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Vitamin B,, as a Carrier for the Oral
Delivery of Insulin

Amanda K. Petrus,” Anthony R. Vortherms,”!
Timothy J. Fairchild,*® and Robert P. Doyle*®

The improved ease of insulin administration is considered im-
portant for attaining tighter glycemic control and better long-
term clinical outcomes for people with diabetes mellitus (DM).
A noninvasive insulin delivery route is therefore a major goal
in the treatment of DM."? While a number of noninvasive
strategies have been explored for the delivery of exogenous
insulin, including: inhalation (intranasal and pulmonary), across
the skin (transdermal), or orally via the gastrointestinal tract
(GIT; oral-enteric),®* each of these routes has limitations such
as poor bioavailability, risk of concomitant pathogen uptake,
abnormal lung function with extended use, and difficulty ad-
ministering controlled dosage." Of these techniques, delivery
of insulin by inhalation has emerged as a promising alternative
to multiple subcutaneous injections.”” Inhalation is associated
with a faster onset of action than subcutaneous injections and
has demonstrated satisfactory reproducibility in all pharmaco-
kinetic and pharmacodynamic parameters tested."”’ However,
this route of administration is likely to be suitable only for the
delivery of short-acting insulin analogues, and as such, will be
most effective in combination with a basal/bolus insulin thera-
py.57)

Although tight glycemic control is commonly achieved
using basal/bolus insulin therapy involving intermediate- or
long-acting insulin for basal control and multiple injections of
pre-prandial short-acting insulin throughout the day,® patient
acceptance of such a regime has, in the past, been slow.”” The
most likely cause for the slow patient acceptance is the
burden associated with multiple daily injection."®™ A recent
study also investigated the efficacy of incorporating pre-meal
inhaled insulin versus subcutaneous regular insulin as part of a
basal/bolus insulin regime and found that the inhaled insulin
may provide an alternative for the management of type 1 DM
when used in combination with an intermediate- or long-
acting insulin for basal control.” Therefore, development of a
noninvasive delivery route for intermediate- or long-acting in-
sulin analogues may result in an entirely noninvasive delivery
system for insulin using a basal/bolus regime.
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The two major limitations related to successful oral-enteric
delivery are, and remain: 1) proteolysis in the GIT and 2) ab-
sorption at the intestinal enterocytes.'? To address these
problems we decided to use the dietary uptake pathway of vi-
tamin B,,; mammals have an active transport mechanism in
the GIT for the absorption and cellular uptake of the relatively
large vitamin B,, molecule (Figure 1).1'?

Vitamin B, first binds to haptocorrin, a salivary enzyme that
protects and transports B;, through the stomach and into the
small intestine. The B,, then binds to intrinsic factor (IF) and
proceeds down the small intestine, where the complex binds
to the IF receptor on the ileum wall. The IF-B,, receptor com-
plex then undergoes endocytosis, releasing B,, into the blood
serum, where it becomes bound to transcobalamin(ll) (TCII).
Conjugation to B,, may potentially protect bound proteins
from digestion (protected by B,, uptake proteins) and also fa-
cilitate their internalization and transport into blood serum,
thus overcoming the two major hurdles for oral insulin delivery
mentioned above."? Previous research has demonstrated con-
siderable success with the use of B,, to deliver proteins such
as luteinizing-hormone-releasing hormone,"? erythropoietin
(EPO), and granulocyte stimulating factor.™ Smaller agents
such as tumor-targeting cytotoxins''” have also been success-
fully delivered via this route. The use of B,, to deliver techneti-
um-based radiopharmaceuticals has been postulated by Alber-
to and co-workers, who investigated conjugation of *™Tc
through the cobalt center of the B,, corrin ring."™ The key in
all cases has been to couple so as not to disrupt the B,
uptake pathway, ensuring that the recognition of, and affinity
for, the various B,, uptake proteins is not diminished."*'® We
set out to systematically investigate B,,-based insulin delivery
and we report herein our results on the synthesis, characteriza-
tion, and purification of a new B,,-insulin conjugate with hy-
poglycemic properties as tested in vivo in streptozotocin (STZ)-
induced diabetic rats.

By using 1,1'-carbonyldiimidazole (CDI), bovine insulin was
directly conjugated at lysine 29 of the B strand to the ribose
5-OH group of the a ligand of B, to provide a carbamate-
linked conjugate. Coupling of insulin through the B,, ribose 5'-
OH group was performed because previous work had estab-
lished that coupling at this position does not interfere with
recognition by B,, uptake proteins.">'*'® The reason for this is
illustrated in Figure 1 for B,, interaction with TCIl. The B,,
ribose unit is clearly solvent accessible and not involved in key
recognition interactions. Studies of insulin conjugates and key
residues involved in insulin receptor interactions suggested
several positions, particularly on the B strand, where conjuga-
tion could be performed. Lysine B29 was chosen for ease of
synthesis (the only two other g-amines (both N termini) can be
readily selectively protected, for example) and because it is
known to be important for insulin oligomerization but not ac-
tivity (the insulin monomer is considered the active species
in vivo).

Despite modification at this point it is worth noting that ex-
periments performed in any buffer containing high concentra-
tions of divalent cations or with high ionic strength (such as
phosphate-buffered saline) still resulted in significant insulin
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Figure 1. The structure of vitamin B, (left) and the binding pocket of B,, in the TClI-B,, complex, with the solvent-accessible fragment of the B,, molecule

visible. This is also shown on the left, circled.

polydispersity. This polydispersity is consistent with the pres-
ence of insulin oligomer formation (dimers and hexamers) as
confirmed by velocity ultracentrifugation and C,3 reversed-
phase HPLC. These oligomers can aggregate and precipitate
and also greatly hinder purification of the desired B,,—insulin
conjugate. Mutation or modification of residues in the C-termi-
nal region of the B strand of insulin, especially ThrB27, ProB28,
or LysB29, has a dramatic effect on insulin association, greatly
decreasing dimer and hexamer formation. Given that B, is
conjugated to insulin at LysB29, oligomer formation must pro-
ceed through a process other than the formation of antiparal-
lel B strands between two insulin C-terminal regions. This is
likely through zinc-based interactions with residues such as
HisB10. What is clear is that conjugation alone to the C-termi-
nal region does not prevent oligomerization and that condi-
tions that promote such oligomerization must be avoided to
obtain, in a facile manner, the desired B,,—insulin conjugate.
This is best achieved in low molarity, chelex-washed HEPES
buffer containing EDTA.

Coupling was attempted in the pH range 6.8-9.7 using cou-
pling agents such as CDI and 1,1"-carbonyldi(1,2,4-triazole). CDI
proved the most successful, especially if used in large excess
(3- to 5-fold relative to B,,). More alkaline conditions produced
better conjugation results, but prolonged exposure to such
high pH resulted in precipitation, presumably due to insulin
aggregation or deamination. As a result, upon completion of
coupling at pH 9.7, dialysis was performed in 50 mm HEPES at
pH 6.8 to both remove impurities such as CDI and unreacted
B,,, and to bring the pH to a range in which these problems
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are minimized. Purification was carried out by dialysis to
remove reagents of molecular weight <3500 Da, followed by
anion-exchange chromatography to remove residual unconju-
gated insulin (Figure 2).

Velocity ultracentrifugation experiments were performed to
verify the presence of only one species in the final purified
sample (Figure 3). The species had an average molecular
weight of ~7000 gmol~" at 270 nm (1 weighs ~7200 gmol™)
calculated from the experimentally derived sedimentation co-
efficient of 1.29x107"®s. This is comparable with literature
values of 1.25x 107", 1.65% 107 "% and 1.84x107"*s for the in-
sulin monomer (5733 gmol™'), dimer (11466 gmol™), and
hexamer (34398 gmol™), respectively."” This indicates that a
new, monodisperse sample has been obtained.

MALDI-ToF MS experiments in matrix with and without the
reducing agent dithiothreitol (DTT) established that the desired
conjugate had been synthesized and that the B, is not conju-
gated to insulin on the A strand, which would have indicated
failed protection of the terminal amines (Figure 4). No multiple
conjugates (such as 2:1 B,,/insulin) were observed by MALDI-
ToF or SDS-PAGE. This was further supported by velocity ultra-
centrifugation experiments.

Melting temperature circular dichroism studies (222 nm)
confirm the insulin is still folded, resulting in a melting temper-
ature at ~65°C, similar to unconjugated insulin controls (see
Supporting Information). Electronic absorption analysis shows
maxima consistent with both the presence of B,, and insulin
(see Supporting Information), and the peak at 361 nm (e=
27500m'cm™") was used to calculate solution concentra-

ChemMedChem 2007, 2, 1717 -1721


www.chemmedchem.org

Iret

t/ min

Figure 2. Anion-exchange (DEAE) chromatogram showing separation of in-
sulin from 1. The structure of 1 is shown with coupling of B, and insulin at
the ribose 5-OH group and lysine B29 residue, respectively.

tion."™ The B,,-insulin conjugate has been prepared at con-
centrations up to 27 uM. Spectrophotometric in vitro binding
studies with IF confirm that the key enzyme in the B,, uptake
pathway recognizes the B,,—insulin conjugate (see Supporting
Information).

Frequency
o
]

COMMUNICATIONS

100 5843.2 3.0E+
90 1
80 — Asstrand ‘
2717.00
70 B strand ]
> 1 B strand+B;, Insulin
>80 STHATY soagor | Cinsuln #Bre
2 50 | 5400.00/5755.92 ,7181.30
E 40 34803 46794 5949.6 72198 8490.0
5951.4 mlz
30
881.9
20
10 2922.0 6050.0 _ 7198.0
[2970.0 354 70919
1999.0 3599.4 5199.8 6800.2 8400.6 10001.0
mlz

Figure 4. MALDI-ToF MS of 1: Data for B,,—insulin in matrix containing no
DTT and 10 mm DTT (inset). DTT reduces the disulfide links between both in-
sulin strands. Both traces show a mix of “free” insulin control and B,-insulin
conjugate: (m/z): [M*] for free insulin at 5734, 1 at 7091.9; with 10 mm DTT
(m/z): [M*] insulin A strand at 2717.00, B strand at 4040.67, B strand+-B,, at
5400.00, insulin at 5755.92 and insulin+B,, at 7181.30. Note the presence of
B,, bound only to the insulin B strand with no A strand-B,, observed.

To examine the in vivo efficacy of the B,,—insulin conjugate,
blood from the STZ-induced diabetic rat model was sampled
by jugular catheter prior to and subsequent to oral administra-
tion of the B;,-insulin conjugate and was compared with the
blood glucose response following administration of an equi-
molar solution of free insulin (Figure 5). Prior to administration
of compounds via oral gavage, fasting (>4 h) blood glucose
levels confirmed that rats were hyperglycemic (15.6+
0.8 mmolL™"; +SEM) indicating that an insulin-deficient state
had been achieved. Results identified that the B,,—insulin con-
jugate was associated with a 4.7-fold greater decrease in the
area under the blood glucose curve (p=0.056) relative to the
blood glucose response to the
administration of free insulin. To
identify whether the correspond-
ing change in blood glucose
concentration is mediated by a
B,,-dependent uptake pathway,
the blood glucose concentration
in response to administration of
the B,,—insulin conjugate was
compared with the blood glu-
cose response to an identical
dose of the B,,—insulin conjugate
dissolved in 10°-fold excess B,
(Figure 4). There was a signifi-
cant (p=0.022) decrease in the
blood glucose response when
the B,,—insulin conjugate was
dissolved in 10°-fold excess B;,.

0 0.5 1.0 1.5 2.0

corrected sedimentation coefficient / 107'% s

Figure 3. Velocity ultracentrifugation plot for purified 1 in 50 mm HEPES buffer, run at 40000 rpm at 10°C and

monitored at 270 nm; sedimentation coefficient: 1.285x 10 "> s.
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It is worth noting that the pres-
ence of excess B;, did not result
in oligomerization of the conju-
gate as followed by analytical
HPLC.
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Figure 5. Blood glucose response in the STZ-induced diabetic rat model following administration of either the B,,-insulin conjugate (n=7); B,,~insulin dis-
solved in 10°-fold excess B,, (n=4); or free insulin (n=5). A) Area under the blood glucose curve following administration of the three treatments: B,,—insulin
(a), excess By, (b), and insulin (c). Error bars represent SEM. B) Percent change in blood glucose in response to the administration of the three treatments: B;,—
insulin (e), excess B;, (A), and insulin (m). Asterisks represent a significant difference (p <0.05) from the pre-administration value (t=0 min) for the B,,-insulin

conjugate only.

Results obtained from the oral administration of the B;,-in-
sulin conjugate indicate that the conjugate is more effective
than free insulin in decreasing blood glucose levels (Figure 4).
Furthermore, in comparison with results obtained in the B,,-
excess trials, it is clear that the glucose-lowering effects of the
B,,—insulin conjugate are mediated by the B,, uptake mecha-
nism. The nadir in the blood glucose response in the present
study occurred at 4 h, which is consistent with previous phar-
macokinetic experiments with orally administered radiolabeled
B12.[19]

Given that excessive blood sampling may stimulate the re-
lease of catecholamines, the experiments were terminated by
5 h post administration. However, based on the blood glucose
response curve, it is very likely that the hypoglycemic activity
of the B,,—insulin conjugate could extend beyond the 5-h re-
cording phase adopted in the present study. This is most likely
due to the delayed uptake of the B,,~insulin conjugate,” but
an extended half-life of the B,,—insulin conjugate relative to
native insulin (10 min),""”" similar to transferrin-bound conju-
gates,” cannot be ruled out. Moreover, the role of enterohe-
patic recirculation of B,, conjugates requires further investiga-
tion because we postulate that this pathway may aid in pro-
longing the half-life of the B,,~insulin conjugate.?"

The most remarkable finding of this study was the hypogly-
cemic response to the oral administration of the B,,~insulin
conjugate and its dependence on the B,, uptake mechanism.
However, while the clinical significance of this conjugate re-
quires further investigation, it must be noted that the B,
uptake capacity in humans is limited to approximately 1-2 pug
per dosage and as such, the amount of peptide that can be in-
troduced through the B,, pathway is limited.”® This limitation
could be counteracted by multiple dosing (ileal IF receptors re-
cycle every 30 min)® or by conjugating multiple insulin mole-
cules to B,,. Indeed, the conjugation of multiple insulin mole-
cules is a likely therapeutic preference given the versatility of
this system that will allow extensive modifications with conju-
gation at various insulin residues at various B, sites (both de-
signed to minimize disruption of uptake and receptor recogni-
tion) and through linkers of various lengths; the ultimate aim
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is to optimize the uptake versus activity relationship between
B,, and insulin for greatest activity and in vivo residency.

In conclusion, the improved ease associated with the nonin-
vasive delivery of insulin is likely to yield stricter control of
blood glucose levels and better clinical outcomes in individuals
with DM. Herein we present an oral insulin delivery mechanism
that has proven invivo efficacy, is highly adaptive from a
chemistry standpoint, and presents potential future clinical
relevance as part of a noninvasive basal/bolus insulin therapy.
Structure—function analysis will indicate whether such modifi-
cation will impact in vivo glucose response. Derivatives (based
on the conjugate described herein) are currently being pre-
pared and characterized in vitro and invivo to address this
point; patent pending.¥

Experimental Section

The protection of insulin was reported previously.?” This proce-
dure, slightly modified, is as follows: Insulin (25 mg, 4.3 umol) was
dissolved in 5 mL HEPES buffer (50 mm) with 25 mm EDTA. The so-
lution was adjusted to pH 6.8-6.9 with 1M sodium carbonate. A
tenfold molar excess of dimethylmaleic anhydride (DMMA; 5 mg,
43 pmol) was dissolved in 1 mL DMSO. One third of the DMMA so-
lution was added to the insulin, and the pH was adjusted back to
6.8-6.9 with 1m HCl. The insulin was slowly rotated at 4°C for
30 min. The pH was checked at the end of the 30 min and adjusted
as before. The remaining two thirds of the DMMA solution were
then added in the same fashion. The pH was again checked to be
between 6.8 and 6.9, and the solution was allowed to rotate at
4°C overnight. The protected insulin was dialyzed, with gentle stir-
ring at 4°C, against 50 mm HEPES buffer with 25 mm EDTA. Buffer
(1 L) was changed every 3-5 h for a total of 4 L of buffer.

Activation of B,, and reaction with protected insulin: B;, (12 mg,
8.6 mol) was dissolved in 2mL of dry DMSO. A fivefold molar
excess of CDI (7 mg, 43 mol) was dissolved in DMSO and added to
the B, solution. The reaction was stirred at 35°C for 2 h. 10 mL of
dry diethyl ether was then added. The resulting red precipitate
was collected by centrifugation and washed with another 10 mL of
dry diethyl ether. The activated B,, was then added to the protect-
ed insulin and rotated at 4°C overnight. The reaction was then dia-
lyzed against 1-L volumes of HEPES buffer (50 mm, pH 7.4) until
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the external buffer became clear. The solution inside the dialysis
tubing remained pink at this point. Bringing the pH back down to
7.4 is important here to avoid insulin aggregation and/or deamina-
tion, which can occur at higher alkaline pH over prolonged peri-
ods. To test for the presence of residual B,, each liter of dialysis
buffer was reduced to 1 mL invacuo, and electronic absorption
spectroscopy and electrospray mass spectrometry was performed.
Once the presence of B;, was no longer observed (typically after
4x1-L changes), the pink solution remaining inside the dialysis
tubing was then used for subsequent experiments. lon-exchange
chromatography to remove unreacted insulin was performed on a
GE Akta Prime Plus system. A 5-mL HiTrap DEAE FF was loaded
with 2.5 mL of dialyzed reaction. Unreacted insulin eluted with
100% water with a red fraction of 1 eluting with 50% 0.5m NaCl.
SDS-PAGE confirmed the presence of insulin, and the fraction was
characterized by MALDI-ToF mass spectrometry and ultracentrifu-
gation to verify a single species corresponding to B,,—insulin. UV/
Vis: 1=360.0, 411.9, 545.0 nm, all concentrations calculated using
£3500=27291 M 'cm™"; MALDI-ToF MS (m/z): [M*] for free insulin
at 5734, B,, conjugated to insulin at 7091.9; CD: T,,=65°C. Reac-
tions run with 25 mg (4.4 mmol) bovine insulin typically yielded
25 uM 5-mL solutions of B,,—insulin; yield ~3% based on insulin.
B,, and insulin can be recovered and used in subsequent conjuga-
tions.
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