in peptide transport. With this method an array of struc-

tural modifications of bioactive peptides can be conventionally tested so

that one may draw conclusions on specific molecular features responsible

for increased gastrointestinal uptake.

Peptide uptake from different regions of the gastrointestinal tract was

studied in rabbits. The best absorption of OOAVP took place from the most

proximal (duodenum) and distal (ileo-coecal valve) part of the small

intestine. The number and size of so-called aqueous pores (Matthews, 1975)

seems to be largest in the proximal part of the intestine (Loehry, 1973).

The number of these structures are then diminishing down the length of the

intestine as well as the surface area (Fisher and Parsons, 1950). These

features could explain why DDAVP was better absorbed in the upper part of

the intestine provided only passive diffusion is responsible for an uptake

of a peptide this size. The increased absorption in the most distal part of

the small intestine, the ileo-coecal valve, is difficult to explrin. It

could be that enzymatic activity is reduced in this part of the intestine

leaving more DDAVP intact for absorption. It could also be possible that

the transit-time was prolonged compared to what is normally expected for

this part of the intestine. Furthermore, anaesthesia and peptide admi-

nistration may have affected regional blood flow and intestinal motility,

but this is purely speculative. The only peptide being studied in a similar
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way in vivo is TRH, pyro-Glu-His-Pro-NH2. It was found that TRH can only be

absorbed from the upper part of the small intestine (Yokohama et al.,

1984). The transport mechanism for this peptide, however, seems to occur

mainly by carrier-mediated processes. Absorption of DOAVP from the stomach

and colon was low. Since AVP is resistant to peptic degradation (Thorn,

1959) it is most unlikely that the more stable analogue ODAVP is metabo-

lized to any significant degree in the stomach. The low plasma concentra-

tions of the peptide observed after intragastric administration could

therefore mainly be due to its poor absorption. The greatly reduced surface

area due to lack of vill i in these locations may be a likely explanation

for the poor absorption.

This presentation gives new information regarding the plasma concentrations

of OOAVP achieved after various routes of administration. In particular it

points out the possibility of developing bioactive peptides, which can be

absorbed from the intestine. Although the bioavailability of orally

ingested DDAVP was low, about 1%, it was sufficiently high to induce a

long-lasting antidiuresis. It may seem that the choice of DDAVP for oral

absorption studies was fortunate because of the extremely high potency of

this hormone analogue. I feel, however, that renewed efforts should be

made to develop biologically active peptides which are absorbable in the

gastrointestinal tract because of the convenience of peroral administration

compared to existing routes.
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CONCLUSIONS

A highly sensitive and specific radioimmunoassay for DDAVP was developed.

Reliable measurements of this hormone analogue were made in various

species. The validity of the assay was ascertained by measurements of DDAVP

in plasma in connection with a biological response (ant-ldiuretic). further-

more, dilutions of plasma containing DDAVP were parallel with the standard

curve. Through the use of HPLC it was confirmed that immunoreactive

material eluted as intact DDAVP. It was possible to determine DDAVP levels

in nonextracted plasma, albeit with lower sensitivity.

Constant infusions of ODAVP do not alter pituitary secretion of AVP and OT

in rats despite increased urine osmolality and decreased urine production.

DDAVP can be absorbed from the gastrointestinal tract of dogs in a dose-

dependent way.

Metabolic clearance rates are 4-5 times lower than for AVP and plasma half-

lives are considerably longer. ODAVP administered in the form of tablets in

human volunteers produces a strong and long-lasting antidiuretic effect.

The bioavailability was calculated to be about 10% after intranasal

instillation and about 1* after oral administration. The urinary clearance

rate is low, and only a small amount of the peptide is excreted in urine.

The mechanism of gastrointestinal uptake of DDAVP seems to occur by passive

diffusion through the mucosa. In rabbits, the largest absorption of the

peptide is observed after intraduodenal and ileo-coecal administrations.
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