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Abstract The insulin analog glargine has a higher binding
affinity than regular insulin for the insulin-like growth factor 1
receptor in vitro, raising questions about increased mitoge-
nicity in vivo. Observational studies in humans have recently
reported a potential differential association between insulin
glargine and malignancies, but available evidence remains
inconclusive. We directly compared glargine vs. neutral
protamine Hagedorn (NPH) insulin’s effects on cell prolif-
eration in colonic mucosa and on formation of aberrant crypt
foci in diabetic mice, i.e., early stages of colorectal cancer
development. Mice (BKS.Cg-+Lepr™/+Lepr™/OlaHsd) were
treated with insulin glargine (G), NPH insulin (NPH), or saline
(NaCl). We assessed epithelial proliferation after long-term
insulin treatment (18 weeks) by 5-bromo-2'-deoxyuridine and
Ki67 staining and analyzed the formation of aberrant crypt foci
(ACF) in mice treated with insulin glargine or NPH insulin or
10 weeks after initiation with 1,2-dimethylhydrazine. Insulin
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glargine treatment did not result in significantly different
epithelial colonic proliferation compared to NPH insulin (G,
137+22; NPH, 136+15; NaCl, 100+20 (relative proliferation
index)), but both insulin-treated groups of mice had a higher
proliferation index compared to the NaCl control group (p<
0.001). Similarly, we observed no difference in ACF
formation between glargine- and NPH-insulin-treated mice
(G, 132+12; NPH, 138+9; NaCl, 100+7 (relative number of
ACF)), but ACF formation was significantly higher in
insulin-treated mice than in NaCl-treated control mice (p=
0.001). Chronic insulin treatment results in higher colonic
epithelial proliferation and ACF formation, but the use of
insulin glargine vs. NPH insulin is not associated with
increased risk.
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Introduction

Insulin resistance has been associated with an increased risk
of several cancers, including colorectal cancer [1-3].
Elevated plasma levels of insulin promote the proliferation
of epithelial colon cells [4, 5]. In high concentrations,
insulin binds and activates not only its cognate insulin
receptor but also the insulin-like growth factor receptor 1
(IGF-R1) [6]. It may also increase circulating levels of free
IGF-1 by altering the levels of IGF-binding proteins
(IGFBP) [7]. IGF-1 is a more potent growth factor than
insulin, promoting proliferation and inhibiting apoptosis
[8], and plays an important role in facilitating malignant
cell survival and metastasis in colorectal cancer [9].

Observational studies in humans have demonstrated
a ~30% higher risk for colorectal cancer in patients with
type 2 diabetes mellitus [1]. Chronic insulin therapy
further increases the risk of colorectal cancer by twofold
to threefold compared to the general population [10].
Moreover, use of insulin and/or insulin secretagogues are
associated with increased cancer-specific mortality [11].
Treatment of rodents with insulin increases proliferation in
the healthy colonic epithelium and, after chemical initia-
tion, may increase the number of aberrant crypt foci
(ACF) [12, 13], putative precursor lesions of colorectal
cancer [14].

More recently, insulin analogs have also been implicated
in carcinogenesis. Insulin glargine (A21Gly,B31Arg,
B32Arg human insulin) is a widely used insulin analog in
which a 24-h action profile is achieved by altering the
amino acid sequence of the alpha () and beta ([3) chains of
the C terminus [15]. Given the increased affinity of insulin
glargine to the IGF-1 receptor [16], concerns have been
raised about its safety with regard to the development of
malignancies. In a safety study, no increased spontaneous
development of tumors in rodents treated with nonmodified
human insulin or insulin glargine was detected. Final
conclusions could not be drawn, however, since the study
had been performed in nondiabetic mice and rats and was
therefore unable to use relevant doses of insulin or take any
effects of insulin resistance into account [17]. Moreover, a
significant proportion of animals died (25% and >50%,
respectively).

In humans, four recently published observational studies
raised further controversy [18-21]. The largest study was
interpreted by the authors to demonstrate a dose-dependent
increase in cancer risk associated with the use of insulin
glargine [20]. This conclusion was challenged by the other
three original papers, which could not replicate these data
(or could only replicate them for the subset of patients with
breast cancer). Only a prospective head-to-head comparison
could conclusively and unambiguously elucidate whether
these concerns are substantiated. Since it is not feasible to

do such a study in humans, we used an established diabetic
mouse model to gain insight into any potential differential
effects of insulin glargine on early stages of colorectal
carcinogenesis.

To date, no animal studies have been performed comparing
insulin glargine treatment with a nonmodified long-acting
insulin. We used the db/db (BKS.Cg-+Lepr®/+Lepr™/
OlaHsd) mouse model which is characterized by hyperphagia,
leading to obesity, hyperglycemia, and hyperinsulinemia [22],
mimicking the conditions in patients with type 2 diabetes
mellitus. We studied the effects of treatment with insulin
glargine vs. neutral protamine Hagedorn (NPH) insulin in
two different models of early colorectal carcinogenesis.
Increased proliferation in healthy colonic mucosa, while not
mitogenic per se, increases the risk of mutations, thus
potentially leading to an increased risk for colon cancer.
Proliferation has been shown to be acutely increased by both
insulin treatment [12] and long-term [23], but not short-term,
IGF-1 treatment [24]. After a mutation occurs, ACF
represent the earliest step in colorectal carcinogenesis. ACF
can be found in humans and in rodents, and ACF formation
is therefore widely used as an established experimental
model [14].

The aim of our study was to determine whether, in
comparison to NPH insulin, insulin glargine increases cell
proliferation in healthy colonic mucosa and whether it alters
ACF formation after induction with a carcinogen in diabetic
mice in vivo.

Materials and Methods
Animals and Diets

Four-week-old female db/db (BKS.Cg-+Lepr®®/+Lepr®/
OlaHsd) mice were purchased from Harlan Winkelmann
(Borchen, Germany) and housed under controlled con-
ditions of a 12-h light/dark cycle. Food (standard chow
V1126, ssniff, Soest, Germany) and water were provided
ad libitum, and body weight and food intake were
measured daily. All experiments were carried out in
accordance with the German Animal Protection Law
(55.2-1-54-2531-75-07).

Insulin Treatment

Mice were randomized to treatment groups after stratification
for body weight and blood glucose levels. Insulin glargine
(Lantus®, Sanofi-Aventis, Germany) and NPH insulin
(Insuman basal®, Sanofi-Aventis, Germany) were administered
once or twice daily, respectively. Insulin doses were adjusted to
control blood glucose levels below 150 mg/dl (Precision
Xceed, Abbott Diabetes Care, Wiesbaden, Germany) as
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hyperglycemia increased with age. For the proliferation
experiment, doses from 20 to 150 IU kg ' day ' were
administered s.c. Because of concerns of hypoglycemia, the
maximum dose of 150 TU kg ™' day™' (from day 47 on) was
not further increased. All mice were killed after 18 weeks of
treatment (day 126).

In the ACF formation study, doses from 5 to
20 TU kg ! day ' s.c. were sufficient to maintain blood
glucose control. Blood glucose levels were monitored once
a week, and insulin doses were adjusted accordingly. The
control groups of both experiments received volume-
matched isotonic sodium chloride solution (0.9% NaCl)
injections s.c. once daily. Since all experimental conditions
were otherwise the same, the application of the procarci-
nogen 1,2-dimethylhydrazine (DMH) presumably led to
lower insulin requirements. DMH is metabolized into the
active metabolite, azoxymethane, in the liver, and may have
influenced glucose levels.

Analysis of Colonic Epithelial Proliferation

Mice were killed after 18 weeks of treatment with insulin
glargine (G), NPH insulin (NPH), or saline (NaCl) as
control (G: n=6; NPH: n=6; NaCl: n=4). One hour to 2 h
before sacrificing the animals, 5-bromo-2’-deoxyuridine
(BrdU; 30 mg/kg; Roche, Germany) was injected. The
colons were removed, rinsed (Tris buffer pH 7.4), cut open
along the longitudinal median axis, placed on microscopic
slides (mucosal side up), and fixed flat between the
microscopic slide and filter paper in 4% neutral-buffered
formalin overnight. Then, colons were rolled with the
mucosa facing inwards and paraffin-embedded. Proliferating
cells were detected using 5-bromo-2'-deoxyuridine labeling and
detection kit IT (Roche Applied Science, Germany), and Ki67
staining was performed as described before [25]. For quanti-
tative assessment, the labeling index of BrdU- and Ki76-
positive nuclei was calculated as the number of BrdU-labeled
cells divided by the total number of cells in the crypt and
normalized to the saline-treated control group (100%). All
intact, longitudinally sectioned U-shaped crypts that extended
from the lamina muscularis to the lumen were evaluated.
Terminal deoxynucleotidyl transferase dUTP nick end labeling
(TUNEL) staining was performed using the Apoptag Perox-
idase in situ kit (Millipore, MA, USA) using tonsil as positive
control. All analyses were performed in a blinded manner.

Analysis of ACF Formation

To induce formation of ACF, mice (G: n=15; NPH: n=18;
NaCl: n=10) received weekly intraperitoneal injections of
DMH (40 mg/kg body weight; in 0.9% NaCl, 1 mM
EDTA) immediately after receiving insulin or saline
injections (9—11 a.m.) for 10 weeks starting at the age of
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4 weeks as previously described [26]. Colons were
removed and prepared as described above. Following
fixation, fixed colons were washed with 0.01 M
phosphate-buffered saline (PBS; pH 7.5) and stained with
2 g/l methylene blue in 0.01 M PBS for approximately
10 min. The number and crypt multiplicity of ACF were
analyzed by light microscopy at 25-fold magnification
(Stemi SV 6, Zeiss, Germany) by two blinded observers.
Colons were then rolled, and formation of dysplastic ACF
in hematoxylin and eosin (H&E)-stained slides was
independently verified by a blinded pathologist.

Measurement of Serum Parameters

Blood samples were collected at the beginning and the end
of experiments by retro-orbital puncture (proliferation
study: days 5 and 126; ACF formation study: days 3 and
77). Serum samples were stored at —80°C until further
analysis. Concentrations of IGF-1 were determined using a
standardized radioimmunoassay as previously described [27];
IGFBP-2 and IGFBP-3 were determined by enzyme-linked
immunosorbent assay (ELISA; mediagnost, Reutlingen,
Germany). The molar ratio of IGF-1 to IGFBP-3 was
calculated by 3.7xIGF-1 (ng/ml)/IGFBP-3 (ng/ml) [28].
Levels of glycosylated hemoglobin (HbA ) were determined
by high-performance liquid chromatography (HPLC kit for
the analysis of Hemoglobin Variants in whole blood,
Chromsystems, Germany). Insulin and adiponectin levels
in mouse sera were determined by enzyme immunoassay
(mouse Insulin Ultrasensitive and mouse Adiponectin EIA;
Alpco, Salem, NH, USA). For the quantitative determination
of nonesterified fatty acids (NEFA), an enzymatic colorimetric
method assay was used (HR Series NEFA-HR (2), Wako Pure
Chemical Industries, Osaka, Japan).

Assessment of Perigonadal Fat and Liver Histology

The weight of perigonadal white adipose tissue (perigonadal
fat) and livers was measured upon autopsy. Liver morphology
was evaluated by H&E staining according to the method
described by Brunt [29].

Statistical Analysis

All data are presented as the mean+SEM of the mean and
were analyzed with SPSS (version 11.5, SAS Institute,
Cary, NC, USA). Two-tailed ¢ test was performed to assess
differences between animals treated with insulin glargine
and NPH insulin and between insulin groups and saline-
treated control animals. To confirm the above data adjusting
for multiple comparisons, we used analysis of variance
(ANOVA) and Scheffe post hoc testing. Differences were
considered statistically significant at p<0.05.
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Results

Long-Term Treatment of db/db Mice with Insulin Glargine
or NPH Insulin

Body Weight, Food Intake, Blood Glucose Control

Over the course of the experiment (126 days), all animals
gained weight, but animals treated with insulin (insulin
glargine or NPH insulin, 150 IU/kg body weight) gained
significantly more weight than saline-treated mice (Fig. la,
Table 1). Neither body weights nor food intake differed
between insulin-treated groups (G vs. NPH, Fig. 1b).
Animals treated with saline gained significantly less weight
despite the fact that, adjusted for body weight, saline-treated

80 1 ek ***

body weight (g)

20

10 1

0 ——————— T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
day

o

0.20 4
0.18 4
0.16
0.14 4
0.12 4
0.10 1
0.08

0.06
0.04

food intake (g) / body weight (g)

0.02 4

0.00 ——————————r——r——r——r———————T
0 10 20 30 40 50 60 70 80 90 100 110 120 130 140
day

Fig. 1 Development of body weight (a) and food intake relative to
body weight (b) of db/db mice under treatment with insulin glargine
(n=6; solid circles), NPH insulin (n=6; open diamond), or saline as a
control (n=4; solid triangles) over 126 days. Data are mean+SE. Food
intake differed significantly (*p<0.05). a Dates of the blood draw for
serum analyses (days 5 and 126) are indicated by vertical arrows.
Insulin glargine, NPH insulin, or saline were injected daily

animals had a higher food intake than animals treated with
either insulin. At the beginning of the experiment, all animals
had HbA,, levels within the normal range. Blood glucose
levels were consistently higher in mice treated with NaCl, but
not different in mice treated with either NPH insulin or
insulin glargine, which maintained good blood glucose
control (data not shown). This resulted in twice as high
HbA,, levels at 126 days in the saline-treated control group
(G vs. NPH p=ns; insulin vs. NaCl p<0.001; Table 2).
Insulin levels decreased in saline-treated animals, and levels
were higher in animals treated with insulin. Interestingly,
insulin levels in animals treated with insulin glargine tended
to be higher than those in the group treated with NPH insulin,
although differences did not reach statistical significance
(Table 2). IGF-1 and IGFBP-3 levels at autopsy were slightly
higher in the insulin glargine group than in the NPH insulin
group (p=0.021), but the molar IGF-1/IGFBP-3 ratio
remained unaltered. IGFBP-3, but not IGF-1 levels at autopsy
were significantly lower in the insulin-treated groups, leading
to a significantly higher molar IGF-1/IGFBP-3 ratio than in
control mice. In addition, IGFBP-2 levels were significantly
higher in mice treated with NPH insulin than in mice treated
with insulin glargine and significantly higher in control mice
than in insulin-treated mice.

Liver Histology, Perigonadal Fat, Adiponectin, and NEFA

In all treatment groups, mice showed a high degree of
steatohepatitis involving over 66% of hepatocytes with
higher absolute liver weight in insulin-treated animals.
Upon autopsy, no difference in perigonadal fat was found
between insulin-glargine- and NPH-insulin-treated groups.
Relative to body weight, insulin groups had a significantly
lower percentage of perigonadal fat (»p<0.001) compared to
the saline-treated control group (Table 1). Adiponectin
levels in the insulin treatment groups decreased over time.
In saline-treated animals, adiponectin levels were signifi-
cantly lower at day 5 but increased over time, resulting in
adiponectin levels without differences between insulin-
treated and control groups at autopsy. NEFA levels at
autopsy did not differ between groups (Table 2).

No Differences in Proliferation or Apoptosis in Colonic
Epithelium After Long-Term Treatment with Either Insulin
Glargine or NPH Insulin

Colonic epithelial proliferation assessed using Ki67 staining
(Fig. 2a) was not different between insulin-glargine- (G) and
NPH-insulin-treated (NPH) groups but was significantly
higher than in saline-treated controls (G 136.56+3.75; NPH
135.93+£2.63; NaCl 100+4.16; G vs. NPH: p=0.89;
insulin vs. NaCl: p<0.001; Fig. 2c). Results were
confirmed by BrdU staining (Fig. 2b; G: 114.8+£2.87,;
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Table 1 Body, liver, and perigonadal fat weights of db/db mice treated with increasing insulin doses (glargine or NPH) or saline (control) at
autopsy

Glargine (n=6) NPH (n=6) Saline (n=4)
Final body weight (g) 73.38+1.80 71.10+0.95 48.78+5.52%
Perigonadal fat Absolute (g) 4.64+0.16 4.19+0.22 4.02+0.33
% of body weight 6.35+0.32 5.89+0.26 8.36+0.39%
Liver Absolute (g) 4.74+0.40 3.89+0.21 3.21+£0.47%
% of body weight 6.48+0.56 5.48+0.30 6.51+0.41

No significant differences between groups treated with NPH insulin or insulin glargine

? Significant difference (p<0.05) between saline-treated control group and insulin-treated animals

NPH: 116.8+£3.27; NaCl: 100+£4.84; G vs. NPH: p=0.64;
insulin vs. NaCl: p<0.05).

Although our primary aim was to compare animals
treated with insulin glargine vs. NPH insulin, we not only
analyzed the data by ¢ tests but we also confirmed the above
data, adjusting for multiple comparisons using ANOVA.
We found no difference in Ki67 staining (ANOVA <0.001)
between G and NPH (p=0.99), but we detected highly
significant differences between either G or NPH and NacCl,
respectively (both p<0.001). Likewise, the ANOVA (p=
0.004) revealed no differences in BrdU staining between G
and NPH (p=0.909) but significant differences between G
and NaCl (p=0.017) and NPH and NaCl (p=0.008).
TUNEL staining revealed hardly any apoptotic cells
without differences between treatment groups.

Treatment of db/db Mice with Either Insulin Glargine
or NPH Insulin in a Model of ACF Formation

Body Weight, Food Intake, Blood Glucose Control

The experimental procedures are outlined within Fig. 3a.
Animals treated with NPH insulin or insulin glargine (20 1U/

kg body weight) did not differ significantly in terms of
weight gain, body weight, or food intake, but insulin-treated
animals had a slightly higher final body weight compared to
saline-treated controls (Fig. 3a, b, Table 3). All animals in
this experiment had lower blood glucose levels than animals
in the first experiment, resulting in only mildly increased
HbA |, level at the end of the experiment (Table 4). Insulin
levels in saline-treated animals remained low over time,
whereas higher levels were detected in animals treated with
insulin. No statistically significant differences in insulin,
IGF-1, IGFBP-3, or IGFBP-2 levels were found between
animals treated with NPH insulin and insulin glargine or
between animals treated with insulin and saline (Table 4).

Liver Histology, Perigonadal Fat, Adiponectin, and NEFA

Livers of all mice showed signs of both chronic and
comparable (moderate) grades of mixed (acute—chronic)
liver inflammation, with slightly higher absolute liver
weight in insulin-treated groups. At the end of the
experiment, no absolute or relative (adjusting for body
weight) differences in perigonadal fat were found between
insulin-glargine- and NPH-insulin-treated groups (Table 3)

Table 2 HbA . and serum levels of insulin, IGF-1, IGFBP-3, IGFBP-2, and adiponectin and NEFA in db/db mice treated with increasing insulin

doses (glargine or NPH) or saline (control)

Parameter Glargine (n=6) NPH (n=6) Saline (n=4)

Day5 Dayl126 Day5 Dayl126 Day5 Dayl126
HbA . (%) 2.66+0.14 4.37+0.29 2.75+0.21 3.83+0.19 2.80+0.26 7.95+0.68°
Insulin (ng/ml) 24.7+7.65 1181.2+261.67 17.5+£7.01 453.4+202.79 25.5+5.28 3.1+1.28°
IGF-1 (ng/ml) 245.83+28.20 211.00+18.93% 191.00+14.33 147.17+13.73* 213.50+29.45 188.75+40.86
IGFBP-3 (ng/ml) 434.76+64.33 265.61+21.00° 334.96+26.52 185.66+22.38% 358.44+49.60 331.77+66.96°
Molar ratio IGF-1/IGFBP-3 2.20+0.32 2.97+0.23 2.13+0.13 3.02+0.22 2.21+0.06 2.06+0.18°
IGFBP-2 (ng/ml) ND 34.77+3.94* ND 45.74+1.76* ND 64.33+15.37°
Adiponectin (pg/ml) 55.02+8.46 40.25+5.61 50.87+3.70 42.09+5.07 30.41+7.38° 47.24+17.44
NEFA (mmol/l) ND 2.70+0.18 ND 2.59+0.22 ND 2.87+0.28

#Significant differences (p<0.05) between groups treated with NPH insulin or insulin glargine

b Significant difference (p<0.05) between saline-treated control group and insulin-treated animals
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Fig. 2 Colonic epithelial proliferation after long-term treatment
(18 weeks) with insulin glargine or NPH insulin. Immunohistochemical
staining of Ki67 (a) and BrdU (b) to evaluate proliferation indices in
intact colonic crypts, extending from the lamina muscularis to the
lumen. ¢ The Ki67 proliferation index is shown for insulin glargine (n=
6; 165 crypts) and NPH insulin (2=6; 199 crypts) treatment groups
relative to the NaCl control group (n=4; 88 crypts). No differences in
colonic epithelial proliferation were found between insulin-glargine- and
NPH-treated groups (p=ns). In animals treated with insulin glargine or
NPH insulin, colonic epithelial proliferation was increased by approx-
imately 35% compared to a saline-treated control group (¥*p<0.01). Data
are mean+SE

or between insulin- and saline-treated animals. Adiponectin
levels between insulin glargine and NPH insulin groups
were not different and remained largely unchanged over the
course of the experiment but increased to significantly
higher levels in the group of saline-treated mice. NEFA
levels did not differ between groups (Table 4).

No Differences in ACF Formation After Treatment
with Either Insulin Glargine or NPH Insulin

Methylene-blue-stained aberrant crypt foci and dysplastic
aberrant crypts (Fig. 4a, b) were found in all animals

following treatment with DMH. There was no difference in
the number or multiplicity of ACF between insulin glargine-
and NPH insulin-treated mice, but the number of ACF was
significantly higher in insulin-treated than in control animals
(G, 132+12; NPH, 138+9; NaCl, 100+7; G vs. NPH, p=
0.67; insulin vs. NaCl, p<0.05; Fig. 4c). Absolute numbers
of ACFs and relative distribution of AC multiplicity in
treatment groups are shown in Fig. 5a, b, respectively. These
results were confirmed by histological quantification of ACF,
which showed no difference in the occurrence of dysplastic
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Fig. 3 Development of body weight (a) and food intake relative to
body weight (b) of db/db mice under treatment with insulin glargine
(n=15; solid circles), NPH insulin (n=18; open diamond), or saline as
a control (n=10; solid triangles) during the ACF formation study.
Body weight development differed between animals treated with
insulin (insulin glargine or NPH insulin) and saline-treated controls at
the end of the experiment (*p<0.05), but no differences in food intake
between groups (G, NPH, NaCl) were observed. Data are mean+SE. a
The experimental outline is illustrated by vertical arrows: Upper row
of dotted arrows indicates blood draws for serum analyses (days 3 and
77), the lower row of solid arrows represents weekly i.p. DMH
administrations. Insulin glargine, NPH insulin, or saline were injected
daily
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Table 3 Body, liver, and perigonadal fat weights of db/db mice treated with DMH and increasing insulin doses (glargine or NPH) or saline

(control) at autopsy (day 77)

Glargine (n=15) NPH (n=18) Saline (n=10)

Final body weight (g) 39.84+0.62 40.93+0.78 37.95+0.83%
Perigonadal fat Absolute (g) 3.01£0.09 3.15+0.08 2.95+0.07
% of body weight 7.56+0.16 7.71£0.16 7.81£0.19

Liver Absolute (g) 1.30+0.05 1.31+0.05 1.16£0.04°
% of body weight 3.29+0.09 3.19+0.10 3.09+0.15

No significant differences between groups treated with NPH insulin or insulin glargine

? Significant difference (p<0.05) between saline-treated control group and insulin-treated animals

aberrant crypt foci between insulin-glargine- and NPH-
insulin-treated mice but significantly more dysplastic ACF
in insulin-treated groups compared to the control group (G,
144+15; NPH, 164+16; NaCl, 100+20; G vs. NPH, p=
0.40; insulin vs. NaCl, p<0.05).

When evaluating the number of ACF using ANOVA (p=
0.052), the above was essentially confirmed. G vs. NPH
groups again did not differ (p=0.89), and there was a trend
for more ACF with NPH vs. NaCl (p=0.059). We also
confirmed the histological analysis of dysplastic crypt foci
using ANOVA (p=0.049). Again, there were more ACF in
the NPH insulin treatment group compared to the NaCl
control group (p=0.05) whereas differences between
insulin-glargine- and NaCl-treated groups did not reach
statistical significance (p=0.241).

Discussion

Utilizing the diabetic db/db mouse model, we showed that
long-term treatment with insulin led to an increase in
colonic epithelial proliferation without differences between
the two long-acting insulins, i.e., insulin glargine and

nonmodified, long-acting human insulin (NPH insulin).
Likewise, we found no evidence for increased formation or
multiplicity of ACF, putative precursors of colorectal
cancer, in animals treated with insulin glargine when
compared with NPH insulin. Similar to the increase in
colonic epithelial proliferation, insulin treatment (with
either insulin glargine or NPH insulin) led to increased
formation of ACF when compared to the saline-treated
control group.

This is the first study to demonstrate in a head-to-head
comparison that insulin glargine does not increase risk
when compared to a nonmodified long-acting human
insulin in models of early stages of colorectal carcinogen-
esis in vivo, a malignancy that has been linked with insulin
resistance [1, 2] and in which the insulin/IGF-1 pathway
plays a critical role [3, 30]. No difference between insulin
glargine and NPH insulin was demonstrated using two
independent models and two different readout methods
which yielded comparable results in each experiment. In
addition, we found no evidence for lymphadenopathy or
spontaneous formation of solid tumors in any treatment
group after 18 weeks of insulin treatment or placebo, but
we did not perform a bone marrow examination.

Table 4 Percentage of HbA . and serum levels of insulin, IGF-1, IGFBP-3, IGFBP-2, adiponectin, and NEFA found in db/db mice treated with
DMH and increasing insulin doses (glargine or NPH) or saline (control)

Parameter Glargine (n=15) NPH (n=18) Saline (n=10)

Day3 Day77 Day3 Day77 Day3 Day77
HbA . (%) 2.08+0.11 2.86+0.16 2.14+0.08 2.69+0.13 2.48+0.17* 3.344+0.26"
Insulin (ng/ml) 6.87+3.17 403.28+121.20 6.39+2.97 575.46+138.35 4.39+1.43 4.38+1,76*
IGF-1 (ng/ml) 122.73+5.84 57.89+3.83 119.78+7.38 60.33+4.51 128.8+7.62 64.50+8.48
IGFBP-3 (ng/ml) 227.53+15.09 142.54+8.70 229.35+20.04 156.15+4.24 227.41+12.08 174.67+3.16
Molar ratio IGF-1/IGFBP-3 2.12+0.18 1.58+0.13 2.05£0.09 1.59+0.17 2.06+0.09 1.46+0.21
IGFBP-2 (ng/ml) ND 51.66+3.61 ND 53.77+4.10 ND 52.14+4.30
Adiponectin (pg/ml) 74.41+£2.32 75.63+6.46 72.53+£2.24 89.38+7.97 81.25+£2.28% 122.99+21.06%
NEFA (mmol/l) ND 0.97+0.08 ND 0.82+0.06 ND 0.86+0.06

No significant differences between groups treated with NPH insulin or insulin glargine

# Significant difference (p<0.05) between saline-treated control group and insulin-treated animals
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Fig. 4 ACF development

in diabetic mice (db/db) treated
with insulin glargine or NPH
insulin. a Methylene-blue-
stained colonic mucosa showing
ACF with different multiplicity.
b Dysplastic aberrant crypt foci
identified by H&E staining in
the colon epithelium of
DMH-treated db/db mice.

¢ Percentage of ACF formation
in insulin-glargine- or
NPH-insulin-treated db/db mice
relative to NaCl control group.
No differences in the number of
ACF were found between
insulin-glargine- and NPH-
insulin-treated groups of mice
(p=ns). The number of ACF
was increased by 32-38% in
insulin-treated groups (for

a

(9]

180 1 .
160 NS

insulin glargine and NPH
insulin, respectively) compared
to the saline-treated control
group (*p<0.05). Data are
mean+SE

140 -
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100 A
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60 1
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20 A1

o.

Glargine

Our finding that both insulin treatments increased
proliferation and ACF formation in comparison to saline
treatment alone is in concordance with previous findings in
nondiabetic rats, showing that acute exogenous insulin
administration increases proliferation [12] and ACF multi-
plicity [31]. It has been argued that optical evaluation of
ACF represents a summary of both hyperplastic and
dysplastic ACF. With hyperplastic foci being prone to
regression, we also performed a histologic evaluation of
dysplastic lesions only. Although even dysplastic lesions
may sometimes regress, they reflect a more accurate
measure of tumor risk [14]. Evaluation of dysplastic lesions
confirmed optical findings. Similar to a previous study [32],
we observed an increase in ACF formation in groups
treated with insulin vs. saline-treated controls, without
differences between the two insulin treatment groups.

In vitro studies using an osteosarcoma cell line with high
IGF-1 receptor expression have previously suggested that
insulin glargine may increase mitogenic potency [16].
Slightly increased proliferation with a trend towards
decreased apoptosis was reported in a colon carcinoma cell
line [33], and similar findings were reported in breast
cancer cell lines [34]. We did not detect any differences

NPH NaCl

between insulin-glargine- and NPH-insulin-treated mice,
and the differences between those in vitro and our in vivo
observations may be due to several factors.

One potential limitation of our studies is that mice were
treated with human insulin (insulin glargine or NPH
insulin). The insulin/IGF-1 system represents a highly
conserved system with 94.2% homology between the
mouse and the human insulin receptor. Consequently, both
insulin formulations controlled blood glucose comparably
well as documented by HbA,. levels. The differences in
IGF-1 receptor binding affinity that have been reported for
insulin glargine vs. NPH insulin can be expected to be
similar in the mouse as in humans. The human IGF-1
receptor shares an overall homology with the mouse IGF-1
receptor of 95.7%, and similar to humans, both the mouse
IGF-1 receptor and the insulin receptor share 84%
homology in the substrate-binding domain (http://ca.
expasy.org/tools/blast/). Therefore, the mouse model is
highly suited for interventional studies addressing this
question.

In our study, we deliberately chose long time periods of
insulin treatment in order to account for potential changes
of IGF1-R and IR expression level with chronic treatment.
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Fig. 5 Absolute numbers of ACF and AC multiplicity. a Absolute
numbers of ACF with one to five or more aberrant crypts per focus in
groups treated with insulin glargine (black bars), NPH insulin (gray
bars), and saline (white bars). Saline-treated groups have a lower
number of absolute ACF per mouse, but there is no difference in
absolute numbers of ACF in mice treated with insulin glargine or NPH
insulin. b Relative distribution of crypt multiplicity per treatment
group (G, NPH, and NaCl): Black 1 AC, light gray 2 AC, medium
gray 3 AC, white 4 AC, dark gray 5 or more AC. The same
distribution of crypt multiplicity was found in mice treated with
insulin glargine or NPH insulin, but mice treated with NaCl had less
advanced ACF with more single aberrant crypts

However, potential changes could not be quantified by
immunohistochemistry because of IGF1-R and IR cross-
reactivity. Thus, it cannot be determined whether insulin
glargine and NPH insulin have the same pro-proliferative
and ACF formation stimulating activity per se or whether
stronger (IGF-1 mediated) stimulation by insulin glargine
may have led to a compensatory downregulation of IGF-1
receptors. Similarly, because of the manipulation of the
tissue following autopsy, we could not perform intracellular

@ Springer

signaling studies in the target cells of the mucosa in our
study.

It can be argued that the insulin measurements were
limited by the fact that we were measuring a mixture of
endogenous and exogenous (human) insulin (in NPH
insulin- or insulin glargine- treated mice), so that the
individual contribution of exogenous and endogenous insulin
and c-peptide, respectively, cannot be determined. In our study,
however, exogenous insulin accounted for the vast majority of
insulin levels: in both experiments and both insulin-treated
groups, insulin levels were >100-fold higher than the
endogenous insulin (and by extension, c-peptide) levels
measured in the control group, so effects must mainly have
been mediated through exogenously administered insulin.

The insulin ELISA used in this study has an approximately
threefold higher affinity for NPH insulin than for regular
mouse insulin, whereas its sensitivity to glargine is only
slightly altered (~109%; data not shown). Following s.c.
injection, insulin glargine is metabolized into the metabolites
M1 (A21-Gly-insulin) and M2 (A21-Gly-des-30B-Thr-
insulin) [35]. Both are bioactive products but lack the
diarginine residues at B31 and B32 and hence are less
mitogenic. All three forms (glargine, M1, and M2) can be
found in the circulation, and their relative affinity for the
ELISA used herein remains poorly studied. While it can
be assumed that a substantial amount of glargine will reach the
colon in its unaltered form, substantial interindividual
variation in metabolite (M1 and M2) formation has been
described in humans [36]. This may explain why we found
(nonsignificantly) higher levels of insulin glargine in the
proliferation study with high interindividual variation. We
conclude that treatment with insulin glargine in doses
resulting in similar blood glucose control reflected by
comparable blood glucose levels (data not shown) and
HbA;. as with NPH insulin treatment does not lead to
increased colonic epithelial proliferation.

We did not observe a feedback mechanism regulating
IGF-1 in mice treated with insulin glargine, which is in line
with a recent study in humans, in which insulin glargine
treatment did not lead to reduced IGF-1 levels [37]. In the
proliferation study, insulin glargine- and NPH insulin-
treated mice had a significantly higher molar ratio of IGF-
1/IGFBP-3, a surrogate marker of free IGF-1. The same
pattern was observed in the ACF formation study, in which
lower doses of insulin were given, but differences did not
reach statistical significance. Thus, increased levels of free
IGF-1 may have contributed to the increased proliferation
seen in both insulin-treated groups and, potentially, to the
increased ACF formation. Moreover, we cannot exclude
that higher levels of IGFBP-2, a molecule that has been
implicated in reducing proliferation in vitro and ACF
formation in vivo [38, 39], may have contributed to the
lower proliferation in saline-treated control mice.
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Proliferation and ACF have not been described to be
angiogenesis-dependent. Thus, angiogenesis was not a
primary outcome of the study. However, angiogenesis plays
an important role in later stages, and insulin and IGF-1 have
been shown to upregulate vascular endothelial growth
factor (VEGF) in endometrial adenocarcinomas cells [40,
41]. Using a semiquantitative mouse angiogenesis array to
identify VEGF and other angiogenic proteins, we found
that, in both studies, expression levels of VEGF were below
the detection level (data not shown). No differences were
detected in the ACF formation study, and immunohisto-
chemical staining for CD31 revealed no differences
between groups in accordance with the above. In the
proliferation study, the proangiogenic factor PDGF-AB/BB
was upregulated by approximately fourfold, and the
antiangiogenic factor Timp-1 was downregulated by >20-
fold in both insulin-treated groups of mice. Although
proliferation in the nontransformed epithelium is angiogenesis-
independent, we cannot exclude that these factors, possibly
through angiogenesis-independent effects, may have con-
tributed to the higher proliferation in the insulin-treated
groups.

A recently published observational study in humans
suggested an increased risk for cancer with insulin glargine
treatment [20], but these findings have subsequently been
questioned by several other studies [18, 19, 21]. Moreover,
the observed increase in cancer risk was associated with
and possibly due to higher insulin doses [42]. Our study, by
providing direct evidence from two experimental animal
models, bridges a gap between in vitro observations and
observational studies in humans. Even though our data
cannot be directly extrapolated to humans, they do not
support any evidence for an increased risk associated with
the use of insulin glargine in early models of colorectal
cancer in vivo. Instead, high physiologic doses of insulin in
the presence of insulin resistance were associated with
increased proliferation and ACF formation, irrespective of
the type of insulin (insulin glargine or NPH insulin) used.
This study contributes towards increasing scientists’ and
physicians’ awareness regarding the potential mitogenic
properties of insulin and consequently, increased cancer
risk. Although insulin treatment is indispensable in the
treatment of type 2 diabetes mellitus, the risk increase
demonstrated in early models of colorectal carcinogenesis
should prompt more studies in mice and humans. Further
studies are needed to confirm and extend our findings in
long-term models of adenoma formation and in other
cancer models.
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