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Prevention of acute gastric erosions in the rat by novel
semi-synthetic amphipathic analogues of pepstatin
S P J HUDDY, G PATEL, G C HEYWOOD, B M AUSTEN,
AND J HERMON-TAYLOR

From the Department ofSurgery, St George's Hospital Medical School, London

SUMMARY Pepstatin is a potent aspartyl proteinase inhibitor which is virtually insoluble in
physiological media. Five semi-synthetic amphipathic analogues of pepstatin, prepared by N
terminal substitution of native pepstatin with hydrophilic oligopeptides, have been assessed for their
ability to protect the mucosa in two animal models of acute gastric erosions. Concentrations of
approximately 90 pmollmg were acheived in the rat gastric mucosa after oral administration of a 20
mmol solution. These levels are theoretically adequate to inhibit all pepsin like proteinase activity
(including zymogens). Each pepstatin analogue was tested by intragastric administration in a
controlled hypotension/luminal acid animal model ofacute gastric erosions in a group of six animals.
All the inhibitors tested produced marked mucosal protection, as measured by a mucosal damage
index, compared with control animals (control mean 241, range 100-420; Pepstatinyl-Gly-Orn-
Orn-Cys (10 mmol) mean 3, range 0-8, p<001; Pepstatinyl-Gly-Cysteic acid-Cysteic acid (10
mmol) mean 5, range 0-21, p<001; Pepstatinyl-Gly-Lys-Lys (10 mmol) mean 18, range 0-60,
p<001; Pepstatinyl-Gly-Cysteic acid-Cysteic acid (1 mmol) mean 24, range 0-86, p<0.01;
Pepstatinyl-Gly-Orn-Orn-Cys (1 mmol) mean 57, range 0-116, p<0-01; Pepstatinyl-Gly-Asp-Asp
(1 mg/ml suspension) mean 68, range 19-126, p<001; Pepstatinyl-Arg-OMe (1 mmol) mean 93,
range 4-142, p<0 05, Pepstatinyl-Gly-Lys-Lys (1 mmol) mean 157, range 70-286, NS). In a platelet
activating factor/20% luminal ethanol model of erosions the pepstatin analogues again provided
mucosal protection although this only reached statistical significance for one of three compounds
tested.

Acute gastric erosions are lethal complications which
occur in a range of severe medical illness,'` after
trauma or surgery,45 as a sequel to neurological
lesions" or in association with burns.`" The advent
of H2 antagonists does not appear to have abolished
this problem, probably because of a failure to reliably
raise the pH above the critical level of 35. 12-14
There is now extensive evidence to implicate

pepsin in the production of the acute gastric
erosions."1'7 It has been suggested that erosions may
be produced as a result of the inappropriate intra-
mucosal activation of pepsinogen initiated by a fall in
mucosal pH.' 2' Effective inhibition of mucosal
pepsin may therefore provide a pharmacological
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means of abolishing or limiting the mucosal damage
produced in those circumstances where acute gastric
erosions occur.
Amylopectin sulphate (SN-263) (a pepsin inhibi-

tor) has been shown to protect against ulceration in
pylorus ligated rats or induced by daily steroid
administration.22 Another weak pepsin inhibitor,
degraded carrageenin, has been shown to protect
guinea pigs against steroid administration.23 Amylo-
pectin sulphate has accelerated the healing of chronic
gastric ulcers24 but a double blind clinical trial has
failed to show any benefit from its use on the
symptoms produced by duodenal ulceration.25

Pepstatin, an oligopeptide produced by bacteria, is
an extremely potent inhibitor of aspartyl pro-
teinases. When first isolated it was shown to have a
protective effect against rumenal ulceration in
pylorus ligated rats.26 It did not, however, protect
against acute gastric erosions produced in a control-
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led hypotensionlluminal acid animal model2' and
Bonnevie et al have failed to show any benefit from
this compound in a double blind clinical trial of the
healing of chronic duodenal ulcers in man.27 This is
likely to be because of the almost total insolubility of
pepstatin in aqueous physiological solvents. This is
responsible for its lack of absorbtion from the gastro-
intestinal tract.28 Ford and colleagues have shown
that luminal pepstatin will not prevent the develop-
ment of acute gastric erosions in a controlled
hypotension/luminal acid rat model despite inhibi-
tion of more than 90% of luminal proteinase
activity.'

Methods

PEPSTATIN ANALOGUES

We have synthesised a range of semi-synthetic
analogues of pepstatin, a potent inhibitor of pepsin
produced by bacteria, by the coupling of short
hydrophilic peptides to the N terminus of pepstatin.
The methods of synthesis and the in vitro testing of
these compounds is being published elsewhere
(Huddy et al, in preparation). Briefly, the solubility
of the inhibitors was determined at both pH 2 and pH
5-3 by lyophilisation to constant weight of a saturated
solution of the inhibitor. The Ki (dissociation con-
stant of the enzyme/inhibitor complex, thus the
lower the value the more potent the inhibitor) was
measured by assaying the activity of known quanti-
ties of pepsin A against casein after preincubation of
the pepsin with the pepstatin analogues. The hydro-
lysis products of casein were assayed by a fluoro-
metric method. The IC50 was derived graphically
from which the Ki was calculated. The solubilities
and Ki values are listed in the Table.

Six compounds are used in this series of experi-
ments, Pepstatinyl-Gly-Lys-Lys, Pepstatinyl-Gly-
Orn-Orn-Cys, Pepstatinyl-Gly-Cysteic acid-Cysteic
acid, Pepstatinyl-Gly-Arg-OMe (OMe=methyl
ester), Pepstatinyl-Arg-OMe and Pepstatinyl-Gly-
Asp-Asp. A radio active marker in the form of
tritiated glycine was incorporated into each mole-
cule. These compounds all have significantly better
aqueous solubility than native pepstatin whilst retain-
ing a similar potency of inhibition against porcein
pepsin. The compounds were tested in vivo in two
different rat animal models of acute gastric erosions,
a controlled hypotension/luminal acid model and a
platelet activating factor (PAF)/luminal 20% ethanol
model.

MEASUREMENT OF TISSUE INHIBITOR
CONCENTRATIONS
Male wistar rats (200-250 g) were obtained from the
Biological Research Facilities situated at St George's

Table Solubility in distilled water or dilute HCl and the Ki
values obtainedforpepstatin and the semi-synthetic pepstatin
analogues atpH 5.2 andpH 2

Solubility Ki
(mg/ml solution) (Mx lO)

Inhibitor pH 5 3 pH 2 pH 5 3 pH2

Pepstatin 0.08 0(09 10.8 1.4
Pepstatinyl-Gly-Lys-Lys 49 51 15.3 2.9
Pepstatinyl-Gly-Orn-Orn-Cys 31 38 9.3 2-2
Pepstatinyl-Gly-Arg-OMe 16 16 10.3 1.1
Pepstatinyl-Gly-Cysteic acid- 131 137 17 8 55

Cysteic acid
Pepstatinyl-Gly-Asp-Asp 1.2 0.8 30 4 8.3

Hospital one week before the experiments. They
were starved for 18 hours before the study during
which time they were housed in wire bottomed cages
and allowed free access to water. Anaesthesia was
induced by intraperitoneal sodium pentobarbitone
(Sagatal, 60 mg/kg) and supplemented by further
intraperitoneal anaesthetic as required during the
procedure.
A laparotomy was carried out and the pylorus

ligated taking great care to avoid damage to the blood
supply. The oesophagus was temporarily occluded by
a silk sling whilst 1 ml of test solution was injected
into the stomach with a fine needle through the
rumenal portion of the stomach wall. The bladder
was then emptied of urine.
The test solution comprised either 0-5 ml of a 20

mM solution of 3H labelled inhibitor (Pepstatinyl-
Gly-Lys-Lys, Pepstatinyl-Gly-Orn-Orn-Cys or
Pepstatinyl-Gly-Cysteic acid-Cysteic acid) or 1 ml of
a suspension containing 1 imol of Pepstatinyl-Gly-
Asp-Asp (due to this compound's limited solubility).

After 90 minutes a cannula was introduced trans-
duodenally into the bile duct and bile collected over a
further 30 minutes The animal was then killed. The
viscera were removed taking the stomach last to
prevent contamination. The stomach was twice
rinsed in a stream of running water and blotted dry.
The mucosal surface of the stomach was gently

scraped with a blunt spatula to remove mucus which
was collected and weighed. The stomach was then
again rinsed in a stream of cold water and blotted dry.
A biopsy of mucosa was taken by dissection in the
plane between mucosa and muscle. A piece of
stomach muscle was then taken from an adjacent
area. A small biopsy (around 60 mg) was taken from
the liver, kidney and lung and a larger biopsy
from the skeletal muscle. Each biopsy was weighed
and homogenised in 1 ml 2% sodium dodecylsul-
phate (SDS) with a Teflon pestle machined to fit a
plastic test tube. The tubes were covered with silver
foil to prevent evaporation and incubated in a boiling
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water bath for 10 minutes to complete cell lysis. The
samples were then centrifuged at 8000 g for four
minutes and 0.5 ml aliquots of the supernatant added
to 10 mls of PCS scintillant. Samples of blood, urine
and bile were simply centrifuged and aliquots of
supernatant added to scintillant before counting. The
results were corrected for quenching. The tissue
concentrations of each pepstatin analogue were
calculated and the results expressed as pmol/mg wet
weight of tissue.

CONTROLLED HYPOTENSION/LUMINAL ACID
MODEL
Male Wistar rats were obtained and anaesthetised as
above. The right femoral artery was cannulated with
a 22 G 'Medicut' cannula connected to a pressure
transducer which allowed continuous monitoring of
the arterial blood pressure. The right femoral vein
was cannulated with a 3 F gauge polyethylene
cannula and the animal was then heparinised with
0-05 ml of 1000 1U/mI heparin.
The pylorus was ligated as in the previous experi-

ments and the test solution introduced into the
stomach by a fine needle through the rumenal
portion.

Immediately after the administration of the test
solution blood was withdrawn through the venous
line into a 20 ml syringe until the systolic pressure was
reduced to between 20 and 30 mmHg. Further blood
was withdrawn or retransfused over the next two
hours in order to maintain the systolic pressure at this
level. At the end of this period the blood remaining in
the syringe was retransfused over one minute and
after a further 10 minutes the animal was killed.
The stomach was immediately removed and

examined both by naked eye and under the operating
microscope to assess the degree of mucosal damage.
Representative samples of the stomachs were fixed in
formal saline, sectioned, stained with haematoxylin
and eosin and subjected to histological examination.
The number of erosions in each stomach were

counted and one point was awarded for each erosion.
The area of each erosion greater than 1 mm2 was then
estimated using a millimetre scale and a further point
awarded for each additional mm2 was added. The
grand total of points constituted the erosion index
(El). When the pepstatin analogues were adminis-
tered at lower concentrations a new form of damage
was observed, which will be described subsequently.
This necessitated the development of a different
scoring system. Here each area of mucosal damage
was graded. (1) Just visible dusky patch, (2) a distinct
grey or purple patch within the mucosa, (3) a black
almost necrotic area, and (4) a true erosion. The total
area inl mm2 of each grade of mucosal damage was
estimated using the millimetre scale and the value

multiplied by the grade of the damage. The totals
were then added together to produce the mucosal
damage index (MDI).

Five pepstatin analogues were assessed in this
animal model Pepstatinyl-Gly-Lys-Lys, Pepstatinyl-
Gly-Orn-Orn-Cys, Pepstatinyl-Gly-Cysteic acid-
Cysteic acid Pepstatinyl-Gly-Asp-Asp and
Pepstatinyl-Gly-Arg-OMe. The test solutions were
all made up in 100 mM HCI to a volume of 1 ml. The
control animals received HCI alone. The pepstatin
analogues were tested at 10 mM (if sufficiently
soluble) and 1 mM concentrations, with the excep-
tion of Pepstatinyl-Gly-Asp-Asp which was adminis-
tered as a suspension of 1 mg/ml (0.97 [smolIml)
because of the limited solubility (0.8 mg/ml) in
aqueous solution at this pH. The addition of the
inhibitor did not produce a detectable change in the
pH of the HCI. Each group consisted of six animals.
The test solutions were all administered to the
animals in a blind fashion and the code was only
broken after the conclusion of the experiments and
calculation of the damage scores.

PAF/LUMINAL 20% ETHANOL MODEL
The animal model used was similar to that described
by Rosam et al.29 Male wistar rats (200-250 g) were
obtained, starved and anaesthetised as described
above and the femoral vessels again cannulated but
the animal was not heparinised.
The stomach was isolated and the test solution

injected through the rumenal portion. PAF (50 ng/
kg/min) in normal saline containing 0-25% bovine
serum albumin was infused via the femoral venous
line for 10 minutes. The animal was then allowed to
recover for 30 minutes before being killed. The
stomach was removed and the erosions scored
according to the erosion index. Representative
stomachs were subjected to histological examination.

In this model the test solutions were made up
in 20% ethanol and the final volume was again
1 ml. Three inhibitors were tested in this model
Pepstatinyl-Gly-Orn-Orn-Cys, Pepstatinyl-Gly-
Cysteic acid-Cysteic acid and Pepstatinyl-Gly-Asp-
Asp. The first two were administered as a 10 mM
solution and the third as a suspension of 10 mg in 1 ml
(9.7 [tmol/ml) because of the limited solubility (2.9
mg/ml) in 20% ethanol. Each group again consisted
of six animals.

STATISTICAL ANALYSIS
A reduction of the El or MDI of the pepstatin
analogue treated groups compared with the control
animals was tested for statistical significance by the
single tailed Mann Witney U test.
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Pepstatinyl-Gly-Lys-Lys

3 Pepstatinyl-Gly-Orn-Orn-Cys

* Pepstatinyl Gly-Cysteic acid-Cysteic acid

mucosa muscle muscle

Stomach Stomach
mucosa muscle

Liver Kidney
*

9Lung Skeletal Serum
muscle

Figs 1 (a and b) Tissue concentrations achieved two hours after the intragastric administration ofa 20mM solution ofeither
pepstatinyl-Gly-Lys-Lys, Pepstatinyl-Gly-Orn-Orn-Cys or Pepstatinyl-Gly-Cysteic acid-Cysteic acid (a) or a suspension
containing 1 Wnollml Pepstatinyl-Gly-Asp-Asp (b).

Results

TISSUE CONCENTRATIONS
The tissue concentrations achieved two hours after
intragastric administration of the pepstatin analogues
are shown in Figures la and b. The three inhibitors
administered at 20 mmol all produce a similar pattern
of tissue distribution but differ in the proportions
excreted in bile or urine. Pepstatinyl-Gly-Lys-Lys
and Pepstatinyl-Gly-Orn-Orn-Cys are predomi-
nantly excreted in urine, whilst the majority of
Pepstatinyl-Gly-Cysteic acid-Cysteic acid is excreted
in bile. They each produce a gastric mucus concentra-
tion of around 550 pmollmg wet weight of tissue and a
gastric mucosal concentration of around 90 pmollmg

wet weight of tissue. Pepstatinyl-Gly-Asp-Asp when
administered as a suspension of 1 [imol in 1 ml
(maximum solubility approx 0.8 mmol) produced a
mucus concentration of 246 pmollmg wet weight of
tissue and a mucosal concentration of 41 pmollmg
wet weight of tissue.

CONTROLLED HYPOTENSION/LUMINAL ACID

MODEL

In the control group all of the animals developed
acute gastric erosions. There was usually altered
blood present in the stomach on opening the speci-
men at the end of the experiment. The lesions were

dusky red or light brown. They tended to be most
extensive in the body immediately distal to the
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junction with the rumenal portion and were not seen
in the rumen or antral portions of the stomach.
Erosions were most prominent on the crests of the
rugal folds. They appeared as single spots or
coalesced to form long streaks of mucosal damage.
When examined under the operating microscope
these lesions could be clearly seen to be breaches in
the mucosa. The histology revealed widespread areas
of superficial necrosis with focal areas in which there
was more extensive damage. Here there was
necrosis, and haemorrhage extending deep into the
gastric mucosa sometimes reaching the muscularis
mucosae. Haemorrhage is prominent in these deeper
lesions which correspond to the macroscopically
visible acute gastric erosions.
The mean erosion index of the control group of six

animals was 60.2 (range 25-105). In the three groups
of animals which received 10mM pepstatin analogue
at the 10 mM concentration there were no acute
gastric erosions in any animal. The only observed
macroscopical difference from the control animals
was a slight thickening of the mucosa and a patchy
distribution of the mucus layer in the treated animals.
Microscopically there was minimal loss of the surface
of the mucosa and an occasional intramucosal lesion
as described below.
When the inhibitors were administered at the

1 mM concentration a new pattern of mucosal
damage was seen. In addition to a few true acute
gastric erosions there were areas of mucosa, which
were occasionally extensive, and which appeared as
discoloured patches. These ranged from just visible
dusky lesions to areas where the mucosa had the
appearance of being almost necrotic. These lesions
differed from true erosions in that the surface
contour of the mucosa appeared to be intact. They
had the macroscopical appearance of intramucosal
haemorrhages. The distribution of these lesions was
very similar to that of the true acute gastric erosions
in the control animals. The histology of these
stomachs showed areas of superficial mucosal
necrosis which in places appeared to have separated
from the apparently normal underlying mucosa. The
discoloured areas were seen to consist of discrete
intramucosal areas of necrosis surrounding an intra-
mucosal haemorrhage. The histological features of
these were very similar to those of a true superficial
erosion. The smallest of these lesions were found in
the deepest parts of the mucosa. Lesions of increas-
ing size extended further towards the surface but
always involving the deeper layers. Around the
largest lesions there was only a thin rim of intact
mucosa covering the necrotic haemorrhagic area.
The MDI was devised to score the mucosal

damage. This scoring system was felt to be justified
for the following reasons. First, examination of the

area surrounding these haemorrhages showed them
to have the same histological features as the true
superficial erosions. The presence of the entrapped
haemorrhage increased their size and tended to over-
rather than under-estimate the severity of the lesion.
Thus if anything the MDI will err on the side of
conservatism in assessing any beneficial effect of the
pepstatin analogues. Second, the pale lesions were
shown to be small and deeply sited within the
mucosa. As the lesions increased in size they ex-
tended further towards the mucosal surface but
always involving the deeper layers. These progress-
ively larger lesions appeared macroscopically as the
darker areas. Third, the distribution of the intra-
mucosal lesions within the stomach mirrors that of
true erosions and finally, when true erosions were
seen in the treated animals these were always associ-
ated with extensive areas of intramucosal damage.
The theoretical basis for the MDI is discussed in more
detail elsewhere.30

All the inhibitors tested at the 1 mM concentration
in the controlled hypotension/luminal acid model
produced a reduction in the mucosal damage index
compared to control animals. The reduction was
significant for four inhibitors. The p value for
Pepstatinyl-Gly-Orn-Orn-Cys, Pepstatinyl-Gly-
Cysteic acid-Cysteic acid and Pepstatinyl-Gly-Asp-
Asp was <0-01 and for Pepstatinyl-Gly-Arg-OMe
was <0-05. There was a further reduction in the MDI
when the concentration, of the three inhibitors which
were sufficiently soluble, was increased to 10 mM.
The MDI of each test group of animals is compared
with that of the control animals in Figure 2.

PAF/LUMINAL 20% ETHANOL MODEL
The control animals that received an infusion of 50 ng
PAFIkg/min in the presence of luminal 20% ethanol
all developed mucosal erosions. The mean erosion
index of this group was 42 (range 17-64). The
erosions appeared macroscopically similar to those
produced in the controlled hypotension/luminal acid
model although the lesions tended to coalesce rather
more than in the previous model. The lesions were
again found predominantly in the proximal body of
the stomach and on the crests of rugal folds. There
was complete antral sparing as in the previous model.

Platelet activating factor infused at the same rate
but in the absence of the intragastric alcohol failed to
provide a sufficiently consistent degree of mucosal
damage to allow assessment of any potential benefit
from the concurrent administration of the pepstatin
analogues.
The histological appearance of stomachs from the

control group of animals showed extensive surface
necrosis and in places separation of this necrotic
layer. In some areas the necrosis extends deeper into
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Fig. 2 Mucosal damage index (mean) ofgroups ofsix rats
subjected to controlled hypotension in the presence of
intragastric 100mMHCI either alone or containing dissolved
pepstatin analogue. Bars indicate the range of values
obtained (¶ -p<O0O5 v control, * -p<O0OI v control).

the mucosa. The appearance of these lesions was
similar to that found in the controlled hypotension/
luminal acid animal model although after PAF, the
surface damage appears more extensive and diffuse,
and the deeper lesions appeared less discrete.

All the inhibitors tested in this animal model (at
the 10 mM concentration) produced a reduction in
the erosion index although only for Pepstatinyl-Gly-
Cysteic acid-Cysteic acid did this achieve statistical
significance (p<O0O5) (Fig. 3). The lesions seen were
all typical superficial erosions. There were no intra-
mucosal haemorrhages, of the type seen when
inhibitors were given at lower concentrations in the
controlled hypotension/luminal acid animal model,
either macroscopically or microscopically.

Discussion

A range of semi-synthetic analogues of pepstatin
were synthesised with the intention of increasing the
aqueous solubility whilst retaining the inhibitory
potency of native pepstatin. This increase in aqueous
solubility was intended to allow the achievement of
mucosal concentrations which would be adequate to
inhibit any active pepsin produced by the inappro-
priate intramucosal activation of pepsinogens within
the gastric mucosa. The molecular modifications
involved the coupling of a charged hydrophilic
oligopeptide to the carboxyl terminus of pepstatin.
A number of features were included within the

substituent oligopeptide which might confer potenti-
ally useful properties to the compound. Two com-
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Fig. 3 Erosion index (mean) ofgroups ofsix rats receiving
intravenous PAFin the presence ofintragastric 20% ethanol
either alone or containing dissolvedpepstatin analogue. Bars
indicate the range of values obtained (* -p<0 05 v control).

pounds had a net positive charge which might interact
with the net negatively charged mucus or allow the
molecule to adhere to the negatively charged apical
mucosal cell surface. Two compounds had a net
negative charge which it was thought might target the
molecule towards breaches in the mucosa where the
positive charges of the basolateral mucosal cell
membranes become exposed. Two compounds had
sulphur containing groups which might interact with
the disulphide bridges in the mucus and target the
inhibitor to this layer.
The ability of the analogues to penetrate the mucus

layer was investigated by measuring the tissue con-
centrations in different tissues two hours after intra-
gastric administration in a pylorus ligated rat. After
administration of a 20 mM solution the concentra-
tions achieved in the gastric mucosa were around 90
pmol/mg wet weight of tissue. Ford et aPl have shown
that the total pepsin like proteinase content (which
included zymogen) of rat gastric mucosa is approxi-
mately one quarter of this value indicating that the
levels being achieved should be adequate to inhibit
any accessible proteinase within the mucosa which
becomes activated by a fall in mucosal pH.
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There is no evidence from the observed tissue
concentrations to support the concept that the nega-
tive charge or sulphur containing groups are targeting
the inhibitors to the gastric mucus. Similarly there is
no evidence to suggest that either a negative or a
positive charge favours inhibitor concentration
within the mucosa. The studies described do not,
however, differentiate between different areas of the
mucosa and it remains possible that the negatively
charged analogues will be attracted to mucosal
defects. This would clearly be a desirable property in
an inhibitor of this kind.
The tissue distribution of Pepstatinyl-Gly-Asp-

Asp was only measured after intragastric administra-
tion of a 1 mM suspension because of its poor
solubility (the solubility at pH 2 was 0.8 mg/ml) and
therefore can not be directly compared with the other
compounds. It does seem, however, that the mucosal
concentration achieved by this compound was
significantly higher than might be expected. A 20-
fold reduction in the luminal concentration com-
pared with the other analogues produced only a 50%
reduction in the mucosal concentration. The concen-
trations of this analogue in bile, urine and serum are
low suggesting that little inhibitor has passed through
the mucosa into the blood stream, which implies that
there might be some selective concentration within
the mucosa. Aspartic acid is a weak acid and it is
possible that this behaves in a similar manner to that
proposed for the aspirin molecule in the stomach,
being undissociated within the acid lumen and hence
lipid soluble, passing through the cell wall into the
mucosal cells where it ionizes in the physiological pH
of the cytoplasm. If this is so then it is clearly a
desirable property of such a compound.

All of the pepsin inhibitors which were tested in the
controlled hypotension animal model at a 10 mM
intragastric concentration completely prevented the
appearance of acute gastric erosions which were
consistently seen in the control animals. In this model
the hypotension probably causes a fall in mucosal pH
as has been shown to occur in rabbits.'6 This in turn
catalyses the conversion of pepsinogen to active
pepsin, which has previously been shown to occur in
this situation.2' As there was no other difference
between the control animals and those receiving the
pepsin inhibitors, and the inhibitors are not known to
have any action on the gastric mucosa other than the
inhibition of aspartyl proteinases, it may be con-
cluded that the protective effect upon the mucosa is
the result of inhibition of aspartyl proteinase activity
within the mucosa. This activity is likely to be pepsin
although it is possible that lysosomal enzymes play a
part. Cathepsin D is an aspartyl proteinase and
should be inhibited by the pepstatin analogues as it is
by native pepstatin.32 It would be of interest to

directly measure the degree of inhibitor/enzyme
binding within mucosal samples taken from these
experimental animals. In practice, however, this is
not possible as minute amounts of these extremely
potent inhibitors contaminating or contained within
the mucosa would render the results uninterpretable.
At the lower concentration there were few true

superficial erosions but in some animals there were a
number of intramucosal haemorrhages. It is not
possible with the method used to measure tissue
concentrations to detect changes in concentration of
inhibitor across the thickness of mucosa. It is likely,
however, that a concentration gradient of inhibitor
exists from the gastric lumen at 1 mM to the serum
concentration at about 1 FtM and that it is the deeper
layers of the mucosa which first suffer damage as the
concentration of inhibitor becomes marginal.
The lesions seen at the lower inhibitor concentra-

tions were predominantly intramucosal haemorr-
hages surrounded by a small area of necrosis. As the
harmorrhage is trapped within the mucosa the size of
the lesion will appear larger than the area of necrosis.
The animals used in the controlled hypotension/
luminal acid model of erosions were heparinised in
order to allow removal and retransfusion of blood
and this may further accentuate these intramucosal
microhaematomas.

Pepstatinyl-Gly-Cysteic acid-Cysteic acid which
has a strong net negative change was the most
effective of the inhibitors tested in this model. The
effectiveness of this inhibitor was in contrast with its Ki
value which was five-fold higher than the best com-
pound at pH 2. It has a very high aqueous solubility
but this failed to produce an increase in the measured
mucosal concentration. Pepstatinyl-Gly-Asp-Asp
also does surprisingly well in the animal model
despite its lower aqueous solubility. It is possible that
these negatively charged compounds are being
attracted to exposed positive charges on the baso-
lateral mucosal cell membranes in the area of
mucosal breaches. They may therefore be selectively
targeted to the areas where the mucosal barrier is
broken and where th pH fall is likely to be greatest.
The use ofPAF to induce acute gastric erosions, as

described by Rosam et al,29 provides an alternative
animal model to the controlled hypotension/luminal
acid system which avoids the use of added luminal
acid. It has been proposed that PAF is a major factor
in the clinical pathogenisis of acute gastric erosions
induced by septicaemic shock.29 Platelet activating
factor has been detected in vivo in the blood of rats
subjected to endotoxic shock in concentrations
similar to those which were administered in the PAF
animal model described.
Although the mechanism by which PAF damages

the mucosa is not well understood it seems likely that
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this is through local vascular changes particularly
loc,al stasis and venocongestion.29 A fall in local blood
flow to areas of the mucosa will inevitably reduce the
ability of the mucosa to remove the protons which
represent the normal back diffusion from the lumen.
Mucus secretion and local bicarbonate secretion are
likely to be reduced allowing an increased rate of
proton back diffusion into the mucosa. Finally, the
relative anoxia produced by the vascular changes will
allow the accumulation of metabolites leading to a
further local fall in mucosal pH. If one or all of these
factors act together to reduce the pH in an area of
mucosa below 5 then pepsinogen activation may
begin. Once this occurs the pepsin produced is likely
to amplify local damage opening the flood gates for
further influx of protons, further reducing the pH.
The macroscopic and microscopic appearances of

the lesions in the PAF model, and in particular the
marked antral sparing were similar to those found in
the controlled hypotension/luminal acid model pre-
viously used. The antral sparing further supports the
concept that pepsinogen stores within the mucosa of
the body and fundus of the stomach are involved in
the pathogenisis of, or amplification of, mucosal
damage by PAF.

Despite high interanimal variability, significant
mucosal protection was again provided by
Pepstatinyl-Gly-Cysteic acid-Cysteic acid in the PAF
model providing further evidence that inhibition of
mucosal aspartyl proteinases affords protection to
the mucosa from damage arising in a range of clinical
circumstances.
None of the experiments described investigate

chronic ulceration although many of the factors
which induce acute ulceration are also implicated in
chronic ulceration. The presence of a chronic ulcer
indicates a balance between aggressive and defensive
mucosal forces. Despite this treatment of chronic
ulcers by reduction of luminal acid requires a marked
rise in pH before healing occurs. It will therefore be
of great interest to see if adequate intramucosal
pepsin inhibition will accelerate the healing of
chronic peptic ulcers. The single clinical trial of
pepstatin has shown no benefit despite good inhibi-
tion of luminal pepsin.27 It is likely that, as in the case
of acute gastric erosions, the pepsin inhibitors need
to be soluble in physiological media in order to gain
access to the site of pepsin induced mucosal damage.
This area warrants further study.
The protective effect of soluble pepstatin

analogues has been shown in two animal models of
acute gastric erosions which are believed to simulate
the pathophysiology of erosions occurring clinically
in hypotensive and endotoxic shock. At a 10 mM
intraluminal concentration all three pepstatin
analogues tested completely abolished the appear-

ance of acute gastric erosions in the controlled
hypotensionAluminal acid animal model.

This research was kindly supported by the British
Technology Group and by the St George's Hospital
Medical Research Committee.
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