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Abstract

Background: Effective exogenous insulin delivery is the cornerstone of insulin dependent diabetes mellitus management.
Recent literature indicates that commercial insulin-induced tissue reaction and cellular cytotoxicity may contribute to
variability in blood glucose as well as permanent loss of injection or infusion site architecture and function. It is well accepted
that insulin formulations are susceptible to mechanical and chemical stresses that lead to insulin fibril formation. This study
aims to characterize in vitro and in vivo toxicity, as well as pro-inflammatory activity of insulin fibrils.

Method: In vitro cell culture evaluated cytotoxicity and fibril uptake by macrophages and our modified murine air-pouch
model quantified inflammatory activity. The latter employed FLOW cytometry and histopathology to characterize fibril-
induced inflammation in vivo, which included fibril uptake by inflammatory phagocytes.

Results: These studies demonstrated that insulin derived fibrils are cytotoxic to cells in vitro. Furthermore, inflammation is
induced in the murine air-pouch model in vivo and in response, macrophages uptake fibrils both in vitro and in vivo.

Conclusions: Administration of insulin fibrils can lead to cytotoxicity in macrophages. In vivo data demonstrate insulin fibrils
to be pro-inflammatory which over time can lead to cumulative cell/tissue toxicity, inflammation, and destructive wound
healing. Long term, these tissue reactions could contribute to loss of insulin injection site architecture and function.
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Introduction There are several factors which may contribute to skin
inflammation from injection or infusion pump therapy.
Catheter material, direction of flow, injection or infused
preservatives can all contribute to site inflammation.'*!¢ In
addition, insulin fibril formation can lead to adverse skin
pathologies resulting in poor glycemic management.!”!8 The
formation of insulin derived fibrils (IDF) have been well

Currently, the American Diabetes Association estimates that
7.5 million Americans are insulin dependent and require fre-
quent subcutaneous insulin administration (SIA) for glyce-
mic control.! However, patients using multiple daily
injections or continuous subcutaneous insulin infusion (CSII)
can experience skin irritation, inflammation, and scarring at
injection and CSII sites.>® Thus, users are encouraged to
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characterized biochemically and can form as a result of
mechanical or chemical stressors."'*?? In short, insulin
fibrils are a large oligomer characterized by a non-native (3-
sheet structure rendering the protein inactive.!*?° While bio-
chemical fibril formation has been studied extensively in
vitro, data for administration of fibrils in vivo is limited.'”!8
Thus, we hypothesize that insulin fibril formation represents
another potential contributing factor for tissue reactions at
sites of SIA or CSII and as such, it is critical to understand
the impacts of fibril administration in vivo.?

In this report, we utilized streptozotocin (STZ) induced
diabetic mice to evaluate tissue response in a modified air
pouch which allows for the collection of tissue, cell and fluid
contents at injection sites.!>!'® Furthermore, the air pouch
provides a defined, subcutaneous space for evaluation of
injection reagents. Our in vitro studies use murine cell lines
found in the subcutaneous area to evaluate cytotoxicity of
insulin fibrils and to elucidate a mechanism for fibril uptake.
Results are compared to the inflammatory and cytotoxicity
of phenolic preservatives (PP) found in insulin formulations
as a previously established inflammatory agent.!>!%?* The
goal of the present study is to examine the relative contribu-
tions to tissue inflammation during repeated SIA with respect
to the variables of insulin derived fibrils (IDF) and insulin
phenolic preservatives (PP).

Methods

Cell types: Mouse cell lines include macrophages (RAW
264.7) and embryonic fibroblasts (3T3-L1), which were pur-
chased from ATCC bio products (Manassas, VA) and cul-
tured following the supplier’s protocol. 3T3 Fat cells were
induced from 3T3-L1 using MDI cocktail (methylisobutylx-
anthine, dexamethasone and insulin).?*

Insulin fibril generation: Fibril species were generated by
incubating Humalog® at 37°C and 300 rpm in a sterile poly-
styrene culture tube for 24 hours. Following incubation, fibril
species were centrifuged and washed 3 times with sterile
saline. Subsequently, they were resuspended and diluted in
either saline (denoted saline fibril) or diluent (denoted dilu-
ent fibril) at a ratio of 1:2. Diluent is commercially available
from Eli Lilly and is utilized as a source of pharmaceutical
grade phenolic preservative.!> Diluent and diluent fibrils
have a combined PP concentration of 2.25 mg/ml (1.6 mg/ml
m-cresol, 0.65mg/mL phenol). As a comparison, saline
fibrils contain no PP.

Insulin derived fibril (IDF) uptake studies using murine
macrophages in vitro: Initially, thioglycolate induced macro-
phages (MQ) were obtained from MaFIA (Macrophage Fas-
Induced Apoptosis) or normal C57BL/6 mice, cultured in
vitro in RPMI 1640 and 10% fetal calf serum at 37°C and 5%
CO,, and validated using anti-F4/80 antibody/immunohisto-
chemistry, and nucleus morphology to confirm the resulting
cells identity as MQs.?* These MQs were cultured with the
various dilutions of the non-florescent or Alexa Fluor 594
containing IDF stock solutions (1/10, 1/30 and 1/90) for

24hours at 37°C and 5% CO,. The cultures were then washed
with RPMI 1640 media 3 times, before analysis as described.
Both C57BL/6 and MaFIA mice were obtained from Jackson
Laboratory (Bar Harbor, Maine). The MaFIA mice express
Enhanced Green Fluorescent Protein (EGFP) in 78% of iso-
lated peritoneal macrophages.?

MTT cytotoxicity assay: Murine cells were plated in a
48-well plate with 2.5 X 10° cells/well in 250 ul of media
(DMEM) without phenol red containing 10% fetal bovine
serum and 1% penicillin/streptomycin. Following an over-
night incubation, cells were treated with test agents from 1:3
to 1:192 then reincubated at 37°C for 3 days. An MTT assay
(ATCC bio products Manassas, VA) was performed accord-
ing to the manufacturer’s protocol as described previously.'>

Mice: Hsd:ICR(CD-1) mice were purchased from Envigo
(Somerset, NJ) or bred in-house. Mice were maintained
under temperature- and light-controlled conditions (20-24°C,
12-h light-dark cycle) receiving food and water ad libitum.
Mice utilized in these studies had an average weight between
30-40g, 8-10weeks and were test naive. A power analysis
was performed in order to determine the total number of
mice in these studies required to have an 80% chance of
detecting a statistically significant difference between these
groups at a 95% confidence interval. Each treatment group
consisted of 6-9 mice. All studies were conducted with
approval from the institutional animal care and use commit-
tee (IACUC) at Wayne State University.

Streptozotocin induced diabetes in mice: Diabetes was
induced following the protocol developed by Furman.?”’
Male mice received a daily intraperitoneal (i.p.) injection of
streptozotocin (STZ) (50mg STZ/kg body weight) for a
period of 5 days (Sigma-Aldrich, St. Louis, MO). Blood glu-
cose levels were monitored at least twice weekly following
STZ treatment using a Bayer Contour Next EZ Meter
(Ascensia Diabetes Care, Parsippany, NJ). Mice with a blood
glucose level above 250 mg/dL on 2 sequential blood glucose
samples were designated as diabetic.

Murine Air Pouch Model of Tissue Toxicity and inflam-
mation: The classic murine air pouch model was adapted to
evaluate the tissue response to injected agents as previously
described.'® Test agents for all studies were injected once
daily, (3 days after air pouch initiation), with a volume of
300 uL of saline, diluent (Eli Lilly), saline fibril or diluent
fibril into the air pouch. Volume of 300uL was chosen to
effectively cover the surface area of the air pouch to elicit a
tissue response, which correlates to injected 0.5 mg insulin
equivalents of fibrils. It should be noted that IDF have no
effect on blood glucose levels and can be used in both normal
and diabetic mice without a hypoglycemic risk. Contents of
the air pouch were analyzed using total cell number counts,
flow cytometry analysis, and through standard histopatho-
logical analysis. Analyses were performed at 3 and 7 days.
The initial time point was chosen to reflect FDA approved
lifespan for insulin infusion and injection devices whereas 7
days was chosen as an end-stage time point that was more
than twice the approved lifespan.>*
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Leukocyte isolation from mouse air pouch and fluores-
cence-activated cell sorting (FACS): After 3 or 7-days of
treatment, mice were euthanized (CO, inhalation and cervi-
cal dislocation) and the air pouch was lavaged with a total of
10mL of 0.9% saline (Baxter, Deerfield, IL). The collected
cell fluid was processed as previously described.!> The total
leukocyte population was then subjected to flow cytometry
analysis (FACS) using fluorescent labeled antibodies (1:100)
(BioLegend, SanDiego, CA) to detect myeloid cells
(CD45*CD11b"), neutrophils (CD45*CDI11b"Ly6G™),
macrophages (CD45* CD11b* Ly6G™ Ly6G'*"), monocytes
(CD45* CD11b* Ly6G- Ly6G"ieh), and lymphocytes (SSC-
A~ CD45"igh) 24 Flyorescent minus one (FMO) controls were
used to differentiate between positively and negatively
stained populations. Compensation was performed using BD
Comp Beads (BD Biosciences, San Jose, CA) to create sin-
gle-color controls of each antibody. FACS analyses were per-
formed on a BD-LSRII utilizing the services of the
microscopy, imaging, and cytometry core laboratory (MICR),
at Wayne State University, Detroit, M1, and the data were
analyzed with FlowJo software (FlowJo, LLC).

Statistical analysis: All analyses were conducted using
SAS VERSION 9.4 (SAS, INC., Cary, NC). For normative
data comparing 2 groups, a 2-tailed t-test was employed to
detect a significant difference at a 95% confidence interval.
For multiple group comparisons, a one-way ANOVA test
was performed to assess for statistical significance at a 95%
confidence interval. If significance was detected, then a post-
hoc Tukey test was utilized to assess for statistically signifi-
cant differences among the subgroups assessed in the
ANOVA test. Following FACS staining and analysis of the
cell populations, all cell numbers were graphed in a boxplot
using GraphPad Prism 8 software.

Histopathologic evaluation: Histological evaluation was
followed as previously described by our laboratory.'> To
evaluate tissue responses to the daily air pouch injections,
qualitative histopathologic evaluation was performed on
mouse tissue samples at 3- and 7-days post-injection. Tissue
samples were fixed in 10% buffered formalin (VWR, Radnor,
PA) for 24hours followed by standard tissue preparatory
steps, paraffin embedding, and sectioning. Tissue samples
were cut into 5 um sections and stained using Hematoxylin
and Eosin stain (H&E). To confirm the presence of macro-
phages in the air pouch, tissue sections were stained with a
mouse macrophage-specific antibody designated anti-mouse
F4/80 (Fisher Scientific, catalog # MF48000). Mouse IgG
was used as a negative control. Anti-insulin antibody
(Invitrogen, PA1-26938) was incubated at 1:100 followed by
IgG-HRP conjugate antibody (Invitrogen, A18769) at 1:500.
Tissue samples were evaluated using a Nikon microscope
and imaging system.

Results

Cellular cytotoxicity of insulin fibrils in vitro. Cellular
cytotoxicity in vitro for saline, diluent and insulin, saline
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Figure 1. Determination of cellular cytotoxicity of phenolic
preservatives and insulin fibrils in murine cell lines and primary
cultures in vitro. To determine the in vitro cytotoxicity of
phenolic compounds and insulin fibrils in murine cell lines, as
well as primary cultures in vitro MTT cytotoxicity assays were
used after 3 days of co-culture of cells and test agents. MTT
assay was used for 3T3-LI fibroblast cells (A), 3T3-Fat induced
cells (B), raw macrophage (C), following 3-day in vitro incubation
with agents. Each panel shows cells treated with diluent (grey)
diluent + fibril (light blue), saline + fibril (dark blue), or insulin
(red) at increasing concentrations. Cell viability is expressed as
percent to saline control. MTT assay (panels A-C) data reflect
absorbance at 570 nm. Error bars represent standard deviation.
The concentration of all test reagents is based on dilutions in
media. Full statistical analysis is presented in supplemental section
Table SI.

fibrils or diluent fibrils at increasing concentrations (Figure 1)
was determined using the MTT assay. Diluent, insulin and
diluent fibril all contain PP."> Cytotoxicity was not observed
for saline treatment for any mouse cell line. Any treatment
containing phenolic preservatives, (eg, insulin, diluent and
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Figure 2. Immunofluorescence of fibril uptake in isolated
macrophages. Bright field microscopy of isolated macrophages is
shown in (A). MaFIA isolated macrophages expressing GFP (B)
and IDF conjugated to alexafluor 594 (C). Overlay of GFP and
alexafluor 594 results in yellow after 24 hours of macrophage
incubation with IDF (D).

diluent fibril), was cytotoxic for all cell types at 1:12 dilution
or higher irrespective of fibril addition. Saline fibril had a
cytotoxic effect for murine macrophage cell lines but not for
any other cell line. Specifically, cytotoxicity for diluent fibril
paralleled saline fibril for murine macrophages indicative of a
toxic effect of fibril for this cell line. This study underscores
the finding that fibril cytotoxicity is highly cell type
dependent.

Insulin-derived fibril uptake by murine macrophages
in vitro. As a result of the in vitro cytotoxicity studies, we
hypothesized that IDF uptake (phagocytosis) triggered mac-
rophage (MQ) toxicity. This was evaluated using Alexa Fluor
594 conjugated to IDF against GFP expressing MQ cells. We
demonstrated that IDF were phagocytized by murine MQs in
vitro (Figure 2). MaFTA GFP-MQ (Figure 2B) readily phago-
cytosed IDF-Alexa Fluor 594 (Figure 2C). Merging of the
fluorescent images resulted in bright yellow particles of IDF
associated with the green MQ (Figure 2D).

Analysis of lavage fluids following injection of test
agents. The tissue toxicity of phenolic preservatives and
fibril was determined by daily injection of saline (S), dilu-
ent (D), saline fibril (SF) or diluent fibril (DF) into the
mouse air pouch of non-diabetic and diabetic mice for
either 3 days (3D) or 7days (7D). No adverse events were
recorded during agent administration and animals were
healthy prior to start of experiment. Total cell recruitment
in response to test agents is shown in Figure 3A with sub-
populations depicted in Figure 3B and D. Statistical analy-
sis of cell counts and raw data are found in supplementary
data. Total cell recruitment statistical analysis demonstrated
significance (P <.05) for all test agents with the exception
of saline vs diluent in non-diabetic (3-days) and diabetic

mice (7-days). Significance was not observed for test agents
when comparing duration of treatment for 3 and 7days
except for diluent in non-diabetic mice and saline in dia-
betic mice. Diabetic state compared to non-diabetic state
however resulted in increased total cell recruitment for all
test agents (S, D, SF, DF) at each time point where P <.01
for all. Next, increased neutrophil recruitment was observed
for diluent vs diluent fibril treatments (P <.05) except for
diabetic 3-day injections. Saline vs saline fibril was signifi-
cant for 7-day non-diabetic and 3-day diabetic groups only.
Again, duration of treatment (3 days vs 7 days) when com-
paring test agents for both non-diabetic and diabetic mice
was not significant except for saline fibril in non-diabetic
mice, diluent and diluent fibril in diabetic mice. Neutrophil
recruitment was not significant for all saline versus diluent
groups. Overall neutrophil recruitment did not display a
clear trend across treatment groups and future work is
needed to elucidate their role in SIA. However, this is in
contrast to macrophage cell recruitment where all fibril
treatments are significant compared to their control (S vs
SF; D vs DF). The diabetic state also demonstrates enhanced
macrophage recruitment compared to non-diabetic mice for
all treatment groups (P <.05 for all) whereas the duration
of treatment had little effect. Finally, lymphocyte recruit-
ment was enhanced for diluent vs diluent fibril groups and
saline fibril vs diluent fibril groups (P <.05) with the
exception of 7day and 3-day diabetic respectively.
Histopathologic tissue analysis following 3- and 7-days
injections of test agents for non-diabetic mice: Tissue
response was evaluated through standard histopathology fol-
lowing air pouch lavage after injection of test agents for
3-days (Figure 4) and 7-days (Figure 5). Histopathological
evaluation revealed that both saline (Figure 4A, I and Q) and
diluent (Figure 4B, J and R) injection into the air pouch dis-
played light scattering of inflammatory cells with a more
intense gathering of inflammatory cells at the air pouch tis-
sue interface (Figure 4). Most of the sparse accumulations of
inflammatory cells were predominately neutrophils and mac-
rophages as confirmed using F4/80 immunohistochemistry.
Polymorphonuclear leukocytes (PMN), which are F4/80
negative, were also detected morphologically by H&E analy-
sis. Analysis of macrophage distribution demonstrated lim-
ited numbers of macrophages present for both saline (Figures
4E, M and U) and diluent (Figure 4F, N and V) injections.
Saline fibril (Figures 4C, K and S) and diluent fibril injection
(Figure 4D, L and T) displayed neutrophils and macrophages
present at the air pouch interface whereas macrophages were
the predominant cell in these 2 treatment groups with a
higher count in the diluent fibril treatment group (Figure 4H,
P and X). Overall, the tissue reactions after 7-days (Figure 5)
were comparable to the saline and diluent injection over the
3-day injection period (Figure 4). However, saline fibril
injection (Figure 5C, K and S) over the 7-day period demon-
strated slightly more inflammatory cell presence when com-
pared to saline or diluent injection over the 3-day period.
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Figure 3. Quantitative analysis of pro-inflammatory reactivity of
insulin fibrils and phenolic compounds in vivo using the murine air
pouch (MAP) model in non-diabetic and diabetic mice: evaluation
of 3 and 7 days of treatment. Results of flow analysis show total

cell recruitment (A) and cell type subpopulation for neutrophils

(B), monocytes/macrophages (C), and lymphocytes (D), for each
treatment: saline (S), diluent (D), saline + fibril (SF) or diluent + fibril
(DF). Al results are expressed as total cell count X1000, and were
obtained by flow cytometry (N=6-9). Open circles denote outliers.
Statistical analysis of this data is presented in Tables S2-5.

Diluent fibril injection showed enhanced presence of inflam-
matory cells including enhanced cellularity at the air pouch
interface (Figure 5D, L and T). Further analysis indicated
that macrophages were substantially more present in the

fibril injected air pouch regardless of saline (Figure 5G, O
and W) or diluent (Figure 5SH, P and X) suspension.

Histopathologic tissue analysis following 3- and 7-days
injections of S, D, SF, DF for diabetic mice. In general, all
tissue reactions, except the saline treatment group, were sub-
stantially increased in the chemically-induced diabetic ani-
mals. For 3-day treatment of diluent-injections, (Figure 4BB,
JJ, and RR) air pouch showed slight scattering of neutrophils
and macrophages lining the air pouch wall. Sparse numbers
of macrophages present in the tissue adjacent to the air pouch
as evident in F4/80 macrophage specific stain (Figures 4FF,
NN, and VV). In comparison, the 7-day injections of diluent
tissue displayed a notable accumulation of MQ at the air-
tissue interface (Figure 5BB, JJ and RR). Tissue treatment
with saline fibril for 3-days (Figures 4CC, KK, and SS) and
diluent fibril for 3-days (Figures 4DD, LL, and TT) injection
is interesting in such that a similar accumulation of inflam-
matory cells surrounds the air pouch tissue for both treatment
groups. MQ were spread throughout the air pouch tissue, and
frequently appeared larger and had substantial presence of
proteinaceous material in their cytoplasm (e.g. red staining
material in H&E-stained slides) (Figure 3DD, LL and TT).
These results were also observed in the 7-day injection treat-
ment with saline (Figure SCC, KK and SS) and diluent fibrils
(Figure 5DD, LL and TT) where substantial amounts of
inflammatory cells are present. Further analysis with macro-
phage specific stain F4/80 indicated macrophage presence
for both 7-day injection of saline fibril (Figure 5GG, OO and
WW) and 7-day injection of diluent fibril (Figure SHH, PP
and XX). The qualitative nature of histopathology makes it
difficult to distinguish differences between the 3- and 7-day
treatment groups. However, when comparing the histopatho-
logic evaluation of the air pouch tissue, a stronger reaction is
observed in the fibril-injected air pouch, irrespective of
saline or diluent suspension, indicating that the fibril itself
contributes to the tissue reaction.

Insulin-derived fibril distribution in air pouch tissue.
Following fibril injection, irrespective of suspension in
saline or diluent agent, a notable appearance of amorphous
pink staining material, both within and outside of PMN and
MQ was observed (Figure 6). MQ appeared larger with
enhanced presence of cytoplasmic proteinaceous material.
Anti-insulin staining determined that this amorphous pro-
teinaceous intracellular and extracellular material consisted
of insulin fibrils for non-diabetic mice over the period of
3-days (Figure 6A and B) and 7-days (Figures 6E and F). No
difference in anti-insulin staining was observed for chemi-
cally induced diabetic mice over the same 2 time periods
(Figure 61, J, M and N). Normal IgG did not experience any
specific or non-specific insulin staining for all treatment con-
ditions irrespective of non-diabetic or diabetic mic (Figure
6C, D, G-P). Of note is that anti-insulin antibodies used in
these studies detect both human and mouse insulin and insu-
lin fibrils. However, anti-insulin immuno-histochemical
analysis of the air pouch tissue indicated that no human or
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Figure 4. Histopathologic and immunohistochemical evaluation of mouse air-pouch tissue (post lavage) from non-diabetic and diabetic
mice after 3 days treatment with insulin fibrils and phenolic diluent. Representative photo-micrographs of tissue reactions from 3-day
treated non-diabetic and diabetic mice (post lavage) including: saline, diluent, saline fibril and diluent fibril treated non-diabetic and
diabetic mice. Matched tissue sections were stained for general histopathology using H&E staining, and for macrophages using Anti-F4/40
antibody or matched non-immune IgG. All photo-micrographs were taken at 20X or 40X as designated. Each area of the MAP tissue
evaluated in the study is designated as: UL (upper layer of MAP tissue), and LL (lower level MAP tissue), respectively. White area
containing (¥) indicates air space location of murine air pouch.
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Figure 5. Histopathologic and immunohistochemical evaluation of mouse air-pouch tissue (post lavage) from non-diabetic and diabetic
mice after 7 days treatment with insulin fibrils and phenolic diluent. Representative photo-micrographs of tissue reactions from 7-day
treated non-diabetic and diabetic mice (post lavage) including: saline, diluent, saline fibril and diluent fibril treated non-diabetic and
diabetic mice. Matched tissue sections were stained for general histopathology using H&E staining, and for macrophages using Anti-F4/40
antibody or matched non-immune IgG. All photo-micrographs were taken at 20X or 40X as designated. Each area of the MAP tissue
evaluated in the study is designated as: UL (upper layer of MAP tissue), and LL (lower level MAP tissue), respectively. White area
containing (¥) indicates air space location of murine air pouch.
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Figure 6. Histopathologic and Immunohistochemical evaluation of mouse air-pouch tissue (post lavage) from non-diabetic and
diabetic mice after 3-and 7-days treatment with insulin fibrils. Matched tissue sections were stained for anti-insulin or non-immune IgG.

Representative photo-micrographs of tissue reactions from 3 and 7 day treated with insulin fibrils for non-diabetic mice (top) and diabetic

mice (middle). Background controls for anti-insulin stain for non-diabetic and diabetic mice treated with saline and diluent are shown in

bottom panel. All photo-micrographs were taken at 40X. White area containing (*) indicates air space location of the murine air pouch.

mouse insulin or insulin fibrils were detectable in control air
pouch tissues treated with saline or diluent (Figure 6Q—X).

Discussion

These data indicate that insulin derived fibrils contribute to
tissue inflammation during SIA. Our study assessed both in
vitro cell culture studies and a mouse air-pouch model

designed to analyze cellular and tissue reactions following
repeated injections with saline, PP, diluent, and fibrils sus-

pended in either saline or diluent. The in vitro studies inves-
tigating cytotoxicity of PP and insulin fibrils suspended in
saline or diluent demonstrated a macrophage specific cyto-

toxicity for the fibril addition (Figure 1). Mouse fibroblast
and fat cells exhibited cytotoxicity towards the PP diluent, to
insulin and to diluent fibril but not to saline fibril. This
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indicates that PP is cytotoxic to these cell lines whereas, the
MQ cell line demonstrated cytotoxicity towards PP as well as
fibrils. This suggests that fibril cytotoxicity is highly depen-
dent on the cell type. Future studies should elucidate MQ
death mechanisms following fibril phagocytosis.

Our in vivo data supplemented the in vitro findings.
Specifically, FACS data revealed that MQ are recruited in
vivo to the injection site when treated with diluent or saline
fibril species (Figure 3). Total cell recruitment supports the
hypothesis that fibril species and PP-containing diluent are
pro-inflammatory. Influx of inflammatory cells is increased
in the presence of insulin-derived fibril. Notably, saline ver-
sus diluent did not show any significant differences in
inflammatory cell numbers for either 3-day in non-diabetic
or 7-day in diabetic CD-1 mice, which is in contrast to our
previously published results investigating infusion of these
agents.”> We attribute these differences to the different
amounts of fluids administered between these 2 studies and
duration of exposure. In the published infusion studies,' a
total of 1.2 mL/day were administered continuously whereas
the current study utilized a total of 0.3 mL once per day, sug-
gesting a toxicity threshold of the diluent.

Histopathological evaluations of the air pouch tissue post
lavage demonstrated that saline fibril and diluent fibril are
equally capable of inducing inflammation characterized by
an influx of PMNs and monocytes/macrophages (Figures 4
and 5). Notably the concentration of fibril solution injected
into the air pouch is unlikely to be encountered clinically.
Future follow-up studies should be designed to characterize
a dose-response curve. Notwithstanding, it is likely that even
small amounts of fibril could induce severe IDF that would
alter tissue architecture and function rendering this injection
or infusion site unusable. Irrespective of the saline or diluent
agent utilized for fibril injections, the post lavage air pouch
tissue site demonstrated neutrophils and macrophages phago-
cytizing insulin fibrils. An amorphous pink staining material
was observed both external and internal to the PMN and MQ
(Figures 4 and 5). The impact of fibril uptake by phagocytes
on cell function and proinflammatory activity including the
expression of proinflammatory cytokines will need to be
investigated to determine the mediators and mechanisms of
fibril-induced inflammation. Moreover, the potential contri-
bution exhibited by ongoing leukocyte mediated fibril uptake
and possible cell necrosis needs investigation. As diabetes is
a chronic illness, one of the cornerstones of diabetic manage-
ment is to maximize the availability of useful injection or
infusion sites. Any strategy designed to optimize exogenous
insulin administration and efficacy must mitigate pro-inflam-
matory factors including IDF.

Conclusions

Administration of insulin fibrils can lead to cytotoxicity, spe-
cifically in macrophages. In vivo data demonstrate insulin
fibrils to be pro-inflammatory which over time can lead to

cumulative cell/tissue toxicity, inflammation, and destruc-
tive wound healing. Long term, these tissue reactions could
contribute to loss of insulin injection site architecture and
function.
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