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Thesis abstract
Study on the factor of insulin fibril formation and the effect of fibril on insulin absorption
Yui Ohno

Insulin-derived amyloidosis (IDA) is a phenomenon when injected insulin (Ins) forms fibrils (Ins takes a beta
structure and turns into an amyloid protein) at the injection site, which are then deposited subcutaneously. Insulin
ball (IB), in which the deposition leads to a subcutaneous mass, has been a problem in recent years as a complication
of Ins therapy. IB is thought to be caused by repeated administration of Ins to the same site, and leads to poor glycemic
control due to suppressed Ins absorption. In this study, | investigated the effect of additives in formulations,
association state of formulations, and differences in molecular structure on the fibril formation of Ins using clinically
used formulations to elucidate the factors affecting fibril formation. In addition, basic research was conducted with
focus on a wide range of issues from clinical problems to formulation development, such as the investigation of new
Ins that can avoid IDA and IB, and examination of Ins absorption superstition for IDA and IB.

In Chapter 1, | analyzed the fibril formation factors of Humulin®R (HR), a human Ins (HI) formulation. Specifically,
fibril formation in the presence of fibril crystals as well as the effects of additives and pH changes on the fibril
formation of HR were evaluated in vitro. The results showed that the fibril formation of HR was promoted by physical
stimulation; however, the coexistence of fibril crystals progressed even under weak physical stimulation, suggesting
that fibril crystals functioned as nuclei. In addition, in vitro evaluation revealed that the fibril formation process of
HR disappeared over time in the presence of additives such as zinc ions (Zn?*) and m-cresol (CRS). Moreover, CRS
was shown to exert inhibitory effect on fibril formation, and Zn?* disappearance was likely to occur owing to CRS
disappearance. Furthermore, a gel containing amyloid fibrils was generated near the membrane where mass transfer
of additives, such as CRS, occurred. Local changes in the concentration of each component, including Ins, and
changes in the surrounding environment occurred at the site of injection in vivo owing to the diffusion of each
component and dilution in body fluids. Therefore, a similar phenomenon could trigger subcutaneous IDA in treated
patients. In an experimental system using a diffusion cell in which the pH of the formulation changed over time, it
was shown that fibril formation easily progressed when the pH was maintained around neutral. Furthermore, it was
shown that the isoelectric point precipitates rather than fibril formation in the system that changes to pH near the

isoelectric point with time.

In Chapter 2, we compared the fibril formation of various long-acting Ins (LAIns) and examined the effect of the
fibril crystals of Ins on the fibril formation of LAIns. Furthermore, as a new Ins that can avoid IDA, phenylboronic
acid (PBA)-modified Ins (PBA-Ins) capable of binding to sugar was synthesized, and its hypoglycemic effect and
fibril formation ability were investigated. Subcutaneous administration of Levemir® to the same site on the back of
rats for 3 weeks resulted in subcutaneous IDA. A clinical case report showed that IB is often observed in patients
who have used Ins for years to decades, but IDA can occur more quickly than clinically thought. In vitro experiments
showed that fibril formation occurred as a result of the strong physical stimulus applied during the administration of

the original solutions of all LAIns formulations. The fibril formation of the Ins degludec (InsDeg) Tresiba® (Tre)



itself was evaluated without additives, which showed extremely slow fibril formation. The results showed that InsDeg
significantly promoted fibril formation, compared with the original solution of the formulation. In the absence of
additives, the proportion of monomers increased and Tre showed resistance to fibril formation owing to the presence
of a stable dihexamer. When administered subcutaneously, Tre forms multi-hexamers, and its low-molecular-weight
additives diffuse and disappear faster than the high-molecular-weight InsDeg; this leads to gradual generation of
monomers, which are then absorbed. Therefore, it was shown that Tre cannot be used as a formulation that does not
form fibrils in vivo. In vitro and in vivo experiments revealed that the fibril formation of LAlIns was promoted by the
presence of HI fibril nuclei even under weak physical stimulation. As fibril formation was promoted under different
molecules, in clinical practice, if IDA or IB is suspected in one formulation, changing to another formulation cannot
be expected to suppress the progression of IDA and IB. Therefore, if IDA or IB is suspected, changing the
administration site was considered to be the most effective method for suppressing IDA and 1B progression. In PBA-
Ins, which was synthesized as an Ins that does not generate IDA, PBA was mainly modified at the N-terminus of the
A chain and the N-terminal of the B chain of HI. Furthermore, it showed a hypoglycemic effect and a sustained action
by binding to erythrocytes. PBA-Ins did not promote fibril formation in vitro, even in the absence of CRS. As the
monomer content of PBA-Ins was equivalent to that of HI, it was clarified that modification of the N-terminus of the

A-chain and B-chain suppressed p-structure formation and was effective in preventing fibril formation.

In Chapter 3, | tried to elucidate the suppression mechanism of Ins absorption in IDA and IB. Rats were
subcutaneously treated with fibril-HI (F-HI), and the absorption of HI and Fluorescein-Dextran (FD-10) at the F-HI
site was compared. Blood flow and vascular permeability were also evaluated. F-HI was prepared in vitro and then
subcutaneously administered to rats for 2 weeks to produce rats that had no clear subcutaneous mass formation, but
had F-HI. In the rats, FD-10 absorption was higher at the F-HI site than at the PBS site. On the contrary, HI absorption
was lower at the F-HI site than at the PBS site. Vascular permeability did not increase at the PBS site, but increased
at the F-HI site, presumably owing to inflammation. As no difference in blood flow was observed between the two
sites, it was considered that FD-10 absorption was promoted at the F-HI site owing to enhanced vascular permeability.
In addition, although absorption of vascular permeability positively affected absorption, the decrease in HI absorption
suggested that the presence of F-HI itself suppressed HI absorption. This phenomenon was reproduced in an in vitro
experiment. Therefore, it was confirmed that the HI concentration that allowed diffusion and migration was reduced

by the adsorption of the HI molecule to the fibril, thereby suppressing HI absorption.

The results of this research provided important information not only for the treatment and prevention of IDA but
also for maintaining stable and effective treatment of IDA. Furthermore, these findings are expected to lead to the
development of Ins that are less likely to cause fibril formation and IDA. | believe that to realize safe and effective

treatment for patients, it is important to provide the information obtained in this study to many pharmacists.
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