
and protein metabolism resulting from defects in insulin
secretion and/or action. According to the National
Institute of Diabetes and Digestive and Kidney Diseases
(NIDDK), 17 million Americans have diabetes and anoth-
er 16 million suffer from impaired glucose tolerance,
including insulin resistance syndrome. In 2000, the World
Health Organization (WHO) reported that there were
154.4 million diabetics worldwide and predicted that by
the year 2005, there will be almost 300 million people
suffering from the disease (1-3).

Diabetes requires long-term drug therapy to limit and
manage complications and to prevent premature death.
Since the 1920s, insulin has been the standard of thera-
py for type 1 diabetes and is required in nearly half of all
patients suffering from type 2 diabetes. The purpose of
insulin therapy is to tightly control blood glucose levels
and decrease progression of long-term complications.
However, currently available insulin preparations are
unable to mimic the patterns of endogenous insulin
secretion, and normoglycemia cannot be achieved.
Inadequate control of hyperglycemia, particularly in
patients with type 2 diabetes, is associated with severe
microvascular and macrovascular complications and tight
control of fasting and postprandial glycemia in these
patients has been shown to markedly reduce the inci-
dence and progression of these complications (1, 4-10).
Thus, the search for improved insulin formulations that
can reproduce the endogenous insulin secretion profile
continues.

Although considerable advances have been made in
the development of injectable insulin analogues (11, 12),
numerous daily injections of insulin are still required to
sufficiently control postprandial glycemia. In addition,
subcutaneous and parenteral insulin therapy can result in
peripheral hyperinsulinemia, which is associated with
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Abstract

Currently available insulin preparations for the treat-
ment of diabetes mellitus are unable to mimic the pat-
terns of endogenous insulin secretion, and normo-
glycemia cannot be achieved. Inadequate control of
hyperglycemia, particularly in patients with type 2 dia-
betes, is associated with severe microvascular and
macrovascular complications. Thus, the search for
improved insulin formulations that can reproduce the
endogenous insulin secretion profile continues.
Considerable advances have been made in the devel-
opment of noninvasive insulin administration. Significant
progress has been achieved in peroral insulin adminis-
tration that could deliver insulin in a more physiological
manner. One such orally active insulin is hexyl insulin
monoconjugate 2 (HIM2), a single amphiphilic oligomer
covalently linked via an amide bond to the free amino
group on the Lys-B29 residue of recombinant human
insulin. The alterations in the physicochemical properties
of HIM2 as compared to unmodified insulin resulted in
resistance to enzymatic degradation, facilitated absorp-
tion and reduced clearance from circulation. HIM2 has
shown efficacy in improving postprandial glycemia and
in insulinizing the liver in in vivo models, and has been
shown to be safe and well tolerated, controlling post-
prandial plasma glucose levels in patients with type 1
and 2 diabetes.

Introduction

Diabetes mellitus is a chronic syndrome characterized
by hyperglycemia, with disturbances of carbohydrate, fat
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1.42 nm), although the self-association state of insulin at
low protein concentrations was unchanged. HIM2 was
also shown to be significantly more thermally stable
than human insulin in aqueous buffer and in the solid
state (22).

The polyethylene glycol (PEG) molecular distribution
pattern of polydispersed HIM2 was isolated and identi-
fied. The PEG distribution ranged from PEG4 to PEG12,
with PEG7, PEG8 and PEG9 accounting for about 70% of
the polydispersed HIM2 composition. Biological potency
of these separated PEG molecular weight forms of HIM2
exhibited similar biological activity in a mouse glucose
assay (23).

Several other studies have reported the improved pro-
tease stability and solubility of HIM2 and have analyzed
the conformational changes of the conjugate, showing no
significant alterations in the biological activity of the par-
ent insulin resulting from conjugation with the amphiphilic
oligomer (24-26).

Oral administration of HIM2 (1.25 or 2.5 mg/kg p.o.)
was shown to mimic the physiological pattern of insulin
secretion into the portal vein, in contrast to recombinant
human insulin (12.5 or 25 µg/kg s.c.) in a study using
normal fasted CF-1 mice. Marked increases in portal vein
insulin were observed in HIM2-treated mice by 15 min
postadministration (up to 2789 µU/ml); these levels
decreased to 221 µU/ml by 30 min postdosing. Vena cava
insulin levels following HIM2 administration were 31-36%
of those observed in the portal vein. On the other hand,
s.c. administration of recombinant insulin resulted in
peripheral insulin concentrations that were 2.4-6.9 times
higher (up to 186 µU/ml at 15 min) than levels observed
in the portal vein and a slower return to baseline levels
(74 µU/ml at 30 min) was noted. However, HIM2 did not
induce corresponding greater reductions in blood glucose
as compared to recombinant insulin (31 and 23 mg/dl,
respectively). These results suggest that HIM2 may bee
less likely to induce hypoglycemia (27).

A study using fasted (42 h) normal dogs administered
somatostatin (0.5 µg/kg/min) and basal amounts of
insulin and glucagon intraportally at 4.5 h, and receiving
a duodenal infusion of glucose at 15-270 min, reported
that HIM2 (10 µU/kg/min pulsed over the first 5 min) was
more effective than Humulin (human regular insulin; 10
µU/kg/min pulsed over the first 5 min) in activating the
liver. Significant net hepatic glucose uptake was
observed at 25 min in HIM2-treated animals as compared
to 55 and 85 min for Humulin-treated animals and con-
trols, respectively. Net hepatic glucose output at 60 min
was �1 ± 1.04, 0.02 ± 0.66 and 1.21 ± 0.65 mg/kg/min for
HIM2, Humulin and control groups, respectively. Non-
hepatic glucose clearance was significantly higher in the
HIM2-treated group (1.85 ± 0.15 ml/kg/min) as compared
to controls (0.65 ± 0.29 ml/kg/min) and Humulin-treated
(1.01 ± 0.18 ml/kg/min) animals. It was concluded that
HIM2 was more effective due to its lower clearance,

coronary artery disease, hypertension, dyslipidemia and
weight gain (13-16).

Excellent progress has been made in improving non-
invasive methods of insulin administration (17, 18).
Peroral insulin administration is one such noninvasive
method that could deliver insulin in a more physiological
manner. This method of delivery would not only improve
compliance, but could reestablish the physiological ratio
of portal vein to peripheral blood insulin concentration to
approximately 1:5, as compared to about 0.75:1 for
injectable insulin. This could provide more complete acti-
vation of the liver to participate in glucose metabolism. In
turn, proper long-term activation of the insulin-dependent
metabolic pathways of the liver could result in more opti-
mal glycemic control and thus a decrease in the compli-
cations associated with diabetes. Until recently, the pos-
sibility of orally delivering insulin to be absorbed across
the intestinal wall into the portal vein and produce suffi-
cient, controlled antihyperglycemic effects has eluded
researchers due to the instability of the insulins to enzy-
matic degradation. However, several efforts have been
made to develop oral formulations of insulin which have
proved to be safe and effective in slowing or preventing
the progression of diabetes.

One such orally active insulin is hexyl insulin mono-
conjugate 2 (HIM2). HIM2 is composed of a single
amphiphilic oligomer covalently linked via an amide bond
to the free amino group on the Lys-B29 residue of recom-
binant human insulin (19, 20). When compared to unmod-
ified insulin, the alterations in the physicochemical prop-
erties of HIM2 resulted in resistance to enzymatic
degradation, facilitated absorption and reduced clearance
from circulation. HIM2 has shown efficacy in improving
postprandial glycemia and in insulinizing the liver. HIM2
was therefore chosen for further development as a treat-
ment for type 1 and 2 diabetes (21).

Pharmacological Actions

Results from a rat hepatocyte insulin receptor binding
assay showed that HIM2 bound to receptors with 67% the
efficiency of unmodified human insulin. In addition, the
agent was twice as resistant as insulin to chymotrypsin
degradation. When administered to pancreatectomized
dogs in vivo, 1000 µU/ml of insulin was detected in plas-
ma 15 min postdosing with 1 mg/kg. In normal beagle
dogs, the half-life of HIM2 was 5 times longer than that of
insulin and its s.c. potency in mice was 80% that of insulin
(20, 21).

An in vitro study examining the stability and physical
characteristics of HIM2 showed that modification at
Lys-B29 resulted in a change in the isoelectric constant
as compared to human insulin (4.76 ± 0.2 vs. 5.51). This
change suggests that the dissolution and solubility of
HIM2 in the gastrointestinal tract would be improved,
differing from unmodified insulin. The modification also
increased the hydrodynamic radius of insulin (1.64 nm vs.
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insulin infusion therapy examined the timing of a stan-
dardized meal (50% carbohydrate, 30% fat, 20% protein)
on the absorption of a single dose of HIM2 (0.25 mg/kg
p.o. on 3 days 15 min before, immediately before or 5 min
after a meal). Glucodynamic effects of the agent were
observed following postprandial systemic exposure to
glucose. When administered 15 min before a meal, HIM2
was rapidly and maximally absorbed. Absorption of the
agent was decreased 79% and minimal when given
immediately before and after a meal, respectively. The
values for postprandial systemic exposure to glucose
(AUC0-240) were 219.9 ± 360.5, 419.2 ± 231 and
465.9 ± 126.5 mg.h/dl for groups administered HIM2 15
min before, immediately before and after a meal, respec-
tively (34).

Clinical Studies

A randomized, double-blind, placebo-controlled,
crossover study conducted in 18 normal volunteers
demonstrated the safety and efficacy of single escalating
doses of HIM2 (0.3, 0.6, 1.2 and 2.4 mg/kg p.o.). All
doses were well tolerated. Dose-dependent increases in
serum insulin were observed starting at 15 min postdos-
ing with 0.6 mg/kg or greater. Insulin levels 30 times
greater (Cmax = 74-283 µU/ml) than those observed in
subjects treated with placebo were detected in peripheral
blood in some of the subjects receiving HIM2. Blood glu-
cose levels of 4 subjects receiving HIM2 were reduced to
hypoglycemic levels and 2 of the subjects required res-
cue with a glucose infusion (35).

The efficacy of HIM2 was further demonstrated in a
randomized, open-label study in 6 subjects fasted
overnight and administered 3 doses of HIM2 (0.125, 0.5
and 075 mg/kg p.o.) on separate days, and another dose
of HIM2 (0.5 mg/kg p.o.) and 2 s.c. doses of insulin lispro
(0.1 U/kg) on separate days. At 60 min postdosing with
0.125, 0.5 and 0.75 mg/kg HIM2, fasting insulin levels
increased maximally from 18 ± 2 µU/ml to 102, 321 and
561 µU/ml, respectively. Dose-dependent reductions in
endogenous glucose production (primarily hepatic) and
the rate of glucose disposal by peripheral tissue were
observed starting 60 min posting with HIM2. The 0.5
mg/kg oral dose of HIM2 was shown to be comparable to
0.1 U/kg s.c. insulin lispro. Variability in the effects on
the rate of glucose disposal were similar for both agents
(25 ± 7% and 27 ± 1% for HIM2 and insulin lispro, respec-
tively) (36). The results of this study and two of the
following studies are summarized in Table I.

A study conducted in 16 patients with type 1 diabetes
(daily insulin requirement = 27-60 U; glycosylated hemo-
globin levels = 5.8-11.1%) fasted overnight confirmed the
safety and efficacy of HIM2 (0.6, 0.8 or 1 mg/kg p.o. in the
morning 30 min after discontinuation of i.v. insulin, fol-
lowed by a second dose 120 min later). HIM2 was safe
and well tolerated and no symptomatic hypoglycemic
events were reported. Plasma glucose levels were stable
or decreasing on 31 of the 32 dosing days starting at

which resulted in higher levels in both the periphery and
liver (28).

Pharmacokinetics

A study has reported the optimization of an electro-
chemiluminescence assay to be used in the quantification
of plasma insulin levels following oral administration
of HIM2. The assay (ORIGEN®) was shown to be com-
parable to a validated HIM2 radioimmunoassay (RIA).
The sensitivity and dynamic ranges of the ORIGEN®

assay were 14.35 µU/ml and 14.35-2870 µU/ml, respec-
tively (29).

A study using normal beagle dogs fasted overnight
demonstrated dose-dependent absorption of an oil-in-
water microemulsion of HIM2 (0.3, 0.6 and 1.2 mg/kg
p.o.). Plasma glucose levels were dose-dependently
lowered, with maximum reductions from baseline of 30%,
44% and 56% for the respective doses. Absorption was
rapid, with Cmax (30-237 µU/ml) achieved at 15 min post-
dosing (30).

The pharmacokinetics of i.v. HIM2 were shown to be
improved over i.v. unmodified human recombinant insulin
in a study in fasted beagle dogs. Animals were adminis-
tered a single i.v. dose of either agent (3.75 µg/kg). The
AUC obtained for HIM2 was twice as high as that for
human recombinant insulin, while clearance was half that
of human recombinant insulin. The calculated volume of
distribution for HIM2 was 22% greater than that of human
recombinant insulin and the plasma half-life was 2.4
times longer. Thus, the improved efficacy of HIM2 over
unmodified insulin may be due to increased overall expo-
sure to the agent (31).

Another study in beagle dogs examined the effects of
gastric pH and emptying on the efficacy of liquid HIM2 for-
mulations. Animals were administered oral HIM2 in high
(pH > 8.0) or neutral pH formulations. Results obtained
suggest that changes in gastric/duodenal pH may
alter the rate of gastric emptying and oral absorption of
HIM2 (32).

Both conjugated and unconjugated bile salts were
shown to enhance the uptake of HIM2. HIM2 was formu-
lated with various bile salts (at low concentrations relative
to endogenous secretion levels) and administered to
mice and dogs at doses of 2.5-5 and 0.5-1.0 mg/kg,
respectively. The majority of bile salts examined
enhanced absorption so that mean blood glucose was
reduced 60-70% from baseline in both animals models;
reductions were maintained for up to 2 h. Maximum
reductions in dogs were observed at 15-30 min postdos-
ing. Sodium salts including cholic, deoxycholic, glyco-
deoxycholic and taurodeoxycholic acids produced similar
enhancing effects in both mice and dogs; ursodeoxy-
cholate was less effective. The bile salts were effective at
concentrations below the estimated critical micelle con-
centrations (CMCs) at the absorption site (33).

A randomized, crossover study conducted in 6 adult
patients with type 1 diabetes receiving continuous s.c.

34 HIM2



Drugs Fut 2004, 29(1) 35

240 min (100 mg/dl: decrease dose by 20%; 100-200
mg/dl: same dose; 200 mg/dl: increase dose by 50% for
HIM2 or 20% for insulin lispro). A similar safety profile
was obtained for both agents. However, preliminary
results suggested that the incidence of gastrointestinal
adverse events was higher in the group receiving HIM2.
Both agents were shown to maintain 2-h postprandial
blood glucose concentrations on day 3 at pretreatment
levels (80-250 mg/dl) in a comparable manner (40).

The efficacy and safety of HIM2 were demonstrated
in a randomized, single-blind, placebo-controlled,
crossover, dose-escalating study in 18 patients with type
2 diabetes. Patients were administered oral placebo, oral
HIM2 (0.375, 0.5 or 1 mg/kg) or s.c. regular insulin
(Humulin; 8 U) 30 min before a standardized meal. Lower
mean glucose AUC0-240 values were obtained after
administration of 0.5 (1097 mg.h/dl vs. 1196.9 mg.h/dl)
and 1 mg/kg (801.1 mg.h/dl vs. 992.1 mg.h/dl) HIM2 as
compared to placebo, with significant differences
observed at the higher dose. Insulin AUC0-240 values were
169.9, 193.1 and 230.8 µU.h/ml for the respective HIM2
doses as compared to 165.8, 196.1 and 169.3 µU/h/ml,
respectively, for placebo. Similar mean glucose AUC0-240
values were obtained for 0.5 and 1 mg/kg HIM2 and s.c.
insulin, and pooled HIM2/s.c. insulin ratios of 2-h post-
prandial glucose concentrations and glucose AUC0-240
indicated equal glucodynamic effects. However, peripher-
al insulin concentrations in patients receiving HIM2 were
lower than those receiving s.c. insulin (mean insulin
AUC0-240 = 193.1 µU.h/ml [0.5 mg/kg] vs. 233.6 µU.h/ml
and 230.8 µU.h/ml [1 mg/kg] vs. 270.3 µU.h/ml). Results
suggest that HIM2 may manage postprandial glycemia
without inducing hyperinsulinemia in patients with type 2
diabetes (41).

HIM2 continues to undergo phase II development for
the treatment of type 1 and 2 diabetes (42, 43).

Source

Nobex Corporation (US).

20 min after the first HIM2 dose. In some patients, after
reductions or stabilization of plasma glucose levels for 30
min to 2 h, increases were observed. However, during the
postdose period, most of the patients (68.8%) had plas-
ma glucose levels that were < 150% of predose values.
Plasma glucose AUC values were found to be inversely
correlated with plasma insulin AUCs. HIM2 prevented the
expected rise in plasma glucose in insulin-deprived
patients with type 1 diabetes (37).

The efficacy and tolerability of HIM2 (0.15, 0.3 and 0.6
mg/kg p.o.) were examined in a randomized, double-
blind, double-dummy, placebo-controlled, crossover
study in 8 fasting and insulin-free patients with type 1 dia-
betes; some patients also received recombinant human
insulin (4 IU s.c.). HIM2 was well tolerated, with no hypo-
glycemic events reported. Dose-related increases in
mean plasma insulin levels were observed in patients
receiving HIM2, with peak occurring by 15 min postdos-
ing; levels returned to baseline within 120 min. A marked
increase in insulin levels was observed at 0.6 mg/kg in
88% of the patients. In patients administered HIM2 alone,
the rise in plasma glucose was prevented or attenuated,
with effects lasting for up to 120 min (38).

A dose-escalating study conducted in 15 patients with
type 1 diabetes also receiving continuous s.c. insulin
infusion therapy evaluated the effects of HIM2 (0.5 and
1 mg/kg p.o.) on blood glucose levels in fasting (8 h) and
fed (30 min after a standardized meal) states. HIM2 was
well tolerated, with no significant adverse events
observed. One patient experienced symptomatic hypo-
glycemia after receiving HIM2 in both the fasted and
fed state. Hypoglycemic responses were observed in
both fed and fasted patients receiving both doses of
HIM2, although responses were more consistent with
1 mg/kg (39).

The efficacy of multiple-dose premeal HIM2 (0.25
mg/kg p.o., followed by an additional dose at 120 min
postmeal) on postprandial blood glucose concentrations
was compared to insulin lispro (0.1 U/kg) in a randomized
study in 31 patients with type 1 diabetes (total daily insulin
requirement = 1 U/kg). Doses of the insulins were titrated
according to postprandial blood glucose concentrations at

Table I: Clinical studies of HIM2 (from Prous Science Integrity®).

Indication Design Treatments n Conclusions Ref.

Healthy Randomized, HIM2, 0.125 mg/kg po 6 HIM2 monoconjugate inhibited 36
volunteers Open, HIM2, 0.5 mg/kg po glucose production and augmented 

Crossover HIM2, 0.75 mg/kg po glucose disposal in healthy subjects.
Insulin lispro, 0.1 U/kg/d sc x 2 d It might be effective in patients with

diabetes mellitus

Type 1 Open HIM2, 0.6 mg/kg po bid x 2 16 HIM2 was well tolerated and 40
diabetes HIM2, 0.8 mg/kg po bid x 2 demonstrated glucose-stabilizing 

HIM2, 1 mg/kg po bid x 2 effects in patients with type 1 diabetes

Type 2 Randomized, HIM2, 0.375 mg/kg 18 HIM2 was safe and well tolerated 41
diabetes Crossover HIM2, 0.5 mg/kg and as effective as insulin in 

HIM2, 1 mg/kg controlling postprandial glycemia in 
Insulin, 8 IU sc patients with type 2 diabetes
Placebo
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