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Abstract

The incretins glucose-dependent insulinotropic polypeptide (GIP,4) and truncated =
forms of glucagon-like peptide-1 (GLP-1736 and GLP-1737) are horrhones ieleased from .
the gut in response to ingested nutrients and act on the endocrine pancreas to potentiate
glucose-induced insulin secretion. GIP;.4; and GLP-173 are known substrates of the
circulating exopeptidase dipeptidyl peptidase IV (DP IV, CD26, EC 3.4.14.5) which
selectively hydrolyzes peptides after penultimate N-terminal proline or alanine. Hydrolysis
of GIP;.42 and GLP-17.36 by DP 1V yields the biologically .inactive polypeptides GIP3.4; and
GLP-1936, and the dipeptides Tyr-Ala and His-Ala respectively. It has been speculated
that DP IV-catalyzed incretin hydrolysis is the primary step in the metabolism of these
hormones. This thesis reports the use of matrix—essisted laser desorption/ionization-time
of flight mass spectrometry (MALDI-TOF MS) to study incretin hydrolysis in vitro,
including enzyme kinetics, and the establishment of a protocol for the inhibition of DP IV
in vivo, allowing study of the influence of endogenous DP IV on the enteroinsular axis.
Analysis of MS spectra indicated that human serum-incubated GIP,.4; and GLP-17.36 were
cleaved by DP IV with only minor secendary degradation due to other serum protease
activity.  Kinetic constants of incretin hydrolysis by purified porcine kidney-derived
enzyme and by human serum DP IV activity suggest that DP IV-mediated hydrolysis of
these peptides is significant at physiological incretin concentrations. Ile-thiazolidide, one
of a new class of competitive reversible transition state analogue inhibitors of DP IV was
used to block DP 1V activity in vitro and in vivo. Endogenous DP IV inhibition resulted

in an earlier rise and peak of plasma insulin and more rapid clearance of blood glucose in
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response to an intraduodenal glucose challenge. High performance liquid chromatography
(HPLC) analysis revealed that inhibition of DP IV in vivo was able to prevent the
hydrolysis of radiolabelled GLP-lf-gs, indicating that the altered insulin profile is likely an
incretin-mediated respoﬁse. On the basis of the.studies described in this thésis it wa;s
concluded that DP IV is the principal protease responsible for the degradation of GIP;4,

and GLP-1736 and manipulation of endogenous DP IV activity was able to improve

glucose tolerance in the rat.
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INTRODUCTION

The Incretin Concept

The first demonstration that a substance originating in the gut could influence the
function of the pancreas was reported in 1902 by Bayliss and Starling. They observed that
the introduction of hydrochloric acid into the duodenum of a completely denervated small
intestine of a dog resulted in the release of pancreatic juice into the small intestine.
Intravenous (i.v.) injection of a jejuﬁal extract produced the same result, leading these
investigators to conclude that an active substance was released into the blood stream from
the small intestine in response to an acid stimulus in the duodenum. They called this
substance secretin, and with its discovery and characterization (Bayliss and Starling,
1902; 1903) arose the study of endocrinology. Long before the discovery of insulin by
Banting and Best in 1921, it had been recognized that the pancreas was the source of an
internal secretion which contributes to the regulation of blood sugar levels. Whereas
secretin was shown to stimulate the external secretion of the pancreas - secretion of
pancreatic juice into the lumgn of the gut - it was not until 1906 that Moore, Eddie and
Abram postulated “...that the internal secretion of the pancreas might be stimulated and
initiated (similar to external secretion) by a substance of the nature of a hormone or
secretin yielded by the duodenal mucous membrane....” In fact, Moore et al. (1906) even
suggested “...that in certain cases of diabetes the appearance of sugar in the urine might
be due to the functional disturbance occasioned by the absence of such an intestinal

excitant of the internal secretion.” Due to the small number of subjects in their study,




however, these investigators were unable to conclusively state whether administration of
their acid extract 'from porcine small intestine was able to normalize diabetic
hyperglycemia.

It wasn’t until the 1920°s and 1930°s t'hatb much attention was devoted to
characterizing this hypoglycemic phenomenon. During this time, La Barre and colleagues
found that i.v. injection of a crude secretin extract into the dog produced hypoglycemia
(Zunz and La Barre, 1929; La Barre and Still, 1930). It was concluded that crude secretin
contained a second active substance, which they called incretin (La Barre, 1932), able to
stimulate the release of insulin from the en(iocfine pancreas. Similar results were reported
by Heller (1929; 1935), and Elrick af al. (1964) reported that no less than forty-six
publications between 1923 and 1936 described the hypoglycemic effects of intestinal
mucosal extracts.

However, a series of studies by Loew, Gray ana Ivy (1939; 1940a; 1940b) were
deemed decisive in demonstrating that an intestinal substance was not responsible for the
blood glucose lowering response reported by previous investigators, and it was not until
the development of an insulin radioimmunoassay (RIA) (Yallow and Berson, 1960) that
the existence of a potential hypoglycemic hormone was again considered in the mid 1960s.
4 Mclntyre et al. (1964) reported that intrajejunal administration of glucose in two healthy
subjects resulted in a greater insulin‘response and more rapid Blood glucose clearance than
when the same glucose dose was given intravenously, suggesting that an insulinotropic
substance may be released from the intestine in response to luminal giucose. In 1965,
Mclntyre, Holdsworth and Turner reportgd that the response to intrajejunal infusion of

glucose in patients having end-to-side portacaval shunts due to liver cirrhosis was the



same as in healthy control subjects suggesting that prior circulation of glucosé through the
liver was not a prerequisite for an augmented insulin response. This evidence suggested
that the source of La Barre’s incretin was the intestinal mucosa aﬁd riot the liver.

By 1967, Perley and Kipnis quantified the insulin responses to oral and i.v. glucose
and reported that the response to i.v. glucose was 30 - 40 % of that observed for oral |
glucose in healthy and obese, diabetic and nondiabetic subjects. By 1969, enough
evidence of a physiological connection between the gut and the endocrine pancreas had
accumulated for Unger and Eisentraut to coin the term enteroinsular axis‘ to des-éribe
a “... regulatory Aj/s_tem in which the secretion of pancreatic islet cell hormones is under
the partial influence of hormones of the | gastrointestinal tract” Though the term
originally included only hormonal factors, neural and substrate inﬂuences (Fig. 1) were -
later incorporated into the definition (Creutzfeldt, 1979). Due to nature of the studies
described in this thesis, orﬂy the endocrine component of the enteroinsular axis will be

considered, and in particular, those hormones which influence insulin secretion.

-~
L ENDOCRINE ™

Fig. 1. The enteroinsular axis. This axis reflects the endocrine, neural and substrate factors originating in the gut which
influence the secretion of hormones from the endocrine cells of pancreatic islets of Langerhans. This figure was reproduced
from Creutzfeldt, 1979.




The term incretin does not refer to a single hormone, but rather to any endocrine
substance released from the intestinal mucosa which potentiates the secretion of insulin
(Creutzfeldt, 1979) and thus contributes to the greater insulin response after oral versus
i.v. glucose. Before a substance can be considered an incretin, Creutzfeldt (1979) outlined
two criteria that must be met: : ¢

e the substance must be released in response to nutrients in the lumen of the
gut, and
e the insulinotropic action of the incretin must be glucose concentration-

dependent when administered exogenously at physiological concentrations.

The glucose-dependence of incretin action offers a unique advantage in preventing
inappropriate insulin secretion and subsequent hypoglycemia so that even in the presence
. of elevated circulating incretin concentrations, insulin is secreted only when required (i.e.
in the presence of glucose). Thus, an incretin cannot, by itself, stimulate the secretion of
insulin, but only pbtentiate the insulinotropic actions of nutrients.

Though a number of intestinal peptide hormones have been considered as incretin
candidates, most have been rejected since they are not glucose-dependent or not
insulinotropic at physiological levels v(reviewed in Creutzfeldt, 1979; Creutzfeldt and

Ebert, 1v985, Creutzfeldt and Nauck, 1992). Of the gut factors considered to date, only
| glucose-dependent insulinotropic polypeptide/gastric inhibitory polypeptide (GIP;.4;) and
truncated forms of glucagon-like peptide-1 (GLP-173¢ and GLP-1;.3) are considered true

incretins (Fehmann et al., 1995a).



Glucose-dependent Insulinotropic Polypeptide (GIP)

GIP" is a hormone of the glucagon superfamily of hormones including glucagon,
glucagon-like peptides 1 and 2, glicentin, secretin, vasoactive intestinal peptide (VIP),
peptide histidine isoleucine (PHI), and growth hormone releasing hormone (GHRH), all of
which exhibit considerable sequence homology (Dockray, 1989).

GIP was initially isolated by Brown and Pederson (1970) based on its ability to
inhibit gastric acid secretion. Two prebarations of cholecystokinin-pancreozymin (CCK-
PZ), one designated as 10 % pure and other as 40 % pure, were tested for their ability to
stimulate gastric acid secretion in a vagally and sympathetically denervated stomach of the
dog (Bickel pouches). The 40 % pure CCK-PZ extract was a more effective stimulant of
acid secretion than the 10 % pure preparation, leading the investigators to conclude that a
stimulant of gastric acid secretion could have been concentrated, or an inhibitor of acid
secretion removed during the purification of CCK-PZ. Though both extracts were
effective in inhibiting pentagastrin-induced acid secretion in the dog, the efficacy of the 10
% pure preparation was greater, leading Pederson (v197 1) to conclude that the CCK-PZ
extracts contained a second active substance: an inhibitor of gastric acid secretion which
they called gastric inhibitory polypeptide. The insulin stimulating action of GIP was
discovered shortly thereafter in 1973 (Dupré et al., 1973) leading to its alternate
designation as Glucose-dependent Ins1.11inotropic Polypeptide (Brown and Pederson,

1976).

* For simplicity, GIP; s, will be referred to as GIP, and GLP-1,.54 will be referred to as GLP-1, unless a
specific prohormone sequence or hormone metabolite is being referred to.




Initial immunocytochemical studies of GIP secreting cells indicated this peptide
was localized in cells of the duodenum and jejunum in man and dog (Polak et al., 1973).
Later studies identified the specific cells of origin in man as being the K cell, a typical
endocrine cell of the intestinal mucosa (Buchan et al., 197 8). Evidence suggests that GIP

secreting cells are confined exclusively to the alimentary tract in mammals (review by

Pederson, 1994).

Secretion

The development of the first RIA of GIP in 1974 (Kuzio et al., 1974) allowed
investigators to study the _endogenous release of this peptide. Kuzio and colleagues
(1974) reported fasting GIP™ concentrations of 237 + 14 pg/ml in 48 healthy subjects.
This level rose to greater than 1200 pg/ml after a mixed meal stimulus, and remained
elevated for several hours. Subsequent RIAs have measured basal levels ranging from 60
- 460 pg/ml and rising to 170 - 1470 pg/ml within an hour after the ingestion of a meal
(Morgan et al., 1978; Sarson et al., 1980; Burhol etAal., 1980; Jorde et al., 1983b).
Though the absolute hormone concehtrations between RIA’s utilizing different antisera
vary considerably, all indicate a significant increase in GIP in response to an ingested meal.
GIP release by specific nutrients was investigated concurrently. It is important to note for
later discussion of GIP metabolism that the antibodies utilized in these assays cross-react
with N—términally truncated GIP (ie. the antisera are directgd against a C-terminal epitope

of the GIP molecule).

** Circulating hormone levels determined by radioimmunoassay are most accurately described as immuno-
reactive (IR) peptide concentrations (eg. IR-GIP or IR-insulin). For the sake of brevity, the prefix IR- has
been omitted from all peptide concentrations cited in this text.



It makes physiological sense that the release of a gut hormone having
insulinotropic action be stimulated by ingested cafbohydrates. This hypothesis was
confirmed by Cataland and colleagues (1974) who administered an oral glucose tolerance
test (OGTT) to a group of healthy subjects. Concomitant to the rise and fall in serum
glucose and insulin concentrations typical of an OGTT, was a parallel serum GIP
secretory profile. By sampling blood from the portal vein of a patient undergoing
treatment for portal hypertension, Cataland ef al. (1974) determined that GIP rose within
2 min after oral glucose administration while an increase in serum insulin remained
undetectable until 5 min after oral glucose. These experiments suggested a causal link
between luminal glucose, GI? and insulin secretion. At the same time, Pederson ef al.
(1975a) reported a dose-dependent relationship between ingested glucose concentration
and serum GIP levels in the dog while Falko et al. (198‘0) determined the same effect in
man, thus clearly establishing glucose as a potent stimulant of GIP release. Galactose and
sucrose, but not fructose, were also shown to stimulate the release of GIP in both man and
rat (Morgan, 1979; Sykes et al., 1979). The precise carbohydrate sensing mechanism is
not clear, though evidence suggests that active absorption of hexoses by a Na'-dependent
pathway is necessary (reviewed in Creutzfeld and Ebert, 1993; Hopfer, 1987).

In 1974,. Brown reported that oral Lipomul, a fat suspension, produced a
significant rise in GIP reaching a peak at approximately 2 h after ingestion. Similar results
were reported by Falko ef al. (1975), and Cleator and Gourlay (1975), confirming that fat
is a potent stimulant of endogenous GIP release in man. Pederson et al. (1975a) reported

the same results in the dog and demonstrated a dose-dependent increase in GIP in

response to triglycerides. It was later determined that short and medium chain length




triglycerides and free fatty acids resulted in insigniﬁcant GIP reléase, whereas long chain
triglycerides and fatty acids yielded significant stimulation (O’Dorisio et al, 1976;
Williams et al., 1981; Ohneda et al., 1984; Kwasowski ef al., 1985).

Initial reports suggested that protein was unai)le to stimulate GIP secretion in
hilmans (Brown, 1974; Cleater and Gourlay, 1975). However, later studies indicated that
amino acids do stimulate an increase in serum GIP (O’Dorisio et al., 1976; Schulz et al.,
1982a). Thomas ef al. (1976) also demonstrated that duodenal perfusion of arginine,
histidine, isoleucine, lysine and threonine in man resulted in significant increases in
circulating GIP and insulin concentration, while perfusate containing phenylalanine and
tryptophan did not (Thomas et al., 1978). As is thought to be the case for glucose,
endogenous GIP release in response to amino acids is likely to occur after nutrient
absorption, and not simply due to their presence in the lumen of the gut (Schulz ez al.,
1982b).

There is no clear indication as to the role of autonomic control of GIP secretion,
Conflicting reports indicate that the sympathetic and parasympathetic nervous systems

increase, decrease, or have no effect on GIP release (Kieffer, 1995).

Enterogastrone Action of GIP

The term enterogastrone was originally used to describe an endocrine
substance, which is released from the intestine in response to fat, and inhibits the secretion
of gastric acid (Farrell and'Ivy, 1926; Kosaka and Lim, 1930). On the basis of this
definition, GIP became an important enterogastrone candidate .When it was isolated on the

basis of its acid-inhibiting ability (Brown and Pederson, 1970; Pederson and Brown, 1972)




and when intraduodenal fat was demonstrated to be a potent stimulant of GIP release
(Pederson et al., 1975a; Cleator and Gourlay, 1975; Falko et al., 1975, Martin et al.,
1980). However, these early reports were chailenged by mounting evidence that GIP was
a poor inhibitor of gastric acid secretion in the innervated dog stomach and in humans
(Soon-Shiong et al., 1979, Maxwell et al., 1980). In addressing this disparity, Soon-
Shiong et al. (1984) reported that GIP was able to inhibit acid secretion from vagally
denervated pouches in thé dog, but not from the innervated stomach in the same animal
model. Though these results call into question the ‘physiological relevance of GIP as a
true enterogastrone, it remains clear that under certain conditions GIP can influence
gastric acid secretion. Evidence suggests that this enterogastrone-like effect is mediated
by gastric somatostatin (McIntosh et al.,1981) which exerts inhibitory actions on gastrin,

histamine and acid secreting cells of the stomach by a paracrine mechanism.

GIP Action on Islet Hormones

Dupré et al. (1973) administered a highly. pﬁriﬁed.GIP prebaration into healthy
volunteers and observed that, in the presence of glucose, GIP was able to stimulate insulin
secretion to a greater extent than glucose alone. In the absence of glucose, GIP was
ineffective as an insulinotropic substance and thus Dﬁpré and colleagues had also
described the glucose-dependence of GIP stimu.lation of the endocrine pancreas. Pederson
et al. (1975a) made similar conclusions by demonstrating that fat-stimulated GIP in the
dog was only insulinotropic in the presence of i.v. glucose. This study also concluded that
i.v. glucose by itself did not result in changes in circulating GIP levels and did not enhance

insulin secretion. The glucose concentration threshold for the insulinotropic action of GIP
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has been reported to be between 4.4 and 5.5 mM (Pederson and Brown, 1976; Jia, et al.,

1995). Pederson and co-workers went on to describe a dose-dependent relationship =

between exogenously delivered GIP and increases in insulin secretion in the dog and in the
isolated perfused pancreas of the rat (Pederson et al., 1975b; Pederson and Brown, 1976).
In a series of experiments using a glucose clamp technique in man to maintain circulating
glucose concentrations at a fixed level, Andersen et al. (1978) conclusively demonstrated
that endogenous GIP was released in response to oral glucose and served to potentiate
glucose-induced -insulin secretion. ~Studies employing a similar hyperglycemic clamp
demonstrated that exogenously administered GIP was able to mimic these effects (Elahi et
al., 1979).

Several investigators have studied .the effect of GIP on glucagon secretion from the
islet a cells. Pederson and Brown (1978) reported that in the perfused rat pancreas GIP
was able to stimulate glucagon secretion when the prevailing glucosé concentration was
less than 5.5 mM, while stimulating insulin secretion at higher glucose concentrations.
Elahi e al. (1979) demonstrated that glucose-suppressed glucagon release in man was not
reversed by the addition of GIP under mild (3.0 mM above basal) and moderate (7.9 mM
above basal) hyperglycemic clamps; glucose clamps below basal glucose concentrations
could not be performed to determine the eﬂ'ect‘ of GIP on glucagon under hypoglycemic
conditions. In the mouse, however, glucose-suppressed glucagon secretion from Aisolated
perifused islets was reversed in a GIP concentration-dependent manner even at 11.1 mM
glucose (Opara a;id Go, 1991). Thus, it seems that GIP is able to stimulate glucagon
release but this action is dependent on the experimental conditions and the animal model

used. Recently, GIP receptors have been identified on rat pancreatic o cells, thus




11

providing evidence for direct stimulation of giucagon secretion by GIP (Moens et al.,
1996). |

GIP has been reported to have only weak stimulatory effects on islet somatostatin
release (Schmid er al, 1990). The exact, péncreatic cell types which express GIP

receptors remains to be determined (reviewed in Fehmann ez al., 1995a).

Extrapancreatic Actions of GIP

Though specific GIP binding has been reported in a variety of tissues including the
liver, skeletal muscle, small intestine and stomach (reviewed in Morgan, 1996), the
biological significance is only beginning to be investigated. Several investigators have
reported that GIP possesses direct effects on glucose metabolism in conjunction with a
well established role as an incretin. In 1984, Andversen et al. demonstrated that
intravenous infusion of GIP in combination with insulin resulted in augmented suppression
of insulin-induced decreases in hepatic glucose production as well as blunting glucagon-
mediated glucose production in the dog. The same response was reported in man by Elahi
and colleagues in 1986. Hartmann et al. (1986) demonstrated this effect in the rat while
reporting that in the presence of insulin at a concentration too low to antagonize the
effects of glucagon by itself, GIP was able to reverse and suppress glucagon-induced
hepatic glycogenolysis in a dose-dependent manner. The mechanism by which this occurs
is still unknown.

Since the .discovery of GIP as a hormone released ﬁ*orﬁ the proximal intestine by

the metabolism of luminal fat, investigators have postulated a direct effect of GIP on fat

metabolism especially since fat-stimulated GIP release was shown to be essentially non-
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insulinotropic (Falko ef al., 1975; Pederson et al., 1975a). Eckel and colleagues (1979)
demonstrated that GIP was able to stimulate lipoprotein lipase activity directly in cultured
preadipocytes while Wasada et al. (1981) were able to confirm this report in vivo. Similar

results havebeen found by other investigators (Ebert ef al, 1991) thus linking GIP

physiology with fat metabolism. In fact, high dietary fat has been shown to increase GIP |

mRNA expression as well as increase nutrient-stimulated GIP secretion (Higashimoto ez
al., 1995, Morgan, 1996). In the presence of insulin, GIP enhanced insulin-induced
lipogenesis in rat adipose tissue (Beck and Max, 1983; Oben ef al., 1991), as well as
increasing insulin receptor affinity and sensitivity of insulin-stimulated glucose transport in
isolated rat adipocytes (Starich ez al., 1985).

The demonstration that GIP has diregt effects on both glucose and fat metabolism,

independent of its insulinotropic function, suggests that GIP is a true anabolic hormone.

“Glucagon-Like Peptide-1 (GLP-1)

Unlike GIP, which was discovered and characterized by classical extraction and
biological assay, GLP-1 was discovered by molecular biological techniques before its
biological functions were characterized. GLP-I is encoded by the glucagon gene and is a
product of post-translational processing of vproglucagon (PGi-160) (Fig. 2) (Bell et al.,
1983)l

PGy.160 has been localized to pancreatic o cells of the islets of Langerhans and

intestinal L cells, concentrated in the ileum but is also present in the jejunum and colon,

where it undergoes tissue-specific processing to form a series of unique biologically active
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polypeptides (Varndell et al., 1985; Mojsov et al., 1986; Vaillant ef al., 1986; Kauth and -
Metz, 1987; Qrskov et al., 1987; Holst; 1994; Deacon ef al., 1995c). The most prominent
product of pancreatic processing is the glucoregulatory hormone glucagon (PGss.e1); the
other polypeptides are glicentin-related pancreatic polypeptide _(PG1.30), intervening
peptide-1 (PGess0), and the major proglucagon fragment (PGr,.15s) (Holst and @rskov,
1994). ‘It is believed that o -cells secrete eciuimolar amounts of these post-translational
products (Yanaihara et al., 1985; @rskov et al., 1986). Approximately 30 % of the major
proglucagon fragment is further processed to GLP-I (PG72-107, PGr2-108, or PGrg.107) and

GLP-2 (PGizs.158) (Mojsov et al., 1990; Holst, 1994; @rskov et al., 1994).

1 30 33 61 72 158
GRPP GLUCAGON ‘MPGF 60-80%
Pancreas : : 72 107 126 158
GLP-1 GLP-2
20-40%? 20-40%?
1 6 78 107 126 158
GLICENTIN 60-80% GLP-1 Sp-2 GLP-2
Small Intestine : 0 % 50
GRPP OXYNTOMODULIN
20 - 40 % 20-40%

Fig. 2. Differential post-tranlational processing of proglucagon. See text for explanation. This figure was adapted from
Holst and Grskov, 1994.

Intestinal processing of proglucagon, on the other hand, differs markedly from
pancreatic processing. Glucagon is not formed in intestinal L cells; instead, the glucagon
sequence (PGss.61) is contained within the larger polypeptide sequence of glicentin (PG,.

69), @ hormone believed to contribute to the enterogastrone effect (Thim and Moody,




14

1981; Holst and Qrékov, 1994). Approximately 20 - 40 % of glicenﬁn is further
hydrolyzed to form glicentin-related pancreatic polypeptide (PGi.30) and oxyntomodulin
(PGas.60) (Holst, 1994). To date, no biological actions have been reported for the former,
while oxyntomodulin has exhibited glucagon-like effects on-hepatic glucose production
and gastric acid secretion (Holst and Orskov, 1994). The remaining three processing
products of intestinal proglucagon are GLP-1 (PGys.107, or PGrs.108), GLP-2 (PGi26.158),
and an intervening oligopeptide (PGu11-123) (Buhl ef al., 1988; @rskov et al., 1994). GLP-
2 is thought to mediate intestinal mucosal growth (Drucker ef al., 1996).

GLP-1,36 (PG72-107) is the predominant molecular form of this hormbne extracted
from the pancreas whereas the majority of the intestinal hbrmone is secreted as an N-
terminally truncated form, GLP-1736 (PGrs.107) (@rskov et al., 1994). Both of these .
polypeptides are amidated at their C-terminus (Holst, 1994). GLP-1,35 represents
approximately 80 % of the hormone secreted from the intestine while 20 % exists in a
glycine-extended form as GLP-17_37 (Drskov et al., 1994). However, both the amidated
and the glycine-extended forms are equipotent with respect to insulin secreting, and
glucose, glucagon and free fatty acid lowering effects (@rskov et al., 1989; Suzuki ef al.,

1989; Weir et al., 1989; Orskov et al., 1993).

Secretion

Iﬁtestinal GLP-I levels have been observed to rise rapidly in response to a mixed
meal, resulting in peak postprandial concentrations after 15 - 30 min (D’Alessio ef al.,
1993; Elliot et al., 1993; Morgan et al., 1993; Herrmann et al., 1995). Reported GLP-1

levels vary between investigators depending on the selectivity and specificity of the
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antisera used in the respective radioimmunoassays; however, fasting and meal-stimulated
GLP-1 levels afe typically reported in the low picomolar range (Holst and @rskov, 1994).
Little is known about the precise stimuli which evoke the release of GLP-1 or the
mechanism(s) involved. Studies of the effects of individual nutrients on hormone secretion
have been directed at clarifying this issue.

A rapid biphasic GLP-1 secretory response to oral glucose has been demonstrated
in man, yielding increases in circulating GLP-1 concentrations of up to 300 % (D’Alessio
et al., 1993; Goke et al., 1993; Morgan et al., 1993; Herrmann ef al., 1995). Similar
results were reported with oral sucrose and galactose (Fukase et dl., 1992; Goke et al.,
1993; Herrmann ef al., 1995; Qualmann et al., 1995). Shima and colleagues (1990) found
that glucose, galactose, 3-0-methyl-D-glucose, maltose, sucrose and maltitol all stimulated
tﬁe release of GLP-1 from isolated ileal loops of the dog, while fructose, fucose, mannose,
xylose and lactose did not. A rapid, but less pronouncéd increase in GLP-1was observed
in response to oral amino acids (Goke et al., 1993; Morgan et al., 1993; Herrmann ef al.,
1995), while oral fats elicited a much stronger and prolonged rise in GLP-1 (Roberge and
Brubaker, 1991; D’Alessio> et al., 1993; Goke et al, 1993; Morgan et al., 1993).
Plaisancié et al. (1995) reported that luminal stimulation of colonic L cells by some dietary
fibers and certain bile salts contributed to GLP-1 release, though the functional
significance of this observation is not clear.

Considerable evidence suggests that direct stimulation of intestinal L cells by
ingested nutrients alone cannot account for circulatirig GLP-1 levels after an oral nutrient
load. The aforementioned studies report significant increases in GLP-1 within minutes of

nutrient ingestion even though GLP-1 is released from the distal gut. In addition, it was
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demonstrated that the GLP-1 response to intraduodenal fat was equipotent to the response
to intra-ileal fat (Roberge and Brubaker, 1991), and that ileostomy patients were still able
to secrete appreciable levels of GLP-1 even though ingested nutrients bypassed the
majority of the ileum (D’Alessio ef al., 1993). Such observations led investigators to
speeulate that neural and/or hormonal factors originating in the pnoximal gut feed forward
to stimulete the release of GLP-1 from the distal intestine and colon. In this regard it has
been reported that GIP was able to stimulate the release of GLP-1 from cultured rat
intestinal cells as well as in vivo in the rat, providing strong evidence that GIP, secreted
primarily from the duodenum, is a stimulant of GLP-1 secretion in an enteroendocrine
loop (Brubaker, 1991; Roberge and Brubaker, 1993). Subsequent studies have confirmed
that GIP is the most potent hormonal stimulant of endogenous GLP-1 in the rat though a
variety of other endocrine and neuroendocrine substances may act in a similar manner
(Plaisancié ef al., 1994; Herrmann-Rinke ef al., 1995). However, studies in humans have
found no evidence for neural or endocrine substances which inﬂu.ence the secretion of
GLP-1 from the distal gut, and factors evoking the early rise in GLP-1 secretion in vivo

remain the subject of ongoing research.

GLP-1 Action on Islet Hormones

As with GIP, the primary biological function of GLP-1 is believed to be its ability
to potentiate glucose-stimulated insulin secretion. This insulinotropic action was first
demonstrated in the isolated perfused pancreas of the rat and pig (Holst ef al, 1987,
Mojsov et al., 1987) and later in the dog (Kawai et al., 1989). Kreymann and colleagues

(1987) were able to mimic the insulin response in man observed following oral glucose by
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administering i.v. glucose and GLP-1. The insulinotropic action of GLP-1 could also be
demonstrated in isolated rat or human islets (D’Alessio et al., 1989; Fridolf and Ahren, |
1991; Fehmann et al., 1995b). Soon after the identification of GLP-1 as a hormone able
to influence the secretion of insulin from pancreatic B cells, studies were designed to
investigate the glucose-dependence of this action. As would be expected from any
incretin, the levels of GLP-1 rise in response to oral glucose but not to iv. glucose -
administration (Goke er al, 1993a, Herrmann et al, 1995). Shima ef al (1988)
demonstrated the glucose concentration-dependence of 0.1 nM GLP-1 on insulin secretion
from the isolated perfused rat pancreas. This was confirmed in isolated rat islets by
D’Alessio and colleagues (1989). The glucose threshold for GLP-1 action has been
reported to be 2.8 mM in the isolated rat pancreas (Goke er al., 1993a), 3.3 mM in
isolated rat islets (Fridolf and Ahrén, 1991), and 5.0 mM in the rat in vivo (Hargrove et
al., 1995). This disparity in glucose threshold may be explained by an observation made
by Ahrén (1995) who demonstrated that the glucose concentration threshold of GLP-1
depends on the concentration of GLP-1. In the mouse, an exogenously administered dose
of GLP-1 at 1 nmol-kg” required a glucose threshold of ~ 25 mM while a peptide dose of
32 nmolkg" required a threshold of only 5 mM (Ahren, 1995). A similar report had
previously been published in 1990 by Schmid ef al. who demonstrated a potentiating effect
of 0.01 nM GLP-1 at ~ 8.3 mM glucose, which could only be mimicked by 1 nM GLP-1
at ~4 mM giucpse.

" In addition to its direct effect on the insulin secreting cells of the pancreas, GLP-1
also influences the secretion of other islet hormones. The glucose lowering effect of GLP-

1 is not only a consequence of its insulinotropic action since GLP-1 is also a gluca-
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gonostatic hormone. In 1988, Orskov and colleagues demonstrated 2 50 % decrease in
pancreatic glucagon output from the perfused porcine pancreas in response to 0.1 nM
GLP-1; a 70 - 80 % decrease from basal output was observed with 1 nM GLP-1. This
effect was subsequently confirmed in the isolated perfused rat pancreas (Komatsu et al.,
1989), the conscious dog (Kawai et al., 1990), and in isolated human islets (Fehmann et
al., 1995b). GLP-1 has also been shown to stimulate the secretioﬁ of islet somatostatin
from & celis in the pM rangé (Drskov et al., 1988, D’Alessib et al., 1989; Schmid et al.,
1990; Fehmann et al., 1995a). Fehmann et al. (1995b) even demonstrated that 0.1 nM
GLP-1 in the presence of 2.8 mM glucose was able to sfimulate the release of pancreatic
polypeptide from isolated human islets. The significance of this observation is not clear.

It is widely believed that the intestinal GLP-1 is responsible for the described
incretin effect; however, Heller et al. (1995) reported that GLP-1 was also secreted from
isolated rat islets in a gluéose concentration—depéndent manner; These investigators
suggest that o cell-derived GLP-1 may play a unique role in intra-islet hormone

regulation.

Extrapancreatic Actions of GLP-1

GLP-1 is believed to have a number of biological functions which are independent
of its influence on islet hormones. GLP-1 has been reported to inhibit pentagastrin-
stimulated acid secretion in the stomach, as well as gastric emptying (Schjoldager et al., |
1989; O’Halloran ef al., 1990). Orskov and colleagues (1988) reported that GLP-1 had

no effect on antral nor non-antral somatostatin secretion, and a unique GLP-1 receptor

-was recently identified on gastric parietal cells (Gros et al., 1995). Evidence has been
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presented that GLP-1 may also contribute to the hormonal signal mediating the ileal
brake, a term used to describe the phenomenon whereby unabsorbed nutrients in the
ileum and colon feed back to slow intestinal transit of ingested food from the proximal
gut. Ileal perfusion by carbohydrates, fats, and proteins, in both man and dog, indicate
that GLP-1 in conjunction with peptide YY, may play the most active role in decreasing
gastric acid secretion and inhibiting the motility of the proximal gut (Layer et al., 1995;
Wen et al., 1995).

Conflicting data suggest that GLP-1 may also have an insulin-independent effect
on hepatic glucose metabolism. In 1994, D’Alessio et al. reported an increased rate of
~ glucose disposal in the presence of GLP-1 even. at basal circulating insulin concentrations,

suggesting this "hormone is able td facilitate insulin-independent glucose absorption.
However, Toft-Nielsen and coworkers (1996) were unable to observe any change in
hepatic glucose disposal. Other investigators had previously been unable to demonstrate a
GLP-1-induced effect on hepatic glycogenolysis and ketogenesis in the isolated perfused
rat liver (Murayama et al., 19>90), but a later study demonstrated that GLP-1 was able to
inhibit glucagon-induced glycogenolysis in a dose-dependent manner in a subpopulation of
rat hepatocytes (Yamatani et al., 1996). GLP-I receptors have also been identified in
adipose and skeletal muscle tissues (Valverde et al., 1993; Villanueva-Penacarillo et al.,
1994), and it has been suggested that GLP-1 may play a direct role in fatty acid synthesis
in vivo (Oben et al, 1991). Although GLP-1 may demonstrate a number of

extrapancreatic effects, is seems clear that its primary function is the potentiation of

nutrient-induced hormone secretion from the endocrine pancreas.
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Relative Contribution of GIP and GLP-1 to the Incretin Effect

GIP;; and truncated forms of glucagon-like peptide-1 (GLP-1736 and GLP-17.37)
are the only gut peptides identified to date which satisfy the incretin criteria. What
remains controversial is the relative contribution of these peptides to the enteroinsular

axis. Even before the insulinotropic role of GLP-1 had been characterized, Ebert and

_colleagues had reported that GIP antiserum was able to block only the early phase of the

incretin response (Ebert et al, 1979b; Ebert and Creutzfeldt, 1982). Immuno-
neutralization and immunoabsorption of GIP,4; from gut extracts was able to suppress the
incretin effect by 30 - 50 % (Ebert et al;, 1983). Intravenous or subcutaneous
administration of exendin-[9-39], a specific GLP-1 receptor antagonist, prior to an enteral
glucose infusion or a mixed meal, reduced the incretin effect by 50 - 60 % (Kolligs ef al.,
1995; Wang et al., 1995). Collectively, these studies indicate that GIP and GLP-1 could
account for the entire incretin response.

Several studies have attempted to determine which incretin is more effective.
Suzuki et al. (1990; 1992) reported that GIP and GLP-1 exhibited comparable
insulinotropic effects on a molar basis in the perfused rat pancreas. Jia and cplleagues
(1995) reported similar results and demonstrated a similar glucose threshold for both
peptides. These investigators predicted that since the postprandial GIP concentration in
the rat is ~ 6 times that of GLP-1, the former may be capable of potentiating glucose-
induced insulin secretion several times greater than GLP-1. By monitoring endogenous
incretin concentrations in man, and mimicking these with an ispglycemic clamp and

concomitant infusion of exogenous incrétins, Nauck et al. (1993a) also found that GIP
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may be the more important incretin under physiological conditions. Other studies,
however, have suggested that GLP-1 is likely the more important contributor to the
incretin response since its insulinotropic effects were reported at both lower peptide
concentrations than for GIP in isolated rat islets (Siegell et al., 1992) and the perfused rat
pancreas (Shima ef al., 1988), along with a lower glucose threshold in perifused canine
islets (van der Burg et al, 1995). Using a hyperglycemic clamp, Elahi er al. (1994)
reported a muc;h greater insulin potentiating effect of 1.5 pmol-kg'-min’ GLP-1 as
compared to 4 pmolkg'min” GIP in man (increased insulin concentrations of 2105
pmolI"* versus only 920 pmol-’).  However, many investigators caution that greater
efficacy under experimental conditions may not accurately reflect physiological relevance

in vivo.
Incretins and Diabetes Mellitus

Abnormal circulating GIP and GLP-1 levels may contribute to the pathophysiology
of dysfunctional insulin secretion of non-insulin dependent diabetes mellitus (NIDDM) and |
othgr conditions involving glucose intolerance. Fasting GIP concentrations have been
feported as elevated (Ebert et al., 1976a; Crockett et al., 1976; Coxe et al., 1981) or
unchanged (Bloom, 1975; Ross et al., 1977; Ross et al., 1978; Mazzaferri et al., 1985;
Osei et bal., 1986) in NIDDM patients relative to healthy control subjects. Many
investigators found meal stimulated GIP levels. elevated in diabetics even though fasting

levels may have been normal (Ebert ef al., 1976a; Crockett ef al., 1976; Ross et al., 1977,

Coxe et al., 1981; Salera et al., 1982; Mazzaferri et al., 1985; Osei et al., 1986) while
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others haye reported no such increases in meal stimulated GIP (Bloom, 1975; Service et
al., 1984; Nauck et al., 1986). Elahi et al. (1984) noted that even though fasting and
meal-stimulated GIP levels were elevated in their patients with NIDDM, the degree to
which GIP was increased relative to basal in diabetics was less than in healthy individuals.
Service et al. (1984) also reported a decreased GIP response, indicating a decreased
incretin response in NIDDM. Nauck and colleagues (1986) found similar GIP levels in
diabetics in response to oral glucose, but noted a diminished overall incretin effect. This
was attributed to a decreased responsiveness of pancreatic § cells to GIP. In fact, in a
more thorough study of the incretin eﬁ‘éct in disease states, it was found that the overall
incretin response was blunted regardless of the status of GIP secretion (ie. with either
hyper- or hypoGIPemia) (Creutzfeldt et al., 1983).

GLP-1 was reported to be elevated in diabeti_cs (Hiroto'et al., 1990), though
Qrskov et al. (1991) demonstrated that the increase in GLP-1 was due primarily to
increases in PGr.ss (MPGF) and not PGys.p07 (GLP-1736). The significance of this
observation is not known. Genetic studies involving the GLP-1 receptors havé shown that
mutations on or near the receptor in pancreatic B cells are not indicative of NIDDM
susceptibility (Tanizawa ef al., 1994; Zhang et al., 1994).

Incretin levels have also been investigated in obesity, where fasting GIP was also
observed to be increased (Bloom, 1975; Ebert et al., 1976b; Willms et al., 1978), or
unchanged (Lauristen et al., 1980; Jorde et al., 19833.; Elahi ef al., 1984; Service et al.,
1984; Mazzaferri ef al., 1985). When obese subjects were subclassified as having either
normal or pathologicai oral glucose tolerance tests, those with impaired glucose tolerance

always exhibited an exaggerated GIP response, whereas glucose tolerant obese subjects
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exhibited normal (Creutzfeldt ef al., 1978) or elevated (Salera ef al., 1982) GIP levels. It
has been demonstrated that lowering caloric intake in h}llperGIPemic obese subjects
reversed their elevated incretin levels (Willms et al., 1978; Ebert et al, 1979a;
Deschamps, 1980).

There is no clear consensus pertaining to the role of incretins in pathophysiological
states. It is unknown whether abnormal circulating incretin concentratiohs contribute to
the etiology of these condiﬁons or whether their over-secretion is simply a compensatory
measure for decreased islet cell responsiveness to GIP and GLP-1.

In spite of the varied circulating incretin levels observed in NIDDM patients,
exogenous GIP and GLP-1 have been considered in the treatment of diabetic
hyperglycemia. Since incretins do not exert their insulinotropic effects in the presence of
sub-threshold glucose concentrations, these peptides or suitable analogues would likely
not induce the hypoglycemia associated with inappropriate administration of insulin or oral
hypoglycemics (Creutzfeldt and Ebert, 1985; Gerich, 1989; Creutzfeldt and Nauck, 1992;
Amiel, 1994; Hargrove et al., 1996). GLP-1,3 and GLP-173; in particular have been
investigated as potential antidiabetogenic hormones which Were able to increase peak
insulin secretion significantly in diabetics and non-diabetics alike (Gutniak ef al., 1992;
Nathan ef al., 1992). Exogenous GLP-1 has even been effective in normalizing fasting
hyperglycemia in NIDDM patients (Nauck et al., 1993c). This is thought to be due not
only to potentiated insulin secretion, but also to the inhibition of glucagon release from
pancreatic o cells (Willms ef al., 1996). In fact, the GLP-1-mediated reduction in
glucagon is believed to be responsible for lowering fasting glycemia iﬁ insulin-dependent

diabetics (IDDM) (Creutzfeldt ez al., 1996).
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Several investigators have demonstrated that the insulinotropic effect of exogenous |
GIP was also’ preserved in patients with NIDDM as well as in patients with IDDM,
suggesting that GIP may also be of therapeutic value (Jénes et al., 1987; Krarup et al.,
1987). Though GIP administration to patients with untreated NIDDM was able to
potentiate insulin secretion, Jones et al. (1989) later reported that this augmented insulin
response was insufficient to normalize fasting hyperglycemia.

Nauck ef al. (1993b) compared the glucose-loweﬁng effect of GIP and GLP-1 and
found that the former was not able to potentiate insulin secretion in diabetics to the extent
observed in healthy control subjects, while the latter retained its full insulinotropic effects.
Similar results were reported by Elahi ef al. (1994). These studies support the use of
GLP-1 aé a hypoglycemic agent, and stimulate further research to clarify the role of

exogenous GIP in treating hyperglycemia.

Dipeptidyl Peptidase IV (DP IV)

It has been demonstrated recently that both GIP and GLP-1 are substrates of the
circulating protease dipeptidyl peptidase IV (DP IV, CD26, EC 5.4.14.5) which by
removing an N-terminal dipeptide (Mentlein ef al, 1993b), renders these hormones
biologically inactive (Brown et al., 1981; Schmidt et al., 1986; Suzuki et al., 1989; Gefel
et al., 1990). It has been speculated that DP IV-mediated GIP and GLP-1 hydrolysis is
the primary mechanism of inactivation of these hormones in vivo (Mentlein ef al., 1993b;

Kieffer et al., 1995; Deacon et al., 1995a).
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DP 1V is a serine protease which was first identified in the liver (Hopsu-Havu,and
Glenner, 1966), although DP IV activity was later found in many tissues including the
stomach, spleen, lung, bone, testes, thyroid, gall bladder, large intestine, vascular
endothelium and even in pancreatic Islets of Langerhans (Vanhoof ef al., 1992; Poulsen ef -
al., 1993; Mentzel et al., 1996). The greatest concentration of DP IV activity, however,
has been detected on the brush border membranes of intestinal entérocytes and proximal
tubule cells of the_ kidney, as well as in placental tissue (Yaron and Naider, 1993). The cell
differentiation marker CD26, expressed on the surface of a subpopulation of T-
lymphocytes, was also shown to have DP IV catalytic acﬁvity, and was later determined to
be the same protein (Bauvois, 1995).

DP IV is a 105 - 130 kDa intrinsic membrane glycoprotein which consists of a
homodimer in its active form. Monomer size depends not only on the species but also on
the tissue of origin within a given species (Yaron and Naider, 1993; Reutter ef al., 1995).
There is approximately 85 % amino acid sequence identity between rat and human DP IV,
and approximately 92 % homology between rat and mouse (Reutter ez al., 1995). The DP
IV amino acid sequence is divided into five structural domains (Reutter ef al., 1995). The
intracellular N-terminus consists of only 6 amino acids and is followed by a single 22
amino acid transmembrane spanning region which serves to anchor the bulky extracellular
portion of the protein (739 amino acids) to the cell surface. The majority of glycosylation
occurs in the extracellular domain adjacent to the transmembrane region. This is followed
by a cysteine-rich region whose functional significance is not clear, while the C-terminal
domain contains the proteolytic active site. Duke-Cohan and colleagues (1995) have

recently identified a 175 kDa soluble form of DP IV which exists as a trimer in human
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serum. Even in its unglycosylated state, this protein is larger than membrane-associated
DP 1V, excluding the belief that serum DP IV is exclusively derived from the membrane
bound form.

Though DP 1V is constituitively expressed in most endothelial and epitheliali cells,
evidence was recently presented that activity of soluble DP IV rises within days after T-
lymphocyte activation in vitro (Duke-Cohan et al., 1996), suggesting that serum DP IV
activity may be regulated. What impact regulated serum DP IV levels has on the
activation or inactiilation of peptides in vivo is not known. It is also unclear whether the
hydrolysis of circulating peptides is mediated primarily by cell bound DP 1V, freely

circulating enzyme, or both.
Cétalytic Mechanism and Inhibition of DP IV

DP 1V is a highly selective protease which preferentially hydrolyzes peptides after
a penultimate N-terminal proline or alanine residue (Heins et al., 1988). Aromatic or
aliphatic amino acids are preferred in the P, position (Demuth and Heins, 1995). Both.Pl
and P, amino acids must be in the L-isomer conformation and the peptide bond between
these amino acids must be frans for substrate recognition (Fig. 3) (Fischer ef al., 1983). A
protonated N-terminus is also an absolute reciuirement for hydrolysis (Demuth and Heins,
1995) which is interfered with by the presence of proline and N-methylated amino acid

analogues C-terminal to the scissile bond; there are no other such restrictions (Demuth and

Heins, 1995).
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DP IV

Fig. 3. The catalytic scheme of dipeptidyl peptidase IV (DP IV). DP |V is a proline-specific exopeptidase which hydrolyzes
polypeptides after a penultimate proline or alanine residue.

It was reported recently that DP IV shares a conserved series of ~ 200 amino acids
with a group of non-classical serine proteases including acylamino-acid hydrolase and
prolyl endopeptidase (Marguét et al., 1992). This conserved region contains the catalytic
triad of Ser®®, Asp™ and His™ (mouse sequence) in a unique order as compared to
classical serine proteases (Marguet ef al., 1992). Substitution of any of these three amino
acids with another abolished enzymatic activity, thereby demonstrating their necessity for
catalysis (David et al., 1996). Since elucidating a DP IV crystal structure has remained
elusive, many insights into the catalytic mechanism of DP IV have had to be derived from
studying the interaction between the protease and substances which affect its action.
Though some inconsistencies have been described, it is assumed that the catalytic
mechanism of DP IV-is similar to that of classical serine proteases such as chymotrypsin
(York, 1992; Demuth and Heins, 1995). An enzyme-substrate complex forms when an
appropriate substrate positions itself into the catalytic pocket of the enzyme. The
nucleophilic serine hydroxyl group, formed by protonating the adjacent histidine residue,
attacks the carbonyl group of the P; amino acid, formingb a tetrahedral intermediate. When
this unstable intermediate collapses the N-terminally truncated peptide product is released
and an acyl enzyme is formed. Water hydrolyzes the acyl-enzyme, forming a second

tetrahedral intermediate which collapses and releases the N-terminal dipeptide and reforms
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the enzyme. This deacylation step is rate limiting for the entire reaction, provided that a
proline is in the Pz-pos'ition; this is not so in alanine containing substrates (Demuth and
Heins, 1995). The aspartic acid residue is believed to cpntribute to proper orientation of
the histidine residue, thus facilitating the stabilization of transition states. Brandt and
colleagues- (1996) have recently proposed a new mechanism for DP IV catalysis based on
thermodynamic modeling. These investigators suggested that after the formation of the
first tetrahedral intermediate, the protonated N-terminus of the substrate can donate a
proton to the oxyanion of the intermediate, thus forming a neutral compound. This state
is unstable and can continue to react in a manner similar to that described by the classical
mechanism, except that the recently proposed mechanism explains the catalytic

requirement for a substrate with a non-modified N-terminus (Demuth, 1988).

Inhibition of DP IV Activity

Several strategies for the inhibition of seﬁne proteases, and DP IV in particular,
have evolved over the past decades, and four distinct classes of inhibitors have emerged:
affinity labels, transition-state analogues, acyl enzyme inhibitors, and enzyme-activated
inhibitors (Demuth, 1990). Affinity labels are among the earliest artificial protease
inhibitors and refer to compounds which resemble natural substrates but are able to
irreversibly modify the enzyme. Peptidyl halomethylketones have been successful in this
regard since they result in the irreversible alkylation of the active site histidine (Demuth,
1990). These inhibitors, however, have found little use as endogenous serine protease

inhibitors due to their high degree of non-specific alkylation before reaching the target

enzyme (Demuth, personal communication). Transition state analogues are substances
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which lack a hydrolyzable peptide bond but are recognized by the active site of the enzyme
and are susceptible to nucleophilic attack by the active site serine hydroxyl group.
Typically, aldehyde, boronic acid, and nitrile derivatives form stable tetrahedral
intermediates and thus, have been used to develop transition state analogues. However,
Ile-thiazolidide (K; = 130 nM) and Val-thiazolidide (K; = 270 nM) belong to this class of
inhibitors and are two of the most potent DP IV inhibitors described in the literature to
date (Demuth and Heins, 1995). The ring structure of the thiazolidide moiety mimics the
structure of proline, the amino acid after which DP IV preferentially hydrolyzes (Yaron
and Naider, 1993). The other two inhibitor classes are mechanism-based inhibitors which
require activation by the target enzyme and follow one of two schemes: either the inhibitor
forms an acyl enzyme whose deacylation reaction is slow compared to an acyl enzyme
formed from a natural substrate, or the inhibitor reacts with the enzyme in such a way that
a latent chemically reactive intermediate is produced which can interfere with the catalytic
triad. Several recent reports describe a series of inhibitors which form acyl enzymes by
nucleophilic attack of the catalytic serine to the nitrile carbon atom of aminoacylpyrroline
nitriles or the phosphorous atom of diphenyl phosphonate esters, highlighting the ongoing
interest in this enzyme inhibition scheme (Boduszek et al., 1994; Li et al., 1995; Lambeir
et al., 1996). Diacylhydroxylamines represent é élass of inhibitors which release a highly
reactive nitrene or isocyanate group when activated by the protease. These reactive
intermediates irréversibly bind to the active site and as such have been called suicide
inhibitors (Yaron and Naider, 1993). Compounds of this type,' however, have been
demonstrated to be toxic for human lymphocytes at concentrations required to block DP

IV activity (Schon et al., 1991). Ongoing research is aimed at addressing this concern as
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well as developing more effective compounds specifically targeted at proline specific

peptidases.

Biological Role of DP IV

DP 1V is present in highest concentrations in the small intestine and kidney where

it contributes to the degradation of ingested proteins and the reabsorption of oligopeptides

from the glomerular filtrate (Yaron and Naider, 1993; Bauvois, 1995). In fact, DP IV

constitutes up to ~ 4 % of renal brush border protein (Yaron and Naider, 1993).

DP 1V also acts as a cell adhesion factor by binding both fibronectin and collagen
(Piazza et al., 1989; Reutter et al., 1995). The putative binding sites for these cell
adhesion proteins are distinct from the active site (Hanski et al., 1988; Piazza ef al., 1989)
so that DP IV inhibition does not interfere with cell-to-cell and cell-to-extracellular matrix
binding. Loster ef al. (1995) recently described the extracellular cysteine rich domain as
the collagen binding site.

Among the most intriguing but least understood functions of DP IV is its role in
the immune system. By the early 1990s it was evident that the cell differentiation antigen
CD26, located on the surface of T lymphocytes, was, in fact, the protease DP IV (Yaron
and Naider, 1993). Later studies demonstrated that the majority of CD26" cells are also
CD4", and that activation of such cells results in proliferation, differentiation, and an
increase in DP IV activity (Hendriks ef al., 1991). Thus DP IV serves as a marker for T
lymphocyte activation and initiation of memory cell activity (Hafler ef al., 1986;

Subramanyam et al., 1995). The extent to which DP IV enzyme activity is required for
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intracellular signaling in T lymphocytes remains controversial. It has been demonstrated .
that CD4" CD26 cells still respond to mitogens but are unable to elicit helper T
lymphocyte functions (Hegen et al, 19'93; Brandsch et al, 1995), while other
investigators ﬁave demonstrated that specific DP IV inhibitors impair mitogen-induced
DNA synthesis (Schon ef al.,.1989). It has been suggested that DP IV activity is not the
sole prerequisite for CD26 signaling and that this protein may be co-associated with other
integral membrane proteins (Brandsch ez al., 1995).

DP IV has also been implicated as a cofactor for the entry of the human
immunodeficiency virus-1 (HIV-1) into CD4" T lymphocytes; however, contradictory
observations leave the functional significance in question. Human DP IV was able to
promote viral entry into lymphocytes while mouse DP IV was not, and monoclonal anti-
DP IV antibodies and DP IV inhibitors were shown to prevent host cell infection
(Callabaut ef al., 1993; Morimoto and Schlossmann, 1995). However, both CD26™ DP
I\ and.mutant CD26" DP IV‘ transfected cells were infected by HIV-1, while wildtype
CD26" DP IV expressing cells were mére resistant to viral invasion (Morimoto ot al.,
1994). The latter results suggest that enzyme activity may actually protect host cells from
infection. In fact, the HIV-1 Tat protein has observable DP IV binding properties and is
able to partially inhibit DP IV activity (Callabaut et al., 1993; Gutheil et al., 1994;

Wrenger et al., 1996). Obviously, more research is required to clarify these issues.

DP IV-Mediated Hydrolysis of Regulatory Peptides
Since a number of prohormone and hormone sequences share an N-terminal X-Pro

dipeptide and are thus resistant to proteolytic cleavage by most proteases, DP IV is also
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believed to play an important role in the activation or inactivation of these biologically
active polypeptides (Mentlein, 1988). Among the potential natural substrates of DP IV
are substance P, corticotropin-like intermediate lobe peptide, human a-relaxin, human
pancreatic polypeptide, human o-chorionic gonadotropin, prolactin, neuropeptide Y,
peptide YY, and B-casomorphin (Mentlein, 1988; Nausch ez al., 1990; Wang et al., 1991,
Mentlein ef al., 1993a). It has been suggested that DP IV-mediated removal of N-
terminal dipeptides from biologically active polypeptides need not in itself cause their
inactivation, but thatvthjs hydrolysis may leave these hormones susceptible to proteolytic
cleavage by other exopeptidases (Mentlein, 1988). Even though the Michaelis-Menton
constaﬁts (Km) of DP 1V catalysis of many potential natural DP IV substrates are reported
to be in the micromolar range, supporting the idea that DP IV may be involved in hormone
processing. in vivo, to date, this conclusion is derived exclusively from in vitro
experiments. Thus, the search for biologically relevant DP IV substrates continues.

In 1986, Frohman and colleagues reported that GHRH,.44 was rapidly degraded in
vitro and in vivo to GPIRH§-44, which was found to have only 107 times the biological
activity of the intact hormone. The enzyme responsible for this inactivation was later
identified as DP IV, and it was demonstrated that GHRH;.44 analogues resistant to DP IV
catalysis possessed prolonged Biological activity (Frohman ef al., 1989). The relevance of
these findings to incretin physiology is that GIP, GLP-1 as well as GHRH belong to the
same hormone family sharing the N-terminal X-Ala motif. On the basis of this
observation, it was predicted that the ga‘strointestinal hormones GIP and GLP-1 could also

be substrates of DP IV (Mentlein ez al., 1993b).
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DP |V-Mediated incretin inactivation

It had been noted that intestinal GIP preparations were heterogeneous, containing
a minor component comprising up to 20 % of the peptide content (Jornvall ez al., 1981).
When a revised sequence of GIP was published by Jornvall et al. in 1981, the identity of
the minor component was determined to be GIPs;.4,. This truncated polypeptide was later
shown to be biologically inactive (Brown et al., 1981; Schmidt ef al., 1986). ‘Similarly, N-
terminally truncated forms of GLP-1 were also demonstrated to be biologically inactive
(Suzuki et al., 1989; Gefel ef al., 1990). Thus, if GIP and GLP-1 are hydrolyzed by DP
IV, this catalysis would result in the loss of their biological activity.

In 1993(b) Mentlein and coworkers investigated the enzymatic degradation of GIP
and GLP-1, by Vpuriﬁed human placental DP IV using high performance liquid
chromatography (HPLC). The X, for GIP,.4; and GLP-1,.3¢ were determined to be 34 + 3
and 4.5 + 0.6 uM respectively. The rate specificity constants (k./Kwm) were 2.2 - 10° for
GIPi4; and 4.3 - 10° M"s” for GLP-1735 suggesting that DP IV-mediated incretin
metabolism at physiological conpentrations (picomolar range) could be a significant
mechanism of in vivo inactivation of these hormones (Mentlein ef al., 1993b).

Deacon et al. (1995a) confirmed that GLP-1,3 was degraded by a plasma
protease to GLP-1o.36, and that diprotin A, a competitive inhibitor of DP IV was able to
prevent this degradation. It was subsequently shown that GLP-17.35 when administered
intravenously or subcutaneously into healthy individuals or patients with Type II diabetes

mellitus, was rapidly inactivated in vivo (Deacon et al., 1995b). Using a combination of
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HPLC, RIA, and enzyme-linked immunosorbent assay (ELISA), these investigators
confirmed that in vivo degradation of GLP-1-.5 yielded the DP IV hydrolysis product.

In an effort to study further the relevance of DP IV-catalysis in vivo, Kieffer et al.
(1995) administered physiological concentrations of intravenous ’I-GIP;.4, and "*’I-GLP-
1736 into anesthetized rats and monitored the fate of the injected label. HPLC analysis of
plasma extracts revealed that over 50 % of both incretins were hydrolyzed into DP IV
reaction products in less than 2 min (Kieﬂ'er et al., 1995). This biological half-life was
considerably shorter than previous estimates determined by radioimmunoassays utilizing
C-terminally directed or side-viewing antibodies incapable of distinguishing between the
biologic\:ally active peptides and their inactive N-terminally truncated metabolites. This has
led to an over estimation of biological half-life since imunofeactivity of these peptides is
not a true measure of their biological activity.

DP IV-mediated incretin degradation is undoubtedly an important component of

GIP and GLP-1 metabolism which requires further study.

Thesis Investigation

The aim of this thesis investigation was twofold: to investigate the role of DP IV in
the metabolism of GIP and GLP-1 and to study the effects of DP IV inhibition in vivo on
the physiology of the enteroinsular axis.

Currently used methods for studying the degradation of biologically aétitxle peptides
rely on RIA aﬁd/or measurement of radioligand metabolites by HPLC. Since these

approaches offer only limited information on incretin metabolites, the study outlined in
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Chapter 1 of this thesis was designed to use Matrix-Assisted Laser Desorption/Ionization-
Time Of Flight Mass Spe_ctrometry (MALDI-TOF MS) to investigate incretin degradation
in human serum, and study the kinetics of GIP and GLP-1 hydrolysis by human serum and
purified porcine kidney DP IV. Since MALDI-TOF MS is tolerant of heterogeneous
samples (containing buffers_, salts, and contaminants) this technology is ideally suited for
analysis of biological fluids such as serum. The accuracy of the instrumentation is such
that all analyte metabolites can be accurately resolved on the basis of their mass-to-charge
ratio (m/z), overcoming a significant limitation of other approaches. The importance of
DP IV-mediated incretin degradation was assessed by monitoring the hydrolysis of intact
GIP and GLP-1 .and the formation and identity of metabolite appearance.

The study described in Chapter 2 was designed to investigate the physiological
implications of DP IV inhibition on the enteroinsular axis. A protocol for the inhibition of
endogenous DP IV in the anaethetized rat was devgloped using Ile-thiazolidide, a highly
specific reversible competitive transition state analogue inhibitor of DP IV (K; = 130 nM)
(Schoén et al., 1991; Demuth and Heins, 1995). The availability of this inhibitor allowed
the - investigation of endogenous DP IV inhibition on lexogenously administered
radiolabeled GLP-173¢ as well as the effect on insulin secretion and glucose clearance in
response to a glucose challenge. It was hypothesized that inhibition of DP IV increases
the circulation time of biologically active incretins yielding a more rapid return to

normoglycemia after a glucose challenge.
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CHAPTER 1: /n vitro DEGRADATION OF GIP AND GLP-1

Project Rationale

Enzymatic degradation of GIP and GLP-1 is undoubtedly an impo_rtant first step in
the metabolism of these hormones in the circulation. However, RIA and HPLC offer only
limited information on incretin metabolites in serum. The present study was designed to
investigate serum degradation of GIP and GLP-1 by establishing MALDI-TOF MS
protocols tb characterize the importance of serum DP IV in incretin metabolism and to
investigate the kinetics of GIP and GLP-1 hydrolysis by DP IV, thereby introducing a

novel application of MALDI-TOF MS: the study of enzyine kinetics.

Methodological Background

The present study investigates serum degradation of GIP and GLP-1, and clarifies
the role of DP IV in the breakdown of these hormones. Protocols were developed to
apply MALDI-TOF.MS to the qualitative and quantitative analysis of incretin metabolism.

Mass spéctrometry is an analyﬁcal tool able to\diﬁ‘erentiate accurately between
components of an analyte solution on the basis of their mass to charge ratio (m/z). With
the introduction of ElectroSpray Ionization (ESI) (Karas and Hillenkamp, 1988; Tanaka et
al., 1988) and MALDI (Yamashita and Fenn, 1984) as soft ionization methods which

greatly decrease the fragmentation of fragile biomolecules, mass spectrometry has become

an important tool in biological research. Subsequent to the development of these
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techniques, mass spectrometry has been used to analyze a wide range of substances
including polypeptides, proteins, oligonucleotides, polysaccharides, and other bio-organic
compounds. An important feature of mass spectrometry is high sensitivity which allows
detection of picomole to femtomole amounts of test substance. MALDI MS has a critical
advantage over ESI MS in that it tolerates heterogeneous samples (including salts and
buffers) and is thus well suited for direct analysis of biological solutions. ESI MS analysis
dictates that samples are first purified by HPLC. Thus, MALDI-TOF MS was the method
of choice in this study, where serum-incubated samples were analyzed by MS.

A linear MALDI-TOF mass spectrometer functions on the basis that a laser beam
ionizes a matrix-embedded analyte molecule and alloWs it to desorb from the probe tip
(Zaluzec ef al., 1995). This ionized particle is accelerated through an electric field before
entering a field-free flight tube where its velocity remains constant; the time required to
traverse this region can be measured and is a function of m/z (Zaluzec et al., 1_995). Such
ba system has been used to detect molecules in excess of 300 kDa with an accuracy of 0.1
to 0.01 % (Siuzdak, 1994).

In 1993 Chait and colleagues introduced a new approach for protein sequencing
using MALDI-TOF MS (Chait ez al., 1993). Cycles of stepwise degradation with a small
amount of terminating agent resulted in a protein ladder (similar to a Sanger DNA
sequencing ladder) which was analyzed by mass spectrometry. Mass differences between
successive peaks corresponded to specific amino acids. Similarly, acid hydrolysis followed
by mass spectrometry has been used to determine the amino acid sequence of polypeptides

up to a mass of ~3000 Da (Vorm and Roepstorff, 1994). Biochemists have also used




38

MALDI MS to generate fingerprints of large genomic proteins allowing them to be
identified by comparison to a data base of known sequences (James et al., 1993).

Efforts have recently been made to abply mass spectrometry to quantitative as well
as qualitative analysis. Tang ef al. (1993) reported that absolute quantification of peak
area or height of biomolecules using MALDI-TOF MS is difficult due to the limitations
imposed by :poor signal reproducibility, and results in a nonlinear relationship between
signal and quantity of analyte. Normalizing the MS éignals by using an internal standard
having similar chemical properties as the analyte, eliminated the effects of variable laser
beam consistancy and sample preparation, resulting in .linear relationships between analyte
signal and quantity (Tang et al., 1993; Duncan et al., 1993).

Craig et al. (1994) employed MALDI-TOF MS to monitor peptide
phosphorylation and dephosphorylation, without utilizing an internal standard for
quantiﬁcation; The relative amount of phosphorylated peptide Was calculated as the peak
intensity of the phosphorylated peptide divided by the sum of the peak intensities for both
phosphorylated and dephosphorylated peptides. Since peaks were quantified relative to
the total infensity of analyte signals of the same preparation exposed to identical laser
beam condition and crystallization, an internal standard was not necessary.

Though mass spectrometry has been extensively used for analyzing protein
degradation products, Hsieh and colleagues (1995) combined quantitative mass
spectrometry with enzymatic degradation to demonstrate the feasibility of studying
enzyme kinetics in real time using HPLC-coupled ESI MS. Kinetic constants (K, and
Vuax) for RNase A and B-galactosidase-mediated hydrolysis of cytidylyl 3’-5’-guanosine

and lactose respectively, were in good agreement with those determined using
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conventional approaches to kinetic analysis. Classical methods for investigating enzyme
kinetics such as refractive index monitoring, RIA, or HPLC are time consuming, use large
. amounts of substrate, and are often insensitive. In the case of colorimetric assays,
chromogenic substrates must often be synthesized, and many of these do not adequately
parallel the kinetics of the substrate they were designed to mimic. Mass spectrometry
offers a rapid, accurate and easy approach to study enzyme kinetics. This is especially
relevant for analyzing large biomolecules such as proteins.
Introduced here is the use of MALDI-TOF MS as an analytical tool to study the

kinetics of DP IV-catalyzed hydrolysis of the insulin-releasing hormones GIP and GLP-1,

- and for quantitatively assessing the role of DP IV in serum metabolism of these hormones.

Experimental Procedures

Instrumentation and General Procedures

Matrix-assisted laser desorption/ionization mass spectrométry was carried out
using a Hewlett-Packard G2025 mass spectrometer with a linear time of flight analyzer.
The instrument was equipped with a 337 nm nitrogen laser, a high-potential acceleration
source (5 kV) and a 1.0 m flight tube. Detector operation was in the positive-ion mode
and signals were recorded and filtered using a LeCroy 9350 M digital storage’oscilloscope
linked to a personal computer.‘ The spectrometer was externally calibrated ﬁsing the

Hewlett-Packard low molecular weight standard (G2051A).
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The DP IV used in this study was purified from porcine kidney according to a
previously described method (Wolf ef al., 1978). The specific activity measured using H-
Gly-Pro-4-nitroanalide as a chromogenic substrate, was 45 U-mg™.

To obtain mass spectra of GIP;4; (Peninsula) and GLP-1,3 (Bachem), in the.
presence or absence of DP IV, substrate was incubated at 30 °C with 0.1 mM TRICINE
buffer pH 7.6 and either enzyme or water in a 2:2:1 ratio. Samples (4 pl) of the
incubation mixture were removed at various time intervals and mixed with equal volumes
of 2°,6’-dihydroxyacetophenone as matrix solution (Aldrich). A small volume (< 1 ul) of
this mixtﬁre was transferred to a probe tip and immediately evaporated in a vacuum
chamber (Hewlett-Packard G2024A sample prep acceséory) to ensure rapid and
homogeneous sample crystallization. All spectra were obtained by accumulating data

generated by 250 single shots with laser power between 1.5 and 4.5 pJ.

Dependence of MALDI-TOF MS Signal on the Concentration of GIP and GLP-1

Various concentrations of synthetic porcine GIP;.4, (Peninsula) and synthetic
human GLP-1;3s (Bachem) were mixed with buffer and water as described above, and 1
ul samples ranging from 0.5 to 6 pm§l/sample of GIP;4,; and 3.75 to 10 pmol/sample
GLP-1,3 were analyzed by MS in order to determine thé relationslﬁp between
concentration of hormone versus 'MS signal intensity. Spectra for each peptide
concentration were generated in triplicate. Quantification of GIP;.4; and GLP-17.3 signals

was accomplished by dividing the peak intensity by the baseline intensity resulting in a

signal intensity normalized to spectra baselines.
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Monitoring in vitro Degradation of GIP and GLP-1 by DP IV using MALDI-TOF
MS

Incubation of Peptide with Purified Porcine Kidney DP IV.

To study the hydrolysis of GIPi4; (5 uM) and GLP-1736 (15 uM) by DP 1V,
peptides were incubated in buffer and enzyme (0.58 nM for GIP;.4; incubations and 2.9
nM for GLP-17.35 incubations) under the aforementioned standard conditions. Samples of
GIPi42 (2.5 pmol) and GLP-17.3¢ samples (7.5 pmol) were removed from the incubation

mixture at 4, 9 and 16 min and prepared for MS analysis as described above.

Incubation of Peptide in Human Serum.

In order to study proteolytic degradation of GIPy4; (30 uM) and GLP-17.36 (30
uM) in serum, peptides were incubated in buffer containing 40 % human serum under
standard conditions. Serum was pooled from three individuals and obtained from the
Medical Science Division (courtesy of Dr. S. Heins, Department of Child Diseases),
Martin-Luther University, Halle-Wittenberg, Germany. Samples of the respective peptide

(15 pmol) were removed from the incubation mixture at hourly intervals for 15 h and

analyzed using the MS.
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Kinetic Analysis of DP IV-mediated GIP and GLP-1 Hydrolysis using MALDI-TOF
MS :

Hydrolysis with Varying Concentrations of DP |V.

In order to determine the feasibility of studying the time dependeﬁce of an
enzymatic reaction using MALDI-TOF MS and to establish a convenient DP IV
concentration for subsequent kinetic analysis, GIP;4 (5 uM) and GLP-1736 (15 uM) were
incubated under standard conditions with varying concentrations of purified DP IV
(ranging from 0.29 to 5.8 nM for GIP,.; incubations and from 1.5 to 12 nM for GLP-1-.
36). Samples were removed at various time intervals after the start of the reaction and
analyzed by MS. The relative amounts of GIP;.4; and GLP-1736 were calculated from net
substrate peak intensity divided by the sum of the net substrate and net product peak
intensities, and plotted versus time. Net peak height was defined as peak intensity minus
baseline intensity. Before transferring to the probe for MS analysis, these samples were
diluted so that the final amount of peptide on the probe tip was 2.5 pmol for GIP;.4
metabolites and 7.5 pmol for GLP-173s metabolites. The linearity‘ between rate of
hydrolysis and enzymatic concentration was determined from a plot of the initial slopes of

substrate turnover (umol/l/min) versus enzyme concentration.

Determination of Kinetic Constants.

The kinetic constants of DP IV-catalyzed GIP;.4; and GLP-143¢ hydrolysis were
determined by introducing a specific and kinetically characterized DP IV inhibitor into the
incubation mixture and observing the relative reaction rates of inhibited and uninhibited

substrate hydrolysis as described by Crawford ez al. (1988). GIP1.4; (20 uM) and GLP-1,.
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36 (30 uM) were incubated with DP IV (0.59 and 2.9 nM respectively) under standard
conditions, in the presence or absence of either Ala-thiazolidide (20 uM - K; of 3.4 uM) or
Ile-thiazolidide (20 uM - K of 0.126 uM). Both are specific, competitive inhibitors of DP
IV synthesized in the laboratory of Dr. Hans-Ulrich Demﬁth at the Hans-Knoll Institute of |
Natural Products Research in Halle, Germany (Demuth, 1990). Similarly, GIP )4, (30 pM)
and GLP-1736 (30 uM) were incubated with 20 % human serum in the presence or
absence of inhibitors. ~ Samples were appropriately diluted and assayed by MS.
Quantification of relative amounts of substrate after various time intervals was calculated
as described in the previous section. The initial slopes of peptide turnover with purified
DP IV or human serum DP IV activity in the presence and absence of inhibitors were used

to calculate reaction velocities. The K,, of DP IV-catalyzed peptide hydrolysis was

calculated according to the equation:

o (9 Jis1-11

REC/ARVA

where v, and v; are the uninhibited and inhibited relative reaction rates respectively, [S] is

the substrate concentration, [I] is the inhibitor concentration and K; is the inhibition

binding constant. Vp.x was then calculated according to the equation:

V max = %S](K m+ [S])
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Values for k., were calculated using M = 110 kDa per catalytically active subunit as the
molar mass of DP IV.

To estimate these kinetic constants for serum DP IV activity it was necessary to
determine the concentration of purified DP IV equivalent to human serum DP IV activity.
A standard curve of DP IV activity versus DP IV concentration was generated by
incubating 50 pl of various DP IV concentrations (ranging from 29.3 to 293 pM) in 0.04
M HEPES buffer pH 7.6 at 30 °C and monitoring the rate of H-Gly-Pro-4-nitroanalide
hydrolysis. Data acquisition was carried out using a Kontron 930 Uvicon uv-vis
spectrophotometer at 390 nm (g = 11 500 M™-cm™) equipped with thermostated cells. An
equivalent volume‘of serum was assayed under identical conditions allowing the purified
DP IV concentration equivalence of serum DP IV activity to be determined using the
standa;rd curve. Although considerable controversy still surrounds the exact nature of
serum DP 1V, it was assumed that the major serum DP 1V iso-enzyme has M = 110 kDa
per catalytically active subunit. For the sake of simplicity, all calculations were made

using this, the most accepted molecular weight of DP IV,

Confirmation of MS-derived K., Values using a Spectrophotometric Competition
Assay

To confirm the kinetic constants determined using MALDI-TOF MS, the inhibition
constant of GIP,4, as a competitive effector of the DP IV-catalyzed hydrolysis of a

chromogenic substrate was determined spectrophotometrically. Three concentrations of

H-Gly-Pro-4-nitroanilide, corresponding to Ku/2, Kn and 2K, (5.0-10°, 1.0-10* and
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2.0-10™* M) were incubated in 0.04 HEPES buffer pH 7.6 at 30 °C in the presence of a
range of GIP,.4, concentrations (1.0-107 to 1.0-10° M). Hydrolysis of the chromogenic
substrate was monitored using the Kontron 930 Uvicon uv-vis spectrophotometer as
outlined above. Data were analyzed using nonlinear regression (Graphfit 3.01).yie1ding an
inhibition binding constant (K;) for GIP,.4,. Since GIP;.4, is simultaneously an inhibitor to
DP IV-catalyzed H-Gly-Pro-4-nitroanalide hydrolysis, as well as a substrate of DP IV, this
inhibition binding constant should be an approximation to the Ky for DP IV-catalyzed

GIP 1-42 hYdf OIYSiS.
Results

GIP and GLP-1 Concentration Dependence of MS Signal Intensities

Polypeptide concentration was plotted versus GIPy4, and GLP-1736 ‘signal
intensities normalized to spectra baselines (Fig. 4). This simple approach resulted in
graphs indicating the concentration range of polypeptide during which signal intensity
increased with increasing concentration of substance without the necessity of internal
standards. By knowing this unique concentration window, bound by the limit of detection
versus the highest normalized signal intensity, the optimum analyte to matﬁx ratio for
subsequent sample dilution, was chosen. The molar GIP;.4;:matrix ratio was optimum at

2.5 105, while the GLP-17.36 to matrix optimum was 7.5: 10°.
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Fig. 4. Concentration dependence of MS signal intensity. (a) GIP;., concentrations ranging from 1 to 12 uM correspond
to 0.5 to 6 pmol per MS analysis, while (b) GLP-1;.35 concentrations ranging from 7.5 to 20 uM correspond to 3.75 to 10 pmol.
Spectra were collected and analyzed as outlined in the Experimental Procedures. Data are presented as mean signal intensity
relative to spectrum baseline + s.e.m. (n = 3).

In vitro Degradation of GIP and GLP-1 by DP IV

Fig. 5 shows the MS spectra of GIP;.4; and GLP-1,.3¢ and their DP IV reaction
products at various time intervals during incubation with purified DP IV. The relative
heights of the substrate signal (GIP1.4; and GLP-1736) decreased as the relative heights of
the peaks corresponding to the DP IV hydrolysis products (GIPs4; and GLP-1¢.:36)

increased. The average m/z of GIP;.s; and GIPs.4, were 4980.1 and 4745.2 representing
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an error of 0.09 and 0.10 % relative to [M+H] .. The error between [M+H] 1. and

[M+H]" . for GLP-17.36 and GLP-15.35 was 0.05 and 0.06 % respectively.
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Fig. 5. MALDI-TOF MS analysis of DP IV-catalyzed GIP14, and GLP-1,55 hydrolysis. GIPi.4; (5 uM) and GLP-1735 (15
uM) were incubated with purified porcine kidney DP IV (0.58 and 2.9 nM respectively). Samples of GIP,.4> metabolites (2.5
pmol) and GLP-1735 metabolites (7.5 pmol) were removed from the incubation mixture at 4, 9 and 16 min. Analyte was
immediately crystallized and analyzed by MS. Samples were treated as per Experimental Procedures. (a) Signals in the range
m/z 4980.1 £ 5.3 correspond to GIP1.s> (M 4975.6) while m/z 4745.2 + 5.5 correspond to GIP1.4> (M 4740.4). (b) Peaks of m/z
3325.0 £ 1.2 correspond to GLP-17.36 (M 3297.7) and m/z 3116.7 + 1.3 correspond to GLP-1g36 (M 3089.6). The mass
differences between m/z and M are attributed to an estified glutamate residue in the GLP-1;.35 molecule, adding a mass of 29
Da (Table 1).

In order to gain insight into the identity of the major metabolites found in the
circulation, GIP,..; and GLP-1736 were incubated in human serum. The MS spectra

generated at hourly intervals are shown in Fig. 6. Metabolites were identified on the basis

of their m/z ratio. Table 1 summarizes the [M+H]"¢,, versus the [M+H] ... of possible
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metabolite sequences. Indistinct minor peaks were not considered for analysis nor were

sequences where the errors between [M+H]+exp_ and [M+H] ... were > 0.20 %.
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Fig. 6. MALDI-TOF MS analysis of GIP.4; and GLP-1;35 degradation in serum. (a) GIPs.4; (30 uM) and (b) GLP-17.36 (30
uM) were incubated in 20 % human serum as described in the Experimental Procedures. Samples (15 pmol) were removed at
hourly intervals and analyzed by MALDI-TOF MS as previously outlined.

Over 15 h, serum-incubated GIP;.4; showed a consistently gradual decrease in the
relative peak height of the intact peptide with a complementary increase in the relative
peak height of a degradation product having m/z corresponding to GIPs.4,. Only after
approximately 3 h, by which time more .that half of the GIP,.4; was already converted to
GIP;.;, were minor peaks due to secondary stepwise degradation by ot_her serum
proteases observed. These results support the hypothesis that DP IV is the primary serum

protease acting on GIP.




49

Similarly, serum-incubated GLP-17,35 was degraded by serum DP IV activity to
GLP-193. The serum degradation spectra for GLP-1,3¢ at different time periods are
illustrated in F1g 6b. and show.doublet peaks for both GLP-1,36 and GLP-15.35. The m/z
difference between these doublets was consistently 29, a mass corresponding to an éthyl
group most likely attached as a protecting group to a glutamate residue during peptide
. synthesis of the commercial product. As the incubation time increased, the heights of the
[M+H] +ethyl esterl decreased relative to the height of the corresponding [M+H]". This
suggests that non-specific serum esterases remove the ethyl group over time. Parallel
studies of GLP-1+.36, using the same commercially available substance, with purified DP
IV did not result in doublet peaks, but only [M+H]+ethyl ester peaks (Fig. 5).
Presumably this occurs because the purified enzyme preparation is free of contaminating

non-specific esterases.

Table 1. GIP142 and GLP-1;.3; degradation products of serum protease activity. GIPi.4 (30 uM) and GLP-17.35 (30 pM)
were incubated with 20 % human serum in 0.1 mM TRICINE buffer pH 7.6 at 30 °C for 10 and 15 h respectively. MALDI-TOF
MS analysis after this incubation period showed serum degradation preducts identified on the basis of their m/z. The peptide
sequence plus cation adducts are indicated where observed. Sequences with the additional -CH,CH; on a glutamate residue
(found in the commercial GLP-17.56) are also identified. Where more than one possible sequence of similar m/z is possible,
alternatives are given.

GIP4, degradation (10 h) GLP-1;.35 degradation (15 h)
[M+HT .  Sequence  [M+H]%..c.  Difference [M+H]" e, Sequence [M+H]" . Difference
miz m/z % m/z miz %

49753 1-42 4975.5 0.00 3323.7 (7-36) + CH,CH; 3326.7 -0.09
4872.4 (1-41)+ Na 4869.4 0.06 3296.1 7-36 32977 -0.05
4809.8 2-42 4811.4 -0.03 3115.2 (9-36) + CH,CHj; 3118.6 -0.11
4740.9 1-40 4745.4 -0.09 3087.9 9-36 3089.6 -0.06

3-42 4740.4 0.01 28843 9-34 2879.4 0.17
4527.2 1-38 45183 0.20 (7-32) + CH,CH; . 2886.4 -0.07
4462.8 2-39 4469.2 -0.14 2855.7 7-32 28574 -0.06
4192.4 8-42 4193.1 -0.02 2771.0 (7-31) + CH,CH; 2773.3 -0.08
4149.7 3-37 4147.1 0.06 (10-34) + CH,CH; 2776.4 -0.19

4-38 4155.1 -0.13 (11-35) + CH,CH; 2776.4 -0.19
4062.0 1-35 4067.0 -0.12 2743.8 7-31 27443 -0.02

8-41 4065.1 -0.08 9-33 2748.3 -0.16
3955.5 1-34 3952.0 0.09 10-34 27474 ‘ -0.13

5-37 3961.0 -0.14 11-35 2747.4 -0.16
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GIP42 degradation (10 h)
M+H]" e,

3824.6

3740.6

3629.6

3560.2

3502.9

3421.2

3373.2

3069.0

2896.1

2827.5

2657.2

2544.4

Sequence
11-42
1-32
838
12-42
3-33
13-42
14-42
3-32
4-33
13-41
1-29
15-42
331
4-32
11-38
7-32
18-42
6-29
8-31
12-35
15-37
20-41
21-42
22-42

[M'*'H]‘calc.

3828.0
3736.9
3736.9
3741.0
3630.9

36279

3556.9
3502.8
3501.8
3499.8
3423.7
3425.8
3374.7
3373.7
3371.8
3067.6
3068.6
2901.5
2826.4
2832.5
2831.5
2656.4
2656.4
2441.1

Difference

-0.09
0.10
0.10

-0.01

-0.04
0.05
0.09
0.00
0.03
0.09

-0.07

-0.13

-0.04

-0.01
0.04
0.05
0.01

-0.19
0.04

-0.18

-0.14
0.03
0.03
0.12

GLP-1735 degradation (15 h)

[M*‘Hrexn.

2562.3

2534.9
2487.2
2375.0

2353.4

2305.8
2279.5
2226.1
2166.3

2019.2
1971.0
1828.5

Sequence
7.30
11-33
(9-31) + CH,CH;3
9-31
7-29
7-28
(8-29) + CH,CH;
(9-30) + CH,CH;3
(11-31) + CH;CH;
8-29
9-30
1131
16-36
(9-29) + CH,CHj
9-29
727
9-28
11-30
18-36
927
7-25
7-23
8-25
11-27
18-33

[M+H] cae.
2558.2
2562.3
2565.2
2536.2
2487.2
2374.1
2379.1
2379.1
2379.1
2350.1
2350.1
2350.1
23523
2308.6
2279.6
2227.0
2166.0
2164.0
2166.2
2018.9
1969.9
1826.8
1831.8
1831.9
1825.0

Difference
0.16
0.00

-0.11
-0.05
0.00
0.04
0.17
-0.17
0.17
0.14
0.14
0.14
0.05
-0.12
0.00
-0.04
0.01
.01
0.00
0.01
0.06
0.09
-0.18
-0.19
0.19

Kinetic Analysis using MALDI-TOF MS

Under normal circumstances increasing the concentration of an enzyme while

maintaining a constant substrate concentration results in an increased rate of product

formation. Fig. 7 illustrates that MALDI-TOF MS analysis of DP IV-catalyzed GIP,.4;

and GLP-17.¢ hydrolysis can be used to demonstrate this relationship. Peptide turnover

varies linearly with increasing concentrations of DP IV (Fig. 7 inset; r* = 0.9986 and

0.9849 for GIP;.4; and GLP-17.36 hydrolysis respectively).
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Fig. 7. Quantitative MALDI-TOF MS of DP IV-catalyzed GIP.4, and GLP-1;.35 hydrolysis. (a) GIP14; (5 uM) and (b)
GLP-17.36 (15 uM) were incubated in various concentrations of purified porcine kidney DP IV. Samples of analyte (2.5 pmol
GIP and 7.5 pmol GLP-1) were removed from the incubation mixture for MS analysis. Spectrum peaks were quantified as
outlined in the Experimental Procedures and the relative amount of substrate determined as a fraction of remaining substrate
plus product. The insets shows the linearity of the initial rate of hydrolysis for GIP;.¢; (y = 0.2468x + 0.0150; r* = 0.9986) and
GLP-17.36 (y = 0.1259x + 0.0196; r? = 0.9849).

MALDI-TOF MS was used to demonstrate that GIP,.4, and GLP-13¢ turnover
was attenuated by Ala-thiazolidide and Ile-thiazolidide inhibition of purified DP IV and

serum DP IV as predicted by the inhibitor binding constants (K;) (Fig. 8). These results

lend more credibility to MALDI-TOF MS as a feasible method for quantitative kinetic
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analysis, as well as allowing the K, values for purified porcine kidney-catalyzed GIP;.s
and GLP-17.¢ hydrolysis to be calculated. These results are summarized in Table 2 and

where appropriate, expressed as a range derived from the two inhibitors. .
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Fig. 8. Quantitative MALDI-TOF MS for kinetic analysis of DP IV-catalyzed GIP;4, and GLP-1;3 hydrolysis in the
presence of specific DP IV inhibitors. (a, b) GIPy.4z (20 uM) and GLP-1736 (30 uM) were incubated with purified porcine
kidney DP |V (0.59 and 2.9 nM respectively) in the presence or absence () of alanine-thiazolidide (20 M) (*) or isoleucine-
thiazolidide (20 uM) (¢), two specific, reversible inhibitors of DP 1V. (¢, d) GIP;.,2 and GLP-1,.36 (30 puM for both) were also
incubated in 20 % human serum. Spectrum peaks were quantitatively analyzed as outlined in the Experimental Procedures.

Serum DP IV was determined to have the equivalent activity of 1.3-10° mg-ml™ of
purified porcine kidney DP IV, as measured by the rate of H-Gly-Pro-4-nitroanalide

hydrolysis using the standard curve in Fig. 9.
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Fig. 9. Standard Curve for matching human serum DP IV activity with purified porcine kidney DP IV activity. The rate
of hydrolysis of Gly-Pro-4-nitroanalide (0.4 mM) versus serially diluted purified porcine kidney DP IV was measured
spectrophotometrically in 0.04 M HEPES buffer pH 7.6 at 30 °C (y = 0.004376x; r* = 0.9979).

The kinetic constants (k) for GIP;.4> and GLP-1736 hydrolysis by serum DP IV activity

were calculated and compared in Table 2.

Table 2. Kinetic constants for the degradation of GIP;4, and GLP-1,3s by DP IV as determined by quantitative
MALDI-TOF MS. All assays were carried out in 0.1 mM TRICINE buffer pH 7.6 at 30 °C. Ky, values were calculated using
the Michaelis-Menten equation for competitive inhibition from the substrate/inhibitor/DP IV incubation experiments (Fig. 5.).
Ala-thiazolidide has a K of 3.4 mM and lle-thiazolidide has a K; of 0.126 mM. Values for k... were calculated using M = 110
kDa as the molar mass of DP IV. Where appropriate, results are expressed as the range of the results obtained using the two
inhibitors. ’

Peptide DP IV source Ky Vinax Eeat keat/ K Reference
uM pmol'min™-mg*  s§? Mls?

GIP,.4; porcine kidney 1.8+£03" 13.6+0.2 23 13- 10¢ this study

GIP 4, human serum 39 +29° 27£12 22 0.56 - 10° this study

GIP,42 human placenta 34x3 3.8+0.2 7.6 0.22- 10° Mentlein et al.,
1993b

GLP-17.36 porcine kidney 3.8+03" 5.45+0.05 9 23-10° this study

GLP-17.36 human serum 139 112 14 1.1-10° this study

GLP-17.6 human placenta 4.5+0.6 0.97+0.05 1.9 0.43 - 10° Mentlein et al.,
1993b

* Km values were calculated from data of experiments using two DP 1V inhibitors: Ala-thiazolidide and lle-thiazolidide

The binding constant of GIP.4, derived from the competitive inhibition of porcine kidney
DP IV-catalyzed hydrolysis of H-Gly-Pro-4-nitroanilide was found to be 54 + 8 uM (mean

+ standard error).
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Discussion

Mass spectrometry is being applied increasingly in biologiéal research where
classical techniques provide only limited information, and are extremely time consuming
and expensive. MALDI-TOF MS, a particularly versatile and easily used method of mass
spectrometry, was used to monitor the in vitro degradation of GIP and GLP-1 in human
serum, as well as to investigate the kinetics of DP IV catalysis of these peptides.

It was observed by ourselves in this study and others (Siuzdak, 1994) that absolute
quantification of MALDI signals is extremely difficult due to inconsistent shot to shot and
sample to sample reproducibility. Although several studies have attempted to address this
issue (Brown and Lennon, 1995; Gusev ef al., 1995; Schuerch et al., 1994), laser beam
heterogeneity and irradiance, as well as inconsistent sample preparétion and crystallization
are still cited as the most significant problems in obtaining consistent results. Fig. 4
illustrates the MALDI-TOF MS signal profile over a range of GIP and GLP-1
concentrations. As previously observed (Tang et al., 1993), signal intenvsity does not
continue to increase but rather plateaus or decreases as the relative amount of analyte
increases with respect to matrix. The observation that diluting analyte results in a more
intense signal is not uncommon. One explanation is that décreasing the amount of analyte
relative to matrix results in a more optimum analyte:matrix ratio (Zaluzec et al., 1995).
Tang and colleagues (1993) suggest this nonlinearity is likely due to changes in the

number of analyte layers that the laser can penetrate in order to produce intact ions which

ultimately can reach the detector. This conclusion was based on their finding that
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increasing the number of analyte molecules while. maintaining a constant analyte:matl_ix
does not improve the linearity of analyte concentration versus signal intensity. For GIP
and GLP-I, the concentrations yielding signals of greatest intensity were 5 and 15 uM
respectively, and subsequent incubations using higher peptide concentrations were diluted
to these concentrations prior to MS analysis.

MALDI-TOF MS proved to be a highly sensitive technique to confirm the DP IV-
catalyzed removal of N-terminal dipeptides from GIP;.4; énd GLP-1736, on the basis of the
mass difference between substrate and product. Equally significant was the observation
that monitoring the time course of peptide hydrolysis was an appropriate application of
this analytical tool (Fig. 5). However, methodologically, the great advantage of MALDI-
TOF MS over other approaches, and even over other types of mass spectrometry, is the
toleranpe of impurities in the analyte solution. An objective of this study was to analyze
the metabolism of GIP and GLP-1 iﬁ serum, without prior purification, to test the
hypothesis that DP IV is the ’principal protease responsible for serum inactivation of these
hormones. This study clearly affirms that more than 50 % of GIP;.4> and GLP-1736 was
converted to GIPs.4; and GLP-10.36, respectively, before significant secondary degradation
was observed (Fig. 6). Addition of specific DP IV inhibitors (Fig. 8) reduced this
conversion as predicted by inhibitor binding constants (K{), suggesting that the serum
protease responsible for the initial hydrolysis was in fact DP IV. The data presented in
Table 1 suggests that secondary degradatidn of GIP and GLP-1 may include stepwise N-
terminal removal of amino acids due to serum aminopeptidases.

In order to study the kinetics of DP IV-catalyzed GIP and GLP-1 hydrolysis,

protocols were developed for the quantification of MS signals. This typically involves the
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incorporation of an internal standard to the sample mixture, allowing an unknown quantity
of analyte to be normalized relative to the standard (Nelson ef al., 1994, Duncan ef al.,
1994; Harvey, 1993; Tang ef al., 1993). When measuring the activity of protein kinase
and phosphatase, however, Craig ef al. (1994) avoided the use of an internal standard by
quantifying substrate and product peaks relative to each other. Essentially, these peaks
served as their own internal standards. The approach of relative quantification was used in
the present study. The feasibility of this method is demonstrated in Fig. 7 which shows the
relationship between the rate of DP IV-catalyzed peptide hydrolysis and enzyme
concentration. As expected, the initial reaction rates increased linearly as a ﬁmction of DP |
IV concentration providing convincing evidence that our approach to MS quantification
was valid.

Incubation of GIP and GLP-1 with purified porcine kidney DP IV or human serum
in the presence and absence of two known specific DP IV inhibitors (Fig. 8) allowed the
kinetic constants for peptide hydrolysis to be calculated. The K., values calculated for
purified DP IV correspond well to those previously reported for GIP and GLP-1
hydrolysis by purified human placenfal DP IV (Table 2) (Mentlein ef al., 1993b). The
error in the MS-derived constants for GIP and GLP-1, as determined using only single
trials of two DP IV inhibitors, was 17 and 7.9 % respectively. This compared to errors of
8.8 and 13 _% as determined by seven HPLC-analyzed trials (Mentlein et al., 1993b).
Though MS and HPLC-generated kinetic analysis result in comparable variability, this
study demonstrates that MS offers some considerable advantages. Significantly fewer

trials means that MS is less time consuming and labour intensive, and since MALDI-TOF
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MS caﬁ detect picomole amounts of analyte, complete kinetic analysis can occur with only
minimal amounts of substance, making this approach much less expensive.

The fact that MALDI-TOF MS is tolerant of sample impurities also makes it an
ideal tool to study the kinetics of serum proteases without prior purification. The rate
specificity constants (kc./Kwm) for GIP and GLP-1 hydrolysis by human serum DP IV were
between 10°> and 107, 'suggesting that DP TV-mediated péptide hydrolysis is significant at
physiological concentrations of these hormones. The large variability in the K, values of -
peptide hydrolysis by human serum DP IV is likely due to the presence of a distinct DP IV
iso-enzyme in serum. In this regard, a novel 175 kDa soluble form of DP IV was recently
identified and purified from human serum (Duke-Cohan et al., 1995). Inhibitor binding
‘const.ants (Ki) of Ala-thiazolidide and Ile-thiazolidide, the DP IV inhibitors used to
estimate the kinetic constants of peptide hydrolysis in human serum, were evaluted using
purified 105-110 kDa membrane-derived porcine kidney DP IV. Presumably, inhibitor
interaction with the serum DP IV is not identical to that with the membrane-associated
enzyme, resulting in the disparate K, values of GIP and GLP-1 hydrolysis. Thus, these
experiments support the ﬁndings of Duke-Cohan and colleagues (1995) that human serum
contains a unique form of soluble DP IV, having similar, yet distinct kinetic properties as
compared to the insoluble form.

The close correlation between MALDI-TOF MS-derived kinetic constants and
those previously reported, or determined using a spectrophotometric competition assay,
validate MS as a reliable method for kinetic analysis.

DP 1V catalysis of GIP and GLP-1 renders these hormones biologically inactive

and subsequent evidence has suggested that this hydrolysis represents the first step in
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hormone metabolism. MALDI-TOF MS was used successfully in the present study to

confirm this hypothesis and investigate the kinetics of DP IV-catalyzed incretin hydrolysis.

CHAPTER 2: EFFECT OF in vivo INHIBITION OF DP IV ON THE
ENTEROINSULAR AXIS

Project Rationale

On the basis of HPLC and RIA analysis, it has been speculated thatv DP IV
catalysis of GIP and GLP-1 is the primary mechanism of their degradation and inactivation
(Kieffer et al., 1995; Deacon et al., 1995a; Mentlein et al., 1993b). Mass spectrometry
has proven to be a powerful tool to study directly the quantitative degradation of these
hormones in serum. It has been shown in Project 1 of this thesis and by others (Kieffer et
al., 1995; Deacon et al., 1995a; Mentlein et al., 1993b) that competing substrates and
specific DP IV inhibitors are able to suppress the hydrolysis of GIP and GLP-1 in vitro.
Thus, mounting evidence suggests that targeting specific drugs at blocking DP IV activity
may be a means of manipulating the concentrations of endogenously secreted, biologically
active incretins in vivo. The aim of Project 2 was to develop a protocol for the inhibition
of endogenous DP IV in order to study the effect of DP 1V inhibition in vivo on the
physiology of the. enteroinsular axis. It is predicted that such inhibition prolongs the
circulation time of biologically active incretins, allowing their insulinotropic effects to be

exaggerated.
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Experimental Procedures

'Long Term Inhibition of Serum DP 1V in vitro

Using the protocol described in Project 1, pooled human serum (20 %) was
incubated with GIPy.4; (30 uM) and GLP-17.56 (30 uM) in 0.1 mM TRICINE buffer pH
7.6 at 30 °C in the presence or absence of Ile-thiazolidide (20 uM). After a 21-24 h
incubation, an equal volume of analyte and matrix (2°,6’-dihydroxyacetophenone) was
combined, crystallized, and analyzed by MALDI-TOF MS according to the previously
outlined procedure. Signals were quantified as relative amounts of GIP;.4, or GLP-17.6: |
the net substrate peak height divided by the sum of bthe net substrate and product peak

heights. Net peak heights were defined as peak height minus baseline.
Inhibition of Endogenous DP IV in the Rat

Overnight fasted male Wistar rats (200-225 g) were anaesthetized by an
intraperitoneal injection of sodium pentobarbitol (65 mg/kg). A jugular vein cannula
(heparin-filled PE-90 tubing) permitted the i.v. injection of a 1.5 umol loading dose of Ile-
thaizolidide in 0.9 % saline (200 pl), followed by a 0.75 pmol/min infusion of the
compound for.30 min at a rate of 33.3 pl/min using a Syringe Infusion Pump 22 (Harvard
Apparatus). The injection of the loading dose wés taken as time O min and blood samples
were collected from the tail vein at 0, 5, 10, 20, 30, 40, 50, 60, 75, 90, 120 and 135 min

using 250 pl heparinized microcapillary tubes.  Samples were stored on ice until
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centrifuged at 10000 x g for 20 min at 4 °C. Plasma was collected and immediately

assayed for DP IV activity.
DP IV Activity Assay

A colorimetric assay was used to assess rat plasma DP IV activity. Gly-Pro-4-
nitroanilide, a chromogenic substrate of DP IV, is hydrolyzed into the dipeptide Gly-Pro
and the yellow product 4-nitroaniline whose rate of appearance can be monitored
spectrophotometrically. A 1.11 mM stock solution of Gly-Pro-4-nitroanilide (Sigma) was
prepared in 0.1 mM TRIS buffer pH 7.4. The assay mixture consisted of 100 ul plasma,
450 pl stock Gly-Pro-4-nitroanilide solution and 450 pl 0.1 mM TRIS buffer pH 7.4, .
resulting in a final assay yolume of 1 ml and a final Gly-Pro-4-nitroanilide concentration of
0.5 mM. The formation of the yellow product was monitored at 405 nm using an SP 8-
100 uv spectrophotometer (Pye Unicam). Activity is expressed as a rate of 4-nitroaniline

formation (Lmol/min).
Radiblabeled GLP-1 Administration in the Presence of DP IV Inhibition in vivo

This experiment was designed to investigate whether inhibition of endogenous DP
IV prevents the degradation of circulating incretins.

Inhibition of endogenbus_ DP 1V in overnight fasted, anaesthetized male Wistar rats
(200-225 g) was established as outlined in a previous section. Control animals were

administered 0.9 % saline in place of Ile-thiazolidide. At time 20 min, purified **I-GLP-
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1736 (specific activity of ~ 1 nCi/pmol; Novo Nordisk) calculated to achieve a circulating
concentration of 50 - 100 pM, was injected into the animals via a jugular vein cannula.
Blood was collectéd from the tail vein 2 and 5 min after the injection of radiolabeled
hormone and immediately placed on ice. Blood was centrifuged at 10000 x g for 20 min
at 4 °C, plasma removed, and immediately extracted.

Radiolabeled peptide was purified from plasma using C;s Sep Pak cartridges
(Waters). These were primed with 5 ml acetonitrile (BDH) containing 0.1 % trifluoracetic
acid (TFA; Pierce) (CH3;CN/TFA), 5 ml water containing 0.1 % TFA (H>O/TFA) and
dried by pushing 10 ml air through the column. Plasma was loaded onto the cartridge and
washed with 10 ml Hzo/TFA, and 10 ml 20 % CH;CN/TFA. Radiolabeled hormone was
eluted with 2 ml 50 % CH;CN/TFA into glass test tubes contairﬁng 30 ul 5 % RIA grade
bovine serum albumin (BSA,; Sigma). Extracted peptide wés lyophilized and stored at -20
°C until analyzed by HPL.C.

Samples were reconstituted in 100 pl water and injected onto a uBondapak Cig
column (Waters). Elution solvents, CH;CN/TFA and HPLC grade H,O/TFA, were
delivered to the column by one 110 B and one 114 M Solvent Delivery Module pump
(Beckman). 1251 1 abeled peptides in the eluant were detected with a 170‘Radioisotope
Detector (Beckman). Following injection of peptide the column was washed with 40 %
CH;CN/TFA for 10 min, and "*I-GLP-1746 and its metabolites eluted using a 40-52 %
CH;CN/TFA gradient over 12 min at a flow rate of 1 ml/min. The column was then
washed and re-equilibrated. Eluant fractions were collected during the gradient elution

and the amount of radioactivity per fraction was measured in a Wallac 1277

Gammamaster y-counter (LKB). The fraction of "*I-GLP-17.3 and "*I-GLP-1436 present
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in each sample were determined by calculating the relative area under the respective

peptide peaks.
Glucose Administration in the Presence of DP IV Inhibition in vivo

In order to stimulate the endogenous release of incretins from the gut, glucose is
typically administered orally. In the anaesthetized animal used in these experiments, direct
administration of glucose intraduodenally serves the éame purpose. This allowed the
effect of endogenous DP IV inhibition on endogenously released incretin to be
investigated. Glucose given intravenously, does not stimulate incretin secretion from the
intestine and thus functions aé a control to determine whether Ile-thiazolidide has any

incretin-independent effects on insulin secretion and glucose absorption.

Intraduodenal Glucose Administration

Overnight fasted anaesthetized male Wistar rats (200-225 g) were surgically
prepared with a jugular vein cannula and externalization of the proximal duodenum via a
midline abdominal incision (< 2 cm). At time O a bolus intraduodenal (i.d.) injection of
glucose (1 g/kg 50 % w/v dextrose) was delivered with a 1 ml syringe fitted with a 26
gauge needle. One group of rats was given i.v. Tle-thiazolidide according to the inhibition
protocol outlined above, while control rats received an equal volume of 0.9 % saline
without drug. Blood samples were collected from the tail vein at 0, 10, 20, 30, 45, 60, 75
and 90 min, and plasma prepared. Glucose measurements were made immediately on

whole blood using a One Touch II Blood Glucose Meter (Lifescan). DP IV activity was
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determined on the same day as the experiment by the assay method outlined above. The
remaining plasma was stored at - 20 °C until assayed for insulin as described elsewhere

- (Pederson et al., 1982).

Intravenous Glucose Admihistration

Overnight fasted, anaesthetized male Wistar rats (200-225 g) were treated with the
DP 1V inhibitor Ilg-thiazolidide as previously described or received an equal volume of 0.9
% saline as a control. At 10 min, both groups of rats received an 7.v. injection of glucose
(0.5 g/kg 50 % w/v dextrose) via a jugular vein cannula. Blood samples were collected
from the tail vein at 0, 10, 15, 30, 45, 60, 75 and 90 min as outlined above. Blood
glucose, plasma insulin and plasma DP IV activity wére assessed as described in the

previous section.

Statistical Analysis

Comparisons between drug treated and control rats were assessed by unpaired, 2-

tailed t-tests (P < 0.05 for significance).
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Resuits

In vitro Inhibition of DP IV Activity by lle-thiazolidide

Incubation of 30 uM GIP;.4, in 20 % human serum for 24 h resulted in the
hydrolysis of 71.0 % of GIP,.4, into the DP IV reaction product GIP;.4, as assessed by
MALDI-TOF mass spectrometry (Fig. 10a). Similarly, incubation of 30 pM GLP-1736
with 20 % human serum for 21 h resulted in hydrolysis of 89.3 % of the original GLP-17.36
into the DP {V reaction product GLP-1¢.36 (Fig. 10b). Neither GIP;4; nor GLP-1936 were
detected in parallel experiments conducted under identical conditions but in the presence

of 20 uM lle-thiazolidide.
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Fig. 10. Inhibition of human serum DP IV activity in vitro by lle-thiazolidide. (a) GIP1.4> (30 uM) and (b) GLP-17.35 (30
uM) were incubated in 20 % human serum for 21-24 h as described in the Experimental Procedures. Hydrolysis was
demonstrated by MALDI-TOF MS as outlined in the Experimental Procedures. Signals of the intact hormone peaks (GIP.2
and GLP-17.56) and the N-terminally truncated DP IV reaction products (GIP3.42 and GLP-1g30) are identified.
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In vivo Inhibition of DP IV Activity by lle-thiazolidide

The combination of a 1.5 umol i.v. loading dose of I_le-thiazolidide followed by
0.75 pmol/min i.v. infusion of the drug for 30 min proved effective in suppressing plasma
DP 1V activity by 64.0 £ 4.2 % by 30 min. Inhibition of plasma DP v activity was
sustained for much longer than the 30 min infusion, resulting in only 51.7 £ 2.7 % (or 48.3

% suppression) of basal activity after 135 min (Fig. 11).
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Fig. 11. Plasma DP IV activity profile in response to endogenous DP IV inhibition by lle-thiazolidide. Drug was
administered to anaesthetized rats, blood samples collected, and DP 1V activity assess as outlined in the Experimental
Procedures. Data are presented as mean DP |V activity relative to basal + s.e.m. (n = 3).

GLP-1 Metabolism in the Presence of lle-thiazolidide

In order to determine the effect of in vivo inhibition of DP IV on the metabolism of
the incretins, i.v. '”I-GLP-1,.5s was administered to rats in the presence and absence of
Ile-thiazolidide. Separation of Sep Pak extracted 'plasma by HPLC revealed that in the

absence of Ile-thiazolidide only 13.4 % of 'I-GLP-1..3 remained unhydrolyzed by

endogenous DP IV by 2 min. However, 90.0 % of labeled hormone administered in the
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presence of the DP IV-inhibitor was still present in its intact form 5 min after its injection

(Fig. 12).
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Fig. 12. HPLC of "*I-GLP-1,.5; following administration to rats in the presence and absence of lle-thiazolidide. At
time 20 min during the lle-thiazolidide or saline control infusion purified *’I-GLP-1;.56, calculated to achieve a circulating
concentration in the physiological range (50 - 100 pM), was injected intravenously. Blood samples were collected, extracted,
lyophilized and HPLC analyzed. The elution profiles of the drug-treated rat (¢) and the control rat (=) were analyzed from blood
samples collected S and 2 min after the injection of radiolabeled hormone respectively.

Glucose Clearance in the Presence of lle-thiazolidide

Intraduodenal glucose was administered to anaesthetized rats to stimulate the
release of endogenous incretins in the presence and absence of Ile-thiazolidide in order to
assess the effect of endogenous inhibition of DP IV on the enteroinsular axis. Fig. 13a,b,c
summarizes the results from these experiments

Similar to the previous experiments, plasma DP IV activity was maximally
suppressed by 71.4 + 2.2 % at 30 min. By the termination of the experiment at 90 min,
the effects of Ile-thiazolidide were still evident with 59.9 + 4.4 % inhibition of plasma DP

IV activity (Fig. 13a).
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Fig. 13. Effect of endogenous DP IV inhibition on blood glucose and plasma insulin in response to a glucose
challenge. Plasma insulin and blood glucose were assessed in response to i.d. (a,b,¢) and i.v. (d,e,f) glucose in the presence
(*) and absence (v) of lle-thiazolidide as outlined in the Experimental Procedures. Data are presented as means + s.e.m. for n

=5 or 6 rats for each drug-treated or control group. Significance was determined by unpaired, 2-tailed t-tests (P < 0.05 for
significance (*)).

In animals which did not receive lle-thiazolidide, plasma insulin concentrations
reached a peak value of 72.2 + 14.6 uU/ml by 30 min before returning to near basal levels
by 75 min. Ile-thiazolidide-treated aﬁimals attained a similar plasma insulin peak of 79.5 +
25.5 pU/ml, but reached this concentration by 20 min. Though the total integrated insulin

response from the insulin secretory profiles for both groups of rats was similar (Fig. 14a),
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the integrated insulin response during the 0-10 min time interval in the drug-treated rats

was 2.68 X greater than for control animals (415 £ 61 versus 155 + 28 pU).
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Fig. 14. Integrated insulin responses to (a) i.d. and (b) i.v. glucose challenges in the presence and absence of lle-
thiazolidide. Data are presented as mean areas under the insulin profiles from Fig. 4 + s.e.m. of n = 5 or 6 profiles for each
drug-treated or control group. Significance was determined on the basis of unpaired, 2-tailed t-tests.
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Fig. 15. Integrated insulin responses during distinct secretion intervals in response to an id. glucose challenge.
Data are presented as mean areas * s.e.m. of n = 5 profiles for each of the drug-treated or control groups. Significance was
assessed on the basis of unpaired, 2-tailed t-tests (P < 0.05 for significance (*)).

Conversely, during the 30-45 time interval the integrated insulin response in the
control animals was 2.07 X that of the Ile-thiazolidide-treated rats (894 + 86 versus 432 +
118 pU; Fig. 15). Though the peak insulin response to i.d. glucose was unaffected by Ile-

thiazolidide, the peak occurred 10 min earlier in the drug-treated rats relative to control

animals.
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In cbntrol animals blood glucose levels rose and remained elevated for the majority
of time of blood sampling (90 min). Rats treated with Ile-thiazolidide exhibited a
comparable rise in blood glucose, reaching a peak by 20 min, followed by a steady rate of
blood glucose clearance. Glucose levels at 60 and 75 min wefe significantly lower in the

drug-treated group than in control animals.
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Fig. 16. Integrated insulin responses during distinct secretion intervals in response to an iv. glucose challenge.

Data are presented as mean areas * s.e.m. of n = 6 profiles for each of the drug-treated or control groups. Significance was
assessed on the basis of unpaired, 2-tailed t-tests.

In experiments designed to determine whether Ile-thiazolidide had any incretin-
independent effects on insulin secretion and glucose clearance, iv. glucose was
administered to bypass the stimulation of endogenous incretin secretion from the gut. As
in the previous expériments Ile-thiazolidide maximally suppressed plasma DP IV activity
by 69.5 £ 2.5 % at 30 min, and it remained 57.2 £+ 2.6 % inhibited at 90 min (Fig. 13d).
Plasma insulin peaked at 15 min with 125 + 17 and 152 + 13 pU/ml for control and drug-
treated rats respectively. The total integrated insulin response (Fig. 14b) and the

integrated insulin-response during timed secretion intervals (Fig. 16) were not significantly
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different between the two groups of rats nor was there a difference in blood glucose

clearance.

Discussion

MALDI-TOF MS was used to investigate the in vitro degradation of GIP and
GLP-1 after incubation in human serum. These results indicate that DP IV is the principal
serum protease responsible for the degradation of GIP,4; and GLP-1,3 into the inactive
polypeptides GIP3.4; and GLP-1o.36, since the presence of Ile-thiazolidide was able to
completely block the formation of the DP IV reaction products during the 21 - 24 h
incubation. Because of the importance of both GIP and GLP-I in the incretin response, it
was of interest to determine the effect of blocking endogenous DP IV activity and
characterizing the effect of this inhibition on the enteroinsular axis. Project 2 involved the
devélopment of an effective protocol for the in vivo inhibition of DP IV.

A colorimetric enzyme assay of DP IV plasma activity was used to monitor the
degree of endogenous protease suppression. This was possible because Ile-thiazolidide is
a true reversible inhibitor of DP IV. This represents a significant advantage over previous
attempts fo block endogenous DP IV activity, using the commercially available DP IV
inhibitor Ile-Pro-Ile (Diprotin A), which serves as a competitive substrate of DP IV. Since
Diprotin A is itself degraded by DP IV, it is not possible to reliably quantify DP IV activity
over the course of an experiment using a simple colorimetric assay. The protocol for
inhibiting DP IV activity in vivo as described in the present study consistently resulted in

the suppression of plasma DP IV activity by 65 - 70 %.
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To test the effectiveness of the inhibition protocol on incretin degradation, '*’I-

GLP-1736 was administered to rats in the presence and absence of Ile-thiazolidide.
Virtually all of the ’I-GLP-1,36 (calculated to achieve a physiological concentration of
50 - 100 pM), co-administered with Ile-thiazolidide, remained in its intact form 5 min after
the administration of the radiolabeled. hormone, while the majority of the peptide
administered to animals not receiving Iie-thiazolidide was converted into the DP IV
reaction product by 2 min after label administration. This suggests that the in vivo DP IV
inhibition protocol described in the present study was effective in inhibiting the
degradation of exogenously administered circulating incretin. Since the kinetics of DP IV-
catalyzed GLP-1 and GIP hydrolysis are comparable (Mentlein ef al., 1993b), similar
resulté would be expected with "*°I-GIP;.4;. |

To assess the effect of DP IV inhibition on the gut-pancreas axis, secretion of
endogenous GIP and GLP-1 was stimulated by the administration of i.d. glucose in the
presence and absence of Ile-thiazolidide. Analysis of plasma insulin revealed that the peak
insulin response to i.d. glucose was unchanged, but it occurred 10 min earlier than in rats
}not treated with Ile-thiazolidide. The integrated insulin responses during the 0 - 10 min
time interval after glucose administration, were also greater in the drug-treated animals
than controls, while during the 30 - 45 min interval, the integrated‘ insulin levels for the
control rats was greater. The finding that insulin levels do not remain elevated in the DP
IV inhibited rats despite the prediction that the half-life of endogenously released incretins

i$ prolonged, implies the existence of a mechanism which prevents the secretion of

inappropriate amounts of insulin even in the presence of elevated incretin concentrations.
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However, it appears that the earlier rise and peak in insulin levels contributes to the more
. rapid clearance of blood glucose in the inhibitor-treated réts.

In experiments designed to determine whether Ile-thiézolidide has a non-incretin
dependent effect on insulin secretion and glucose clearance, glucose was administered
intravenously in order to bypass the stimulation of endogenous GIP and GLP-1 from the
gut. No difference in plasma insulin or blood glucosé responses between inhibitor-treated
and control rats was observed, implying that Ile-thiazolidide had no direct insulin-releasing
action on islet beta cells, nor iﬁsulin—like effects on peripheral glucose uptake.

| Based on these observations, it is concluded that inhibition of DP IV activity in the
rat was able to improve glucose tolerance by an incretin-mediated mechanism. These
incretins, particularly truhcated forms of gluc_agon-like peptide-1 are receiving
considerable attention because of their antidiabetogenic properties (Amiel, 1994). Interest
in the potential clinical application of incretiﬁ therapy was generated by reports that
exogenously administered GLP-1,3s and GLP-173; before and during a test meal in
healthy and Type II diabetic subjects, produced a rapid normalization of postprandial
hyperglycemia (Nathan et al., 1992; Gutniak ez al., 1992). It was later demonstrated that
exogenous GLP-1 retained its incretin activity in Type II diabetics whereas synthetic
human GIP,.4, did not (Nauck et al., 1993b). However, a subsequent report demonstrated
that diabetics pre-treated with the sulphonylurea glyburide had an enhanced sensitivity to
exogenous GIP (Meneilly et al., 1993). Nauck et al. (1993c¢) also showed that exogenous
GLP-1 was able to normalize diabetic hyperglycemia where diet and oral hypoglycemics
were ineffective. Since both incretins demonstrate a glucose dependence for their

insulinotropic effects (reviewed in Fehmann e al, 1995), a significant advantage of
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incretin therapy over tradition oral hypoglycemic or insulin therapy is that drug-induced
hypoglycemia common to Type II diabetes (Gerich, 1989) may be avoided. This
advantage was recently studied in the rat where unlike glyburide, the hypoglycemic effects
of GLP-1 were self-limiting (Hargrove et al., 1996). All of these .studies, however,

required the i.v. administration of exogenous hormone, whereas the present study provides
a foundation for the development of a drug able to alter the effects of endogenous
incretins. Inhibitors of various proteolytic enzymes are already in use as anti-hypertensive
(Walkinshaw, 1992), and immunosupressive (Silverman, 1988) drugs, and antiviral agents
(Kelleher e al, 1996). It seems likely that the manipulation of plasma incretin
concentrations by acute inhibition of DP IV could serve as a therapeutic approach for
improving glucose tolerance, and provide an alternative therapy to currently prescribed

drugs Such as sulphonylureas and biguanides.

Future Directions

Ongoing research is directed at better understanding the relationship between the
hormones GIP and GLP-1 and DP IV, an important protease responsible for their
inactivation. Several research directions are outiined below, which arise from the work

presented in this thesis and elsewhere.

Endogenous incretin levels

A significant barrier to our present knowledge of circulating incretin

concentrations is the inability to distinguish between active and inactive GIP and GLP-1
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using currently available RIAs. Since RIA represents an accurate and sensitive technique
to determine plasma hormone levels, the development of N-terminally directed incretin
RIAs is paf_amourﬁ for future research. However, before such assays are available, a
combination of sample extraction, HPLC separation, followed By conventional RIA
analysis of the HPLC fractions will allow the ratios of active versus inactive incretin
concentrations for a given sample to be determined. Although this approach is
significantly mofe labour-intensive than measuring hormone levels by RIA alone, the
effects of DP IV inhibition on endogenous incretin concentrations can be clarified in this

manner.

Zucker rat model of glucose intolerance

The fatty Zucker rat represents a hyperinsulinemic animal model for glucose
intolerance found in diabetes and obesity (York et al., 1972). The results of experiments
described in this thesis may have significant implication for these disease states. Testing
the effect of DP IV inhibiting drugs on glucose tolerance in Zucker rats, or in similar
models, may provide greater justification for continuing research in this area and for

further development of DP IV inhibitors.

Alternate routes of DP IV inhibitor administration
Studies are currently under way to investigate the effectiveness of oral Ile-
thiazolidide administration in rats. Preliminary results indicate that doses identical to those

used for 7.v. administration as described in this thesis, are effective in inhibiting plasma DP
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IV to a similar extent. Oral drug administration allows experiments to be conducted on

conscious animals, thus more closely approximating a truer physiological state.

DP |V-resistant increfin analogues

As previously described, DP IV has a high degree of specificity in that it requires
an unmodified protonated N-terminus where the N-terminal two amino acids must be in
the D-conformation. Thus, DP IV-resistant substrate analogues which take advantage of
this requirement can be synthesized. Such analogues of GHRH;.44 have already been
described in the literature as being resistant to DP IV catalysis (Frohman et al., 1989).
Preliminary experirﬁents in our laboratory have demonstrated that [desNH,Tyr']-GIP ;.4
and [D-Ala’]-GIP,.4; are resistant to hydrolysis by puriﬁéd porcine kidney DP‘ IV as well
as hydrolysis by human serum DP IV activity in vitro. . Further study is necessary to

determine whether these analogues also retain their biological activity in vivo.

Localization of DP IV to Islets of Langerhans

Although DP IV is found in highest cohcentrations. on renal and intestinal brush
border membranes, and on the surface of immune cells, it has also been identified
histochemicaliy within the islets of Langerhans (Poulsen ef al., 1993; Mentzel et al.,
1996). The functional significance of this observation is not known. However, in light of
recent research implicating DP IV in the metabolism of GIP and GLP-1, islet DP IV may

be involved in regulating local incretin concentrations or even islet cell signal transduction.

Research aimed at identifying which islet cells express DP IV and whether this protein is
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associated with the incretin receptors is necessary to understand what effect islet DP IV

exerts on incretin physiology.

Summary

The studies described in this thesis were designed to gain a betier understanding of
the physiological relevance of the interaction between the insulinotropic gut hormones
GIP and GLP-1, and the circulating protease DP IV. Using mass spectrometric analysis of
serum incubated GIP and GLP-1, it was concluded that DP IV plays an active role in the
initial metabolism of these hormones in vifro. By administering a specific DP IV inhibitor,
Ile-thiazolidide, to rats in vivo, in conjunction with an intraduodenal glucoSe challenge, it
was determined that glucose tolerance improved in the pregence of the DP IV inhibitor.
These studies indicate that degradation of biologically active GIP and GLP-1 is slowed by
DP IV inhibitors, allowing these hormones to exert theilf effect by alteriﬂg the pattern of

glucose-stimulated insulin secretion. The resulting insulin secretory profile is responsible

for the more rapid clearance of glucose from the circulation.
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