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Abstract

C-peptide therapy protects against diabetic micro- and macrovascular damages and neuropatic complications. However,
to date, the role of C-peptide in preventing diabetes-related bone loss has not been investigated. Our aim was to evaluate
if C-peptide infusion improves bone quality in diabetic rats. Twenty-three male Wistar rats were randomly divided into
three groups: normal control group; sham diabetic control group; diabetic plus C-peptide group. Diabetes was induced by
streptozotocin injection and C-peptide was delivered subcutaneously for 6 weeks. We performed micro-CT and histologi-
cal testing to assess several trabecular microarchitectural parameters. At the end, diabetic plus C-peptide rats had a higher
serum C-peptide (p=0.02) and calcium (p =0.04) levels and tibia weight (p =0.02) than the diabetic control group. The
diabetic plus C-peptide group showed a higher trabecular thickness and cross-sectional thickness than the diabetic control
group (p=0.01 and p=0.03). Both the normal control and diabetic plus C-peptide groups had more Runx-2 and PLIN1
positive cells in comparison with the diabetic control group (p =0.045 and p =0.034). Diabetic rats receiving C-peptide had
higher quality of trabecular bone than diabetic rats not receiving this treatment. If confirmed, C-peptide could have a role
in improving bone quality in diabetes.
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Introduction

It is widely accepted that type 1 diabetes mellitus (T1DM)
can affect bone health and increase the risk of fractures
[1]. A decreased bone mass has been reported for prepu-
bertal and pubertal patients with TIDM [2] and bone loss
has been found in over 50% of patients with juvenile-onset
diabetes [3, 4]. It has been suggested that adverse effects
on bone health may occur earlier after a diabetes diagnosis
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than subclinical cardiovascular adverse effects [5-7]. Of
note, bone loss develops even in individuals under insulin
therapy [8]. The risk of hip fractures in patients with TIDM
is reported to be 7—12 times greater than individuals without
diabetes [1, 9], which is much higher compared to the mod-
est reduction in bone mineral density (BMD) seen in these
patients [10]. This is because, in diabetic patients, micro-
architectural changes are not fully reflected in the measure-
ment of BMD [10].

Diabetes could affect bone through several mechanisms.
Patients with T1DM fail to achieve peak bone mass (that is
the maximum strength and density reached by a bone), in
part due to lower insulin and IGF-1 levels [11]. In addition,
concomitant diseases in individual with TIDM may cause
bone loss [12]. Furthermore, the development of osteoporo-
sis is imputable to the coexistence of chronic microvascular
complications, which also affect the bone marrow blood ves-
sels [13]. However, other mechanisms might be involved.
It has been demonstrated that C-peptide administration in
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T1DM patients results in amelioration of diabetes-induced
renal and nerve dysfunction [14]. C-peptide is the 31-amino
acid segment of the proinsulin hormone, which is secreted
with insulin in equimolar amounts from the pancreatic
B-cells and. TIDM is characterized by a C-peptide defi-
ciency, due to the beta cell destruction [15, 16].

The beneficial effects of C-peptide on impaired nerve
function induced by T1DM have been confirmed in sev-
eral clinical studies [14, 17, 18]. Indeed C-peptide has been
shown to protect against diabetic micro- and macrovascu-
lar damages [19, 20]. Therefore, C-peptide deficiency may
be involved, at least in part, in the development of other
pathological features associated with T1DM such as bone
loss. However, to date, the effects of C-peptide replacement
therapy on bone in T1IDM has not been investigated either
in in vivo or clinical studies.

At this time, no randomized clinical trials have directly
evaluated the anti-fracture efficacy of the current osteopo-
rosis treatments in diabetic patients. The management of
these patients is, thus, largely empirical. Recently, two cross-
sectional studies suggested a pathogenic role of C-peptide
deficiency in TIDM-related osteoporosis [21, 22] and one
in vitro study demonstrated that C-peptide might modulate
the synthesis of key proteins for bone metabolism in human
osteoblast-like cells [23].

In this study, our aim was to assess the effects of a
6-week [24] continuous administration of rat C-peptide on
bone in STZ-induced diabetic rats. Our hypothesis is that
C-peptide would improve bone microarchitecture in T1DM.
Thus, in this study we used micro-computed tomography
(microCT) imaging, which allow characterization of bone
microarchitecture.

Furthermore, since several proteins [25-28] are expressed
in areas where bone is newly synthesized, in this study
we investigated whether C-peptide therapy can influence
the expression of some specific proteins involved in bone
metabolism.

Materials and Methods
Animals

Twenty-three, four-month-old male Wistar rats (Charles
River Laboratories) (400-500 g) were used. The rats were
fed with a commercial standard diet containing 1% calcium,
0.7% phosphorus (of which 0.4% nonphytate phosphorus),
Ca/P 3:1 and 150 IU of vitamin D3 per 100 g. All rats were
individually housed in polycarbonate cages and were kept
under the same conditions. The environmental conditions
were maintained constant with 12 h/12 h light/day cycle,
24 +1 °C temperature and 55 + 10% humidity. The animals

had ad libitum access to pellets of standard rodent diet, as
well as bottles of tap water.

Experimental Design

The rats were randomly divided into the following three
groups:

Normal control group (no treatment; sacrificed at the end
of the experiment)- CTR,;

Diabetic control group (no treatment; sacrificed at the end
of the experiment)-D-CTR;

Diabetic plus C-peptide group (C-peptide-treated; sacri-
ficed at the end of the experiment)- C-PEP;

After a 2-week acclimation period, diabetes was induced
by a single intraperitoneal injection of STZ (60 mg/kg
body weight) (Fig. 1). In all the animals, blood glucose and
C-peptide level were measured before STZ injection (base-
line assessment by laboratory tests, 14 days after the arrival),
then STZ was dissolved in ice-cold citrate buffer (0.05 M
citric acid, pH 5.1) and injected immediately within few
minutes to avoid degradation.

Blood glucose level was measured daily following the
initial administration of STZ using a glucometer method
(Accutrend® alpha-Boehringer Mannheim). Despite the
day after glucose concentration was more than 300 mg/dl,
animals were considered diabetic only if their blood glucose
levels were > 300 mg/dl (16.6 mmol/L) two weeks after STZ
injection (see experimental study design, Fig. 1).

To prevent ketosis, a moderate dose of rapid and inter-
mediate insulin was administered (Humalog and Humulin I,
Eli Lilly Italia S.p.A.) when blood sugar levels were higher
than 400 mg/dl in order to maintain a glucose level below
350 mg/dl.

Serum C-peptide level was also measured 2 weeks after
STZ injection (on day 28, at treatment start, Fig. 1) as well
as at the study end (on day 70).

Furthermore, other laboratory assessments were con-
ducted throughout the study, precisely serum creatinine,
calcium, phosphorus and CTX-I were assessed before STZ
injection, 14 days after the arrival (baseline assessment) as
well as at study end (Fig. 1) while RANKL and blood count
only once, at the study end (day 70).

On day 28 (2 weeks after STZ injection), the rat C-peptide
(>95% purity, RP-HPLC) was delivered in C-PEP group, via
subcutaneously implanted osmopumps (Alzet 2006, Alza,
Palo Alto, CA) delivering 72 nmol - kg=! - 24 h™! [29] for
6 weeks [24], while the D-CTR group was sham-operated
(Fig. 1). Rat C-peptide was provided by Dr John Wahren,
Karolinska Institutet, Stockholm, Sweden.

During the course of this study, animals were weighed
weekly and nonfasting blood glucose levels were recorded
every day. The animals were euthanized after 6 weeks (bone
depletion period) [27] by isoflurane inhalation.
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Fig. 1 Experimental design of the study

This work was conducted according to the European
guidelines (2010/63/EU) for reducing animal suffering.
In particular, the animals were anesthetized before STZ
administration, osmopump implantation and venous blood
collection by isoflurane inhalation. The health-conditions
of the animals were monitorized daily. After the induc-
tion of diabetes, a total of three animals near death were
immediately euthanize.

The study design is outlined in Fig. 1.

Tissue Collection

Femurs and tibiae were obtained postmortem, dissected
and cleaned of adherent soft tissues.

The right femurs were immediately scanned using
micro-computed tomography (micro-CT) as described
below. The left femurs were fixed by immersion in forma-
lin and stored for histologic assessments. The left tibiae
from each animal were stored in plastic vials at—70 °C
for ashing to assess calcium content.
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Capillary blood glucose monitoring
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creatinine, calcium, phosphorus,blood count,
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Parameters of General Health and Bone Metabolism

Venous blood was collected after 2 weeks of acclima-
tion (baseline assessment before STZ injection), 2 weeks
after STZ injection, (before treatment start) and at end of
the study (Fig. 1). All serum samples were stored frozen
at—20 °C until assayed.

Specifically, serum glucose, calcium and phosphate
concentration were analysed by Roche Module COBAS
8000 (Roche Diagnostics, Indianapolis, IN).

Serum C-peptide was assessed with an enzymatic col-
orimetric test by ELISA kit (Crystal chem, Inc. USA).
Both the CTX and RANKL were measured by ELISA kits
(Cusabio Biotech Co, USA) but RANKL was measured
only at the end of the study.

The haematological parameters, which were assessed at
the end of the study (only once), were analysed by using
an automated hematological analyser (ADVIA Siemens
Healthcare Diagnostic Inc.; Germany). All measurements
were performed in duplicate.
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Micro-Computed Tomography

We scanned the samples using Skyscan 1176 micro-CT sys-
tem (Bruker microCT, Skyscan, Belgium). In order to avoid
drying of the samples, we wrapped the femur of each animal
with a thin layer paper soaked in saline solution and then
analysed along the longitudinal axis of the specimen.

We analysed the distal femur’s portion [30], under the fol-
lowing scanning conditions and parameters: 65 kV, 380 pA,
25 W, 950 ms exposure time, 1 mm aluminium filter, 1 X 1
camera binning and 9 pm isotropic resolution, rotation step
of 0.3°, 12.47 um camera pixel size.

The reconstruction of the projection images was per-
formed in NRecon software (Bruker microCT, Belgium)
on InstaRecon platform (InstaRecon, USA) with appropri-
ate thermal drift correction, misalignment compensation,
Gaussian smoothing of 1, and appropriate ring artifact and
beam hardening corrections. Ct.An program version 1.15.4
(Skyscan, Belgium) was used for quantitative analysis of the
data. The volume of interest (VOI) was identified as fol-
low: in each femur the reference slice corresponding to the
upper end of the distal femur’s growth plate cartilage was
identified, according to the manufacturer’s recommenda-
tion, and trabecular VOI comprised the slices from number
100-500 proximal to the reference slice. Hand-drawn con-
tours were used to isolate the metaphyseal region of inter-
est and trabecular compartments based on 400 consecutive
slices [31]. Threshold was set automatically through Ct.An
software (Otsu automatic threshold); subsequently, the
suggested values were checked manually by simultaneous
overview of raw and thresholded images, which allowed us
to fine-tune the threshold level to best represent the mineral-
ized bone tissue. All the procedures were standardized and
the same threshold was applied for all specimens to allow
inter-individual comparisons of microarchitectural parame-
ters [30]. Trabecular parameters were as follows: Trabecular
volumetric bone mineral density [vBMD; mg hydroxyapatite
(HA)/cm?’], bone volume fraction (BV/TV; %), trabecular
thickness (Tb.Th; mm), trabecular number (Tb.N; 1/mm),
trabecular separation (Tb.Sp; mm), structure model index
(SMI), connectivity density (Conn.D; 1/mm?) and cross-
sectional thickness (Cs.Th; mm).

The parameters of bone geometry were also assessed:
bone perimeter (B.Pm, mm) that represents total perimeter
of the diaphyseal bone cross-section, and tissue perimeter
(T.pm; mm).

Histomorphometry
The study of microarchitecture was based on the measure

of width, number, and separation of trabeculae as well as on
their spatial organization.

The samples were fixed in 70% ethanol and embedded
undecalcified in methyl-methacrylate resin. Bone sections
were cut by using a microtome (Pfm Rotary 3000 Bio-
Optica, Germany) equipped with a carbide-tungsten blade,
stained with Goldner’s stain and mounted on microscope
slides for histomorphometric measurements. Measurements
were taken by means of an image analysis system consist-
ing of an epifluorescent microscope (Leica DM2500) con-
nected to a digital camera (Leica DFC420 C) and a computer
equipped with a specific software for histomorphometric
analyses (Bone 3.5, Explora Nova, France). We evaluated
parameters of structure such as bone volume/tissue volume
( BV/TV; %), trabecular thickness (Tb.Th; mm), trabecular
number (Tb.N; N/mm), trabecular separation (Tb.Sp; mm);
and of microarchitecture such as marrow star volume (MSV,
N/mm?), trabecular bone pattern factor (TBPf) and fractal
dimension (FD) as previously described [32]. Histomor-
phometric parameters were reported in accordance with the
ASBMR Committee nomenclature [33].

Immunohistochemistry

In order to identify the proteins in tissue sections (cellular
and matrix components of bone), samples from femur mid-
diaphysis embedded in paraffin underwent immunohisto-
chemistry (IHC) analyses by incubating the samples with
antibodies specific to the protein of interest, and then visual-
izing the bound antibody using a chromogen [34].

Osteoblast differentiation in decalcified bone sections of
the rats was investigated in transverse Sects. (5 pm) from
femur by incubating the samples with mouse anti-Runx-2
(an osteoblast marker) antibody (1:1000 dilution in PBS
containing 0.5% BSA, Cell Signaling Technology) at 4 °C.
Sections were washed with PBS and signal was detected
using the Ultravision ONE Detection System HRP polimer
& DAB Plus Chromogen (Thermo Scientific) with Runx-2
positive cells were counted in five randomly selected fields
from six bone sections of each group and quantified with
Image-Pro plus 6.1 software.

Since there could be an associations between proteins
that regulate fat metabolism and skeletal mass, immunobhis-
tochemical staining for perilipin 1 (PLIN1, which coats the
lipid droplets in adipocytes) [35] was performed incubat-
ing the samples with mouse anti-PLIN1 antibody (1:1000
dilution in PBS containing 0.5% BSA, Cell Signaling
Technology).

An immunohistochemical analysis was also conducted
to investigate on the proteins eventually involved in ten-
sile strength and bone healing by monoclonal antibodies
against collagen I alpha 1 (COLIA1, 1:500, Santa Cruz bio-
technology) and bone sialoprotein (BSP, 1:1000 dilution in
PBS containing 0.5% BSA, Cell Signaling Technology).
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We count the percentage of positive immunolabeled
cells over the total cells in each selected area.

Anthropometric and Compositional Analysis
of the Tibia (Calcium Content)

Left and right tibiae were dissected and weighed to 0.1 g
accuracy on an electronic balance. A digital caliper accu-
rate to 0.01 mm was used to measure the tibiae length in
the sagittal plane. These measurements were taken three
times and the average was calculated. We then calculated
the mean between left and right tibiae.

The left tibiae were dried in a vacuum oven at 110 °C
for 6 h and the dry mass was recorded. Then tibiae were
ashed at 800 °C for 4 h, weighed again and dissolved in
1 mL 6 N HCI. Calcium content (mg/dl) was obtaining
by colorimetric determination with Quantichrom calcium
Assay kit [36] (BioAssay Systems, Hayward, CA).

Statistical Analysis

The results are expressed as mean + s.n. Continuous data
normalcy was analysed through the Shapiro—Wilk test and
Box plot method. The outlier values that were considered
due to measurement error or capture were excluded from
the analysis. In the case of normal data, ANOVA test was
used to compare the means between groups (specifically,
anthropometric and laboratory parameters). In the case
of nonnormal data (microarchitectural parameters and
RANKL), the nonparametric Kruskal-Wallis followed
by Mann—Whitney tests were used to evaluate the differ-
ences between groups. All the significant differences were
adjusted for the baseline body weight (after acclimation
period) by a General Linear Model (GLM) with Bonfer-
roni correction as post hoc analysis. Changes from base-
line to the end of the study (within group variation in body
weight, glucose, electrolytes and C-peptide) were assessed
using a paired Student’s ¢ test (two tailed).

We categorized the immunohistochemistry scores (of
PLIN1, RUNX, BSPI and COL1A) according to three
groups of values (group I, score < 3; group II, score equal
to 3; group III, score > 3) and a Chi-squared test was used
for comparisons of these categorical variables.

Pearson and Spearman’s correlation was performed for
normal and nonnormal data, respectively, to assess the sta-
tistical dependence between variables. A probability value
of less than 0.05 was considered statistically significant.
All statistical analyses were performed using SPSS for
Windows, version 22.0 (IBM Corporation, New York, NY,
United States).
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Results

Rats in the D-CTR and C-PEP groups were injected with
the same dose of insulin (Table 1).

General Health

At baseline, the groups were comparable for all of the
characteristics (Table 1), except for body weight.

The CTR group body weight was significantly lower
than D-CTR and C-PEP body weights (p <0.005 and
p <0.030, respectively, Table 1). The CTR rats gained
weight during the experimental period of 42 days, whereas
the D-CTR rats had 11% and the C-PEP group had 7%
decreases in the final body weight, compared to the initial
weight (Table 1, Supplementary Fig. 1).

STZ injection resulted in a significant reduction of
serum C-peptide in both the sham D-CTR and the C-PEP
group relative to the CTR group, at the end of the treat-
ment phase (Fig. 2). The D-CTR rats had 79% and the
C-PEP group had 41% decreases in the final serum C-pep-
tide compared to the initial C-peptide level (Fig. 2).

At the end of the study, C-peptide level did not dif-
fer between CTR and C-PEP groups (p =0.09; Table 1;
Fig. 2d).

Serum C-peptide was higher in the CTR than the
D-CTR group (p=0.02). Furthermore, C-peptide was
higher in the C-PEP than D-CTR group (p =0.05, Table 1).

Supplemental Fig. 3 shows the time course of glucose
and C-peptide during the study.

At the end of the study, the C-PEP group had a lower
serum glucose level than the D-CTR group (194 +28 vs
404 +33, p=0.001).

Moreover, at the end of the study, the C-PEP group had a
higher serum phosphorus level than the CTR (p =0.02) and
the D-CTR (p=0.05) groups as well as a higher calcium
levels than the D-CTR (p =0.04, Fig. 2c). C-peptide infusion
prevented the reduction of red cells and haemoglobin seen in
the D-CTR group (for red cells, D-CTR vs C-PEP, p <0.004;
for haemoglobin, D-CTR vs C-PEP, p < 0.005; Table 2).

Anthropometric and Compositional Analysis
of the Tibia

At the end of the study, the CTR group exhibited a higher
mean tibia weight than the D-CTR group (CTR vs D-CTR,
p=0.05, Table 2). Calcium content and ash weight did not
differ between these two groups (Table 2).

C-PEP group exhibited a higher tibia weight than the
D-CTR group (C-PEP vs D-CTR, p=0.02, Table 2).
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Fig.3 Three-dimensional images of femur epiphysis among groups

Calcium content did not differ between these groups.
C-PEP group had a higher ash weight than D-CTR as
well as CTR groups (p=0.022 and p =0.01 respectively;
Table 2) but this difference did not remain after adjustment
(»p=0.08).
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Correlation Between Serum C-Peptide, RANKL
and Microarchitecture Parameters

C-peptide significantly and positively correlated with Cs.Th
(r=0.63, p=0.01, r»=0.39) (Table 3 and Supplemental
Fig. 3). Furthermore, Table 3 shows a positive correlation
between one of the IHC assessments (i.e. the PLIN1 score)
and serum C-peptide (r=0.48, p=0.04, »=0.17, Table 3).
Table 3 also reported the correlation between the final serum
RANKL and several radiological parameters of bone micro-
architecture. RANKL positively correlated with the vBMD
(r=0.50, p=0.03, r*=0.32, Supplementary Fig. 3).

Micro-CT Assessments

Three-dimensional images of femur epiphysis showed dif-
ferences in trabecular microarchitecture among the various
groups as represented in Fig. 3. Analysis of the representa-
tive samples data indicates that C-peptide replacement ther-
apy prevented the trabecular osteopenia. Micro-CT evalu-
ation of the femoral trabecular bone showed inter-group
differences in Tb.Th, Cs.Th and Tb.Sp (p=0.02; p=0.05
and p =0.05 respectively, Table 4).

No trabecular microarchitecture parameters differed
between CTR and C-PEP groups (Table 4, post hoc
analysis).
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Table 2 Clinical characteristics Variables CTR? D-CTR® C-PEP® pvalue  pvalue
of rats assessed at the enq of the (n=5) (n=5) (n=8) post hoc
study (only once), according to
intervention group Femur weight (g)* 1.46+0.07 1.54+0.17 1.55+0.09 0.41 /
Femur length (cm)? 4.5+0.2 4.8+0.1 4.5+0.1 0.49 /
Tibia weight (g)* 1.09+0.1 1.08+0.2 1.2+0.1 0.08
Tibia weight (adjusted, g)* 1.2+0.08 1.06 +£0.05 1.2+0.05 0.09 cvsb, p=0.02
avsb, p=0.05
Tibia length (g)* 5+0.2 53+0.1 52+0.1 0.69 /
Tibia calcium content (g/dL) 58+6 3.18+5 57+6 0.75 /
Ash weight (g) 0.38+0.03  039+0.05 0.45+0.03 0.022 avsc,p=0.016
bvsc, p=0.02
Ash weight (adjusted, g) 041+0.02 0.383+0.01 0.43+0.01 0.08
RBC (10%uL) 9.1+0.2 8.6+0.7 9.8+0.7 0.01 b vs ¢, p=0.004
Hemoglobin (g/dL) 15.5+0.3 13.8+1 16.1+1 0.019 b vs ¢, p=0.006
WBC (10%/uL) 6.5+3 11.4+3 11.8+03  0.131 /

Table 3 Bivariate correlations
between serum C-peptide and
several clinical, radiologic and
histological parameters in rats

Data are mean +SD

RBC red blood cell; WBC white blood cell

*Mean value between left and right; each significative difference is adjusted for the baseline body weight

Variables Cs.Th* PLINI® Body weight
Final C-peptide (ng/mL) r 0.63 0.48 -0.55
p 0.011  0.04 0.017
T.Pm* ConnDn* Tb.N® Tb.Sp® MSV®
Tb.Th (um) r 0.58 0.59 -0.84 0.78 0.61
p 0.02 0.03 <0.001 0.001 0.02
BMD* B.Pm* T.Pm* Tb.Sp* Body weight
RANKL (pg/mL) r 0.50 0.57 0.60 -0.61 049
p 0.03 0.01 0.009 0.02 0.03

Rank-L receptor activator of nuclear factor kappa-B ligand; BMD bone mineral density; B.Pm mean total
cross-sectional bone perimeter; 7.Pm mean total cross-sectional tissue perimeter; 7h.Sp trabecular separa-
tion; 7h.N trabecular number; Cs.Th cross-sectional thickness; Conn.Dn connectivity density; PLINI per-
ilipin 1; NEUT neutrophils; MSV marrow star volume

“Radiologic parameters

"Histomorphometric parameters

“Score groups

The D-CRT group showed a lower Tb.Th and Cs.Th than
the C-PEP group (— 13%), also after adjustment (p =0.01
and p=0.03, respectively; Table 4).

The C-PEP group showed lower Tb.Sp than the other
groups (p=0.05) but the significant difference was lost after
adjustment.

Data regarding Conn.D, SMI, B.Pm, T.Pm are showed
in Supplemental Table 1. These parameters did not differ
between groups.

Histomorphometric Parameters
After the treatment phase, neither of these parameters

showed significant differences between groups. There
was a significant correlation between the Tb.Th, assessed

histologically, and two radiologic parameters (such as T.pm
and Conn.D, see Table 3).

Immunohistochemistry Parameters

Both the CTR and C-PEP groups had more Runx-2 and
PLINT1 positive cells (with a score of over 2) in comparison
with the D-CTR group (p =0.045 and p =0.034, respec-
tively, Fig. 4).

RANKL Among Groups
There was a significant difference in RANKL, by

Mann-Whitney test, between groups (CTR vs C-PEP
p=0.01 and D-CTR vs C-PEP p=0.02, Table 4). After
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Table 4 Results of the nonparametric Kruskal-Wallis test for com- standard deviation values, and the significance level (p) of the varia-
parison among treatment groups of the radiologic parameters of tion, with also correction test
microarchitecture and RANKL, as represented by the average and the

Variables CTR? D-CTR" C-PEP° p value p value p value Post hoc CI95%
(n=5) (n=5) (n=28) (Kruskal- (Mann—Whitney) Adjusted*
Wallis
test)

Lower Higher

Tb.Sp (mm) 0.76 +0.1 0.64+0.1 0.53+0.01 0.05 avsc,p=0.016 0.26 /

CS.Th (mm) 0.081+0.01 0.070+0.01 0.079+0.005 0.05 avsb,p=0.03  0.032 bvsc,p=0.03 —0.001 -0.017
bvsc, p=0.04

Tb.Th (mm) 0.122+0.001 0.111+0.001 0.125+0.007 0.02 avsb,p=0.03 0.012 bvsc,p=0.01 -6.1 -0.01
bvsc, p=0.01

RANKL (pg/mL) 63 +65 94 +46 237+112 0.01 avsc, p=0.01 0.041 bvsc,p=0.04 —0.409 -264
bvsc, p=0.02

Data are mean+SD

Tb.Sp trabecular separation; Cs.Th cross-sectional thickness; Th.Th trabecular thickness; RANKL receptor activator of nuclear factor kappa-B
ligand. *For baseline body weight with Bonferroni multiple comparisons

A RUNX2 Discussion
1004
Despite decades of research into the pathogenesis of dia-
- betes, it is disappointing that the pathological pathways
2;;" involved in the development of diabetic complications are
3 still unclear. We hypothesized that a common pathophysiol-
13 ogy for complications associated with TIDM exists, which
B also involves osteoporosis, that is a C-peptide deficiency. It
has been demonstrated that TIDM complications develop
D-CTR (n=5) C-PEP (n=8) even in. individuals with good glycemic co.ntrol [81. Thus,
C-peptide treatment could prevent bone microarchitecture
Mgrovpscore]  Efgroup scoce [1 - [Clgroup scoce 11 damage and/or BMD deterioration induced by TIDM. The
primary objective of this study was to test the effects of
a 6-week regimen of continuous rat C-peptide infusion on
. bone of adult TIDM male rats, with C-peptide deficiency,
B 00~ AN by combining micro-CT imaging with histological testing.
00! These results, which are the first to demonstrate the
804 pr0.034 effects of C-peptide replacement therapy in vivo on bone,
E 70+ indicate that treatment with the C-peptide could be benefi-
‘é 553 cial in improving several bone microarchitecture parameters
‘5 o of the femur and, potentially, the bone mass of the tibia of
£ ! T1DM rats.
201 In one study [24], which investigated the effects of amylin
13‘ replacement therapy on bone loss in STZ-induced diabetic

rats, the authors found that STZ-treated rats underwent a
lower total BMD than nondiabetic control rats, after only
Mgroupscorel  Elgroupscore Il Cgroup scoce LI 40 days of diabetes. Also considering the nominal duration
of the osmopump (6 weeks), we designed this study choos-

CTR (n=5) D-CTR (n=5) C-PEP (n=8)

Fig.4 Scores of the Inmunohistochemistry parameters across groups ing a 6 weeks study duration.
One initial interesting finding was that, at the end of the

study, both the CTR and C-PEP groups exhibited a higher
adjustment, C-PEP had a higher serum RANKL than D-CRT ~ mean tibia weight than the D-CTR group (Table 2).
(D-CRT vs C-PEP, p=0.04, Table 4). In this study the quality of the trabecular bone was

reflected by both the micro-CT and histological findings,
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which included a minimal set of variables to describe the
effects of C-peptide on trabecular bone structure and, con-
sequently, bone strength. Because patients with osteoporosis
commonly sustain a fracture of the femur, in the present
study we choose this anatomical region for all the trabecular
assessments.

In our study, a significant difference in radiological and
histological data was found between the groups.

D-CTR rats had a 13% lower Tb.Th as well as Cs.Th
over 6 weeks compared to C-PEP group. After only two
months of diabetes, the femur of the D-CTR group lost 9%
of Tb.Th and 14% of Cs.Th compared to CTR rats, while
the C-PEP rats gained 2.5% of Tb.Th and lost only 2% of
Cs. Th (Table 4).

It is well accepted that the ovariectomized rat is consid-
ered the gold standard model of postmenopausal bone loss in
humans. It has been reported a Tb.Th of 0.10 mm in ovariec-
tomized rats fed with a low calcium diet, three months after
surgery, while a value of 0.13 mm in control rats [37]. In
addition, a study conducted in mice reported, three months
after induction of diabetes, a Tb.Th of 0.08 mm in diabetic
rats and 0.12 mm in normal mice, at femoral neck [38]. The
magnitude of the Tb.Th difference between the D-CTR and
C-PEP rats (of ~0.015 mm) (Table 4), was the same as that
observed in another study [39].

Animals in the C-PEP group also had a lower Tb.Sp than
those in the D-CTR group (Table 4). All these parameters
are key measures in characterizing the three-dimensional
structure of cancellous bone and correlate to bone strength
[40]. Effective treatments may increase the trabecular bone
by thickening the trabeculae. We hypothesize that C-peptide
therapy led to the deposition of the new bone matrix in lay-
ers around the trabeculae, which thus became thick at the
expense of the spaces between them.

Both the increase in Tb.Th and Cs.Th means that C-pep-
tide might improve bone quantity, leading to a better quality.
All the bone microarchitecture parameters are reasonable
surrogates for, and a predictor of, architecture and strength
[41]. The mechanical significance of these parameters is
not obvious; however, a difference exists between these
parameters.

It is well accepted that thinner trabeculae make the bone
structure more vulnerable to external loading and jeopard-
ize the mechanical stability of trabecular bone. Thus, thick-
ened trabeculae (high Tb.Th) offer the most mechanically
sound solution to resist to loads and suggest that the spa-
tial distribution of bone is arranged to resist greater load-
ing [42]. As consequence, the spacing between trabeculae
appears to be small (Tb.Sp; Table 4). On the contrary, the
geometric property that best defines resistance to bending
and torsional stresses would be the section modulus (cross-
sectional geometry) [31]. An increased Cs.Th means, in
terms of mechanical properties, that trabecular bone is

relatively strong due to new bone formation (or suppress
bone resorption).

It is possible that the effects of C-peptide may also be
exerted via blood glucose control, or by improving the
response to insulin action. In fact, in line with previous
reports of an increased whole body glucose utilization [43,
44] and glucose transport in skeletal muscle [45], in our
study, C-peptide treatment prevented the hyperglycaemia
seen in D-CTR (Table 1, Supplementary Fig. 2). We found
discordant values between capillary and laboratory assess-
ments (Table 1). However, C-PEP rats had a better glucose
control than D-CTR rats. Additional studies are needed in
order to elucidate the role of C-peptide on glucose homeo-
stasis, which in turn, may lead to the improvement of bone
microarchitecture parameters.

It has been reported that durations of T1DM exceeding 8
and 14 weeks are required before significant differences in
material strength and toughness between diabetic and con-
trol rodents, respectively, are typically observed [46]. Thus,
with a longer study duration and a higher dose of C-peptide
than that infused, we would have achieved better results.

Moreover, we have chosen to study a lower number of
animals than expected by the calculation of the sample size,
to limit the suffering in animals, even if this has limited the
study.

‘We found that both the CTR and C-PEP rats had, in femur
sections, higher RUNX-2 proteins than the D-CTR group
(Fig. 1a). This finding is in line with a study demonstrating
that Runx2 expression, which mediates the bone-forming
action of Irisin, in turn triggers a global osteogenesis gene
program [47]. Once expressed, this transcription factor
drives osteoblasts to synthesize and secrete bone extracel-
lular matrix, including type I collagen, bone sialoprotein
and osteocalcin [47]. These actions could explain, at least
in part, our finding of a high tibia weight in both the CTR
and C-PEP groups.

All these findings were parallel with the changes
observed, during the study, in the levels of serum C-peptide
(Table 1, Supplementary Fig. 1). At the end of the treat-
ment period, serum C-peptide was higher in the C-PEP
group than in the D-CTR group (Table 1) whereas it did
not differ between the CTR and C-PEP groups. The dose
of C-peptide we used was probably insufficient to normal-
ize the serum C-peptide. We, therefore, assume that, with a
higher dose than that infused, we would have achieved this
normalization.

Of note, the effect of C-peptide therapy on bone param-
eters sometimes exceeded those seen in the CTR group with-
out C-peptide, which further highlights the potential efficacy
of C-peptide as a pharmacological agent.

In line with previous studies [48, 49], in the present inves-
tigation the D-CRT group exhibited similar microarchitec-
tural parameter values to the CTR group (as Tb.Sp; Table 4).
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Again, it has been suggested that a significant bone loss
occurs in STZ-induced diabetes after 12 weeks [50]. This
could also explain the lack of difference in vBMD between
the rat groups as well as the bone histological parameters.
A longer observation time would however have led to bet-
ter observations of both the radiological and histological
changes in the trabecular bone in T1DM rats.

However, our findings are of clinical relevance. Although
osteoporosis is related to an increased risk of fracture, most
fractures occur in those with osteopenia [51]. Similarly, fra-
gility fractures can occur in individuals with normal BMD
[52]. Bone microstructural deterioration increases bone fra-
gility exponentially, disproportionate to the modest deficits
in BMD found in postmenopausal women with osteopenia
[53-55]. The various parameters representing the trabecu-
lar bone compartment are associated with estimated bone
strength and fragility fractures, also in individuals with dia-
betes [56, 57]. Thus, our results may serve to design future
studies to identify new therapies for neglected phenotypes
of osteoporosis as in diabetes.

In our study, in histological samples from the femur of
both C-PEP and CTR animals, we found a higher PLIN1
protein than in the D-CTR group. PLIN1 is known to be
expressed only in adipocytes and macrophages [35]. PLIN1
plays a key role in the lipolysis of intracellular lipid deposits
[35] and there may be significant associations between pro-
teins that regulate fat metabolism and skeletal integrity. In
fact, in bone, matrix vesicles are thought to arise by budding
from the osteoblast plasma membrane containing high levels
of cholesterol and other lipids, which ultimately result in the
nucleation and propagation of mineral crystals [58]. How-
ever, Yamada et al. [59] studied a PLIN1 single-nucleotide
polymorphism (SNP) and its relationship to BMD. They
found that the 1243C — T polymorphism was associated
with BMD at several sites in men, with the C allele being
related to reduced BMD. Future research is necessary to
confirm the role of PLIN1 in macrophages differentiation
as well as bone biology.

Another intriguing finding was that C-peptide administra-
tion prevented the red cells and haemoglobin reduction seen
in D-CRT (Table 2). Thus, a potential effect of C-peptide
on bone marrow could be assumed [13]. There is a close
relationship between haematopoiesis and bone formation.
Anaemia may be more common in diabetes [60]. Haemoglo-
bin levels are positively associated with BMD in the elderly,
and anaemia is one of the risk factors for bone loss [61].
Mice deficient in Cbfal/Runx2, a transcription factor crucial
for osteoblast progression, did not develop osteoblasts and
had empty bone marrow [62]. Osteoblasts are located at the
endosteal bone surface just next to the hematopoietic stem
cells (HSCs) in the bone marrow [63]. By producing several
growth factors, osteoblasts increase the number of HSCs
[64]. We hypothesize, thus, that C-peptide could stimulate
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bone marrow-derived cells differentiation. Of course, we
cannot confirm that this effect improves the trabecular bone.
All these results need confirmatory research.

Another interesting finding relate to RANKL. In our
study, C-PEP had a higher serum RANKL than D-CRT
(Table 4). Since RANKL is expressed preferably by undiffer-
entiated osteoblasts, this finding could reflect an increase in
the number of active osteoblasts with the C-peptide therapy,
as seen with Teriparatide [65]. In line with this concept,
we found a negative correlation between Tb.Sp (assessed
by both micro-CT and histomorphometry) and RANK-L
(Table 3).

In our study C-peptide therapy was associated with both a
high serum phosphorus and calcium concentration (Table 1).
Rats received the same feeding schedule, thus, as observed
with risedronate [66], our finding may confirm the direct role
of C-peptide in the high bone turnover rate.

Although it is important to highlight the role of bone col-
lagen in providing the matrix for bone mineralization and
conferring bone elasticity, we found no association between
COLIA1 or BSP and C-peptide concentration. Nor did we
found a significant difference of COLIA1 or BSP, histo-
logically assessed, between groups. Again, the study dura-
tion and/or the bone district analysed, likely affected these
results.

In our study, other limitations should be acknowledged.
We used a STZ-injected male rats model; however, the
effects in females could be different; thus, the applicabil-
ity of these results could be limited and could have affected
our results.

Unfortunately, due to an electrical problem and the con-
sequent partial loss of rats organs and tissues, we did not
perform tibia measurements of the bone microarchitectural
parameters. However, the potential clinical significance of
C-peptide in osteoporosis is highlighted by all the present
results.

Conclusion

This study, for the first time, demonstrated that the diabetic
rats receiving rat C-peptide had higher quality of trabecu-
lar bone, represented by higher trabecular thickness, cross-
sectional thickness, lower trabecular spaces and higher
RUNX-2 protein in the femur, than diabetic rats not receiv-
ing this replacement therapy. In addition, C-peptide therapy
increased serum calcium and tibia weight. Finally, C-peptide
administration prevented both the red cells and haemoglobin
reduction seen in diabetic rats. Further studies are neces-
sary to confirm and clarify all these findings. However, in
line with previous cross-sectional investigations carried out
in postmenopausal women as well as in vitro observations,
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this study suggests a role of C-peptide in improving bone
microarchitectural parameters, at least in TIDM.
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