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Abstract

The increased risk of fractures in patients with type 1 diabetes mellitus (T1DM) is nowadays well recognized. However, the exact mechanism
of action of diabetic bone disease has not been fully elucidated. MicroRNAs (miRNAs) are gene regulators that operate post-transcriptionally
and have been implicated in the development of various metabolic disorders including TIDM. Previous studies have implicated a role for miR-
144-5p and miR-21-bp, which are involved in controlling oxidative stress by targeting Nrf2, in TIDM. To date, it is unclear whether miR-144-5p
and miR-21-6p affect bone health in TIDM. Thus, this study aimed to investigate the influence of miR-144-5p and miR-21-5p knockdown in the
development of bone disease in T1DM male mice. Therefore, T1DM was induced in 10-wk-old male mice using streptozotocin (STZ). One week
later, after development of hyperglycemia, antagomir-144-5p and antagomir-21-5p or their non-targeting control were administered at 10 mg/kg
BW once a week until the end of the experiment. At 14 wk of age, glucose levels, bone, and fat mass were analyzed. The results revealed that
treating T1DM male mice with antagomir144-5p and antagomir21-5p did not protect against diabetes development or bone loss, despite the
successful downregulation of the miRNAs and the normalization of Nrf2 mRNA levels in bone tissue. Histological and serological parameters of
bone formation or resorption were not altered by the antagomir treatment. Finally, we measured the expression of miRNA-144-5p or miRNA-
21-bp in the serum of 30 individuals with T1DM and compared them to non-diabetic controls, but did not find an altered expression of either
miRNA. In conclusion, the knockdown of miR-144-5p and miR-21-bp does not affect STZ-induced diabetes development or loss of bone mass in
male mice. However, it does normalize expression of the anti-oxidant factor Nrf2 in diabetic bone tissue.
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Lay Summary

People with type 1 diabetes mellitus (T1DM) are more prone to fractures, but the underlying mechanisms of diabetic bone disease remain
unclear. In this study, we looked at tiny molecules called microRNAs (miRNAs), specifically miR-144-5p and miR-21-5p, which play a role in
controlling oxidative stress in TIDM. We studied male mice with T1DM to see if blocking these miRNAs would help their bone health. Even
though we successfully reduced these miRNAs and brought Nrf2 levels back to normal in the bone tissue, it did not prevent diabetes or bone loss
in the mice. When we checked the serum of patients with T1IDM, we did not find any significant differences in these miRNA levels compared
to those without diabetes. In summary, blocking miR-144-5p and miR-21-5p did not stop T1DM or bone loss in mice, but it did normalize Nrf2
expression in diabetic bone tissue.
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Introduction

Type 1 diabetes mellitus (T1DM) is an autoimmune disease
that has witnessed a rise in its prevalence in recent years,
affecting over 8 million people worldwide in 2022 according
to the International Diabetes Federation.!»> This metabolic
disorder is characterized by the destruction of pancreatic -
cells, leading to hyperglycemia.® Although T1IDM is com-
monly diagnosed in childhood, with nearly 80% of B-cells
already destroyed at that stage, there is a growing trend of
diagnosis in young adults as well.*”” The insidious progression
of the disease is associated with various complications such
as cardiomyopathy, nephropathy, retinopathy, and bone loss
leading to osteoporosis and an increased risk for fractures.3-11

Previous research has indicated the significant impact of
miRNAs on T1DMe-induced osteoporosis.'> MicroRNAs,
known as post-transcriptional gene regulators,!3:14 have been
found to be dysregulated in patients with T1IDM!" 17 and
in patients with osteoporosis,'®>!? potentially contributing
to impaired bone health. Previous studies have identified
an upregulation of miR-144-5p> and miR-21-5p,>!+*?
among other miRNAs, in patients with TIDM. As T1IDM
is an autoimmune condition, it generates oxidative stress
and releases pro-inflammatory cytokines that impair bone
metabolism, thereby increasing the fracture risk for patients
with T1DM. Interestingly, these 2 miRNA candidates have
been closely associated with oxidative stress and involved in
ROS homeostasis by controlling the expression of nuclear
factor erythroid 2-related factor 2 (Nrf2).23-28 Under normal
conditions, Nrf2 associates with Kelch-like ECH-associated
protein 1 (Keap1) in the cytoplasm where it is kept inactive.
Under oxidative stress, Keap1 dissociates from Nrf2, allowing

No rescue against
bone loss in STZ
induced T1DM

it to translocate to the nucleus and to activate cytoprotective
genes, including heme oxygenase-1 (Hmox1) and superoxide
dismutase-1 (Sod1) to protect from oxidative damage.>”>30
Indeed, enhancing Nrf2 signaling has been demonstrated to
offer protection against diabetes onset; for instance, in mice
with Keap1-knockdown, increased Nrf2 signaling suppressed
insulitis and protected against the autoimmune progression
of T1DM mice.3!-32 Moreover, pharmacological activation of
Nrf2 prevented bone loss due to various oxidative stressors
(eg, hydrogen peroxide, diabetes, glucocorticoid excess)
via preventing osteoblast apoptosis and the stimulation of
osteoclasts.’>>>” Along those lines, enhanced expression of
miR-144-5p under high-fat diet-induced type 2 diabetic
cond}iécions has been shown to impair fracture healing in male
rats.”

The rationale to specifically study miR-144-5p and miR-
21-5p is based on the hypothesis that silencing these miRNA
targets on Nrf2 signaling could provide insights into their
roles in diabetic bone disease. Therefore, based on the close
association of miR-144-5p and miR-21-5p with oxidative
stress through the Nrf2 signaling pathway, and their potential
role in bone health in TIDM, we aimed to investigate their
role in the development of TIDM bone disease in mice. Thus,
we believe that impaired glucose and impaired insulin levels
might be responsible for the development of oxidative stress,
although it is possible that apoptotic beta cells could elicit
an oxidative stress response. To that end, we systemically
inhibited miR-144-5p and miR-21-5p using an antagomir-
mediated approach in streptozotocin (STZ)-induced T1DM
mice. Our data demonstrate that silencing miR-144-5p and
miR-21-5p has no effect on STZ-induced hyperglycemia or
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bone disease in T1IDM mice, despite their ability to restore
suppressed Nrf2 signaling in diabetic bone.

Materials and methods

STZ-induced T1DM mouse model

To establish our inducible TIDM mouse model, we initiated
the experiment by administering a low concentration of STZ
at 45 mg/kg via intra-peritoneal injections to male wild-type
C57BL/6 ] mice when they reached 10 wk of age. This treat-
ment was performed consecutively for 5 d. As a control group,
another set of mice received citrate buffer (CB) injections>’
(Figure 1). One week following the STZ or CB administra-
tions, we measured blood glucose levels from the tail vein.
Mice were considered to have developed diabetes when their
blood glucose levels reached approximately 250 mg/dL. Dur-
ing establishment of the model, we observed that female mice
did not develop T1DM using this dose of STZ. Thus, we only
used male mice. The combined rate of mice not developing
diabetes at the measurement of 1 wk was approximately
18%. T1DM male mice were not treated with insulin in this
study. Throughout the study, we monitored blood glucose
levels and body weight on a weekly basis until week 14, at
which point all mice were euthanized. To maintain consistent
conditions, all mice were provided with standard diets and
had unrestricted access to water. They were housed in groups
of 4 or 5 per cage, maintained at room temperature, and
subjected to a 12-hour light/dark cycle. All mouse procedures
were approved by the Landesdirektion Sachsen and in the
institutional animal care committee.

Intravenous administration of antagomirs 144-5p
and 21-5p

To knockdown miR-144-5p and miR-21-5p, we injected
antagomir-144-5p (Ag-144-5p) and antagomir-21-5p (Ag-
21-5p) re-suspended with PBS solution into the tail vein of
diabetic mice. We started the treatment 1 wk after inducing
diabetes in the mice using STZ injections. At this time, all
mice had developed hyperglycemia. The dosage used was
10 mg/kg of body weight, and the antagomirs treatments
were administered once a week. The injections were continued
until the mice reached 14 wk of age, which marked the end
of the experiment. As a comparison, the control groups
of diabetic and non-diabetic mice received a scrambled
antagomir treatment, as a negative control (NC). A NC is
defined to have no hits of >70% homology to any sequence
in any organism in the National Center for Biotechnology
Information (NCBI) and miRbase databases. It serves as a
crucial control to account for any non-specific effects in
our experimental setup. All antagomirs (miRCURY LNA
miRNA Inhibitors) were obtained from Qiagen and prepared
following the manufacturer’s instructions. Notably, upon
the administration of antagomiR-21-5p, we observed an
immediate and transient lethargic response in mice, lasting
for approximately 10 minutes, although they subsequently
recovered.

Glucose and insulin tolerance tests

The glucose tolerance test (GTT) was conducted following
an overnight fasting period in male mice. Blood glucose
levels were measured at 15, 30, 60, 90, and 180 minutes
after intraperitoneal administration of 2 g/L glucose using

a glucometer (ACCU CHEK Aviva III; Roche Diabetes
Care). For the insulin tolerance test (ITT), mice were fasted
for 4 hours. Subsequently, they received an intraperitoneal
injection of 0.75 international units (IUs) of insulin (Lilly).
Blood glucose levels were measured at 15, 30, 60, 90, and
180 minutes to evaluate glucose clearance in the blood.

Bone turnover markers

Following blood collection via heart puncture in our mouse
model, the serum samples were collected in a 1.5 mL tube,
clotted at room temperature for approximately 30 minutes,
and centrifuged at 400 g for 10 minutes. All blood drawing
were performed in the morning following at least 8 h
of fasting. Serological analysis of bone turnover markers,
specifically procollagen type 1 amino-terminal propeptide
(PINP) and tartrate-resistant acid phosphatase form S5b
(TRACP 5b). Within our human cohort, serum was obtained
through peripheral blood collection. After a 30-minute
clotting period at room temperature, the blood underwent
centrifugation at 1200 g for 10 minutes. In the human
T1DM case control study, all baseline blood samples were
collected between 8 and 10 AM after an overnight fast.
Clinical and laboratory parameter were measured as descried
previously.*?:*! The resulting supernatant was then collected
to assess osteocalcin (OCN) and C-terminal telopeptide
(CTX) bone turnover markers. All bone turnover markers
were conducted using commercially available ELISA kits
obtained from IDS (Frankfurt/Main, Germany).

Bone microarchitecture analysis

The bone mass and microarchitecture of the distal femur
and fourth lumbar vertebra (L4) were assessed using micro-
computed tomography (microCT) with a vivaCT 40 scanner
(Scanco Medical). Ex vivo scans of the bones were per-
formed at an energy of 70 kVp and a resolution of 10.5 um
isotropic voxel size (114 mA, integration time 200 ms). One
hundred slices from the distal femur and the mid-vertebra
were analyzed using Scanco Medical standard protocols to
evaluate trabecular bone parameters, including bone volume/-
total volume (BV/TV), trabecular number (Tb.N), trabecular
separation (Tb.Sp), trabecular thickness (Tb.Th), and trabec-
ular bone mineral density (Tb. BMD). Additionally, cortical
bone parameters, such as cortical thickness (Ct.Th) and cor-
tical bone mineral density (Ct.BMD), were determined at the
femoral midshaft. The femoral midshaft analysis also involved
the analysis of 100 slices.

Bone immunohistochemistry

The L4 vertebrae and femoral bones were fixed in 4% PBS-
buffered paraformaldehyde for 48 hours and subsequently
decalcified using Osteosoft (Merck, Germany) for a period of
7 d. To prepare the samples for analysis, the bones underwent
dehydration through a series of increasing ethanol concen-
trations before being embedded in paraffin. Thin sections
measuring 2 pum were then obtained from the decalcified
bones. Nrf2 immunohistochemistry was performed using
an anti-Nrf2 antibody (#ab62352; Abcam) according to the
manufacturer’s instructions. The procedure involved applying
a primary Nrf2 antibody (diluted 1:250) and subsequently
treating it with a secondary antibody using the VECTASTAIN
Elite ABC system (PK-6101; Vector laboratories) to enhance
Nrf2 visualization. Quantification of the aforementioned
parameter was carried out using the Microscope Axio Imager
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Figure 1. Decreased bone mass and formation in STZ-induced T1D mouse model. Body weight and blood glucose level were monitored from the beginning
of the experiment until the end at 14 wk of age. Bone analysis and serum marker measurements in 14-wk-old male STZ-induced T1D (STZ) and their control
littermates (CB). (A and B) Body weight and blood glucose level measurements. (C) A GTT and (D) ITT from 14-wk-old T1D (STZ) vs non-diabetic (CB) male
mice was carried out. BV/TV and Tb.BMD were assessed using microCT for (E and F) femur and (G and H) and the fourth vertebral body. (I) Serum levels of
the bone formation marker, P1NP, and (J) the bone resorption marker, TRAcP 5b were measured using ELISA. Data are presented as mean + SD. Statistical
analysis was performed using Student’s t-test, and significance levels are denoted in the graphs as *P < .05, **P < .01, ***P < .001. n= 13 to 17 per group.

M1 (Carl Zeiss Jena) in conjunction with Osteomeasure soft-
ware (OsteoMetrics). Nrf2-positive cells were quantified in
the central region of bone tissue slices, covering a total area of
0.72 and 0.48 mm? for vertebrae and femoral bones, respec-
tively. The quantification process adhered to the guidelines
set forth by the Nomenclature Committee of the ASBMR.*?

miRNA measurements in mouse samples

Total RNA was extracted from various tissues including
bone, bone marrow, liver, pancreas, and tibia muscle using
TRIzol reagent (Invitrogen) following the manufacturer’s
instructions. The RNA samples were then quantified using a
Nanodrop ND-1000 spectrophotometer (Thermo Scientific/
PEQLAB). Post-mortem, the femora and tibiae were collected
without the ends of the bones and flushed with PBS prior to
RNA extraction to exclude the bone marrow from further
analysis. For miRNA reverse transcription, 5 nanograms
of total RNA were used and reverse-transcribed using the
miRCURY LNA RT Kit (#339340; Qiagen). Subsequently, the
cDNA samples were diluted at a ratio of 1:40. Quantitative
real-time PCR using miRCURY LNA SYBR Green (#339345;
Qiagen) was conducted. The PCR conditions were as follow:
95°C for 2 minutes, followed by 95°C for 10 seconds and
56°C for 60 seconds, repeated 40 times. To normalize the
data, the expression levels of miRNA were compared to the

expression of the 5S housekeeping gene, observed to be the
most suitable housekeeping gene for our samples, using the
AACT method and are expressed as fold change (x-fold). All
procedures were following the manufacturer’s instructions.

mRNA-cDNA synthesis and quantitative real-time
polymerase chain reaction (RT-PCR) for mouse
samples

For mRNA reverse transcription, 500 nanograms of RNA
were used, and the Superscript kit (Invitrogen) was employed.
Subsequently, SYBR Green-based quantitative real-time PCR
was performed. The primer sequences used for amplification
are reported in Supplementary Table 1. The PCR cycling con-
ditions consisted of an initial step at 50°C for 5 minutes, fol-
lowed by 10 minutes at 95°C. This was followed by 40 cycles
of 95°C for 15 seconds and 60°C for 1 minute. Melting
curves were evaluated by using the following scheme: 95°C
for 15 seconds, 60°C for 1 minute, and 95°C for 30 seconds.
The results were calculated using the AACT method and are
presented as a fold change normalized to the B-actin level.

Study population of TIDM

A cohort of adults with TIDM was recruited at the
Department of Medicine and Clinic of Endocrinology and
Nephrology at the University hospital of Leipzig, Germany in
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the context of the Leipzig Obesity BioBank. T1IDM patients
and non-diabetic volunteers were matched based on age, sex,
and body mass index (BMI). For this study, we enrolled 30
T1DM patients (15 women and 15 men) and 28 control
individuals (15 women and 13 men), in the age group between
42 and 60 yr with a BMI range from 27.8 to 51.1 kg/m?,
indicative of an overweight/obesity cohort.

Patients diagnosed with T1DM displayed HbAlc levels
between 6.0% and 7.2 %. All individuals in the control group
fulfilled the following inclusion criteria: (1) fasting plasma
glucose (FPG) <7.0 mmol/L; (2) HbAlc <6.0%; and (3) sta-
ble weight, defined as the absence of fluctuations of >2% of
body weight for >3 mo before blood testing. In addition, the
following exclusion criteria have been defined and applied to
all study population: (1) medical and family history of TIDM
or T2DM; (2) medical history of hypertension or systolic
blood pressure >140 mmHg and diastolic blood pressure
>85 mmHg; (3) any acute or chronic inflammatory disease,
as determined by a leucocyte count >8000 Gpt/L, C-reactive
protein >5.0 mg/dL, or clinical signs of infection; (4) clinical
evidence of either cardiovascular or peripheral artery disease;
(5) any type of malignant disease; (6) thyroid dysfunction;
(7) Cushing’s disease or hypercortisolism; (8) alcohol or drug
abuse; (9) pregnancy.

Biological parameters including age and BMI, from both
groups have been documented in Table 1. Blood samples
taken after a minimum of 8 h of fasting were either ana-
lyzed immediately or centrifuged within 30 min and stored
at —80°C within 2 h. The measured characteristics included
BMI, HbA1c, FPG levels, OCN, CTX, and 250HD concentra-
tions. Additionally, serum samples were assessed for the detec-
tion of miR-144-5p and miR-21-5p. Ethical approval (Leipzig
University approval no: 159-12-21052012) was secured for
this study cohort adhering to the principles of the Helsinki
Declaration. All participants gave written informed consent
before taking part in the study.

miRNA measurements in human samples

Total RNA was extracted from human serum using the
miRNeasy Mini Kit (Qiagen) following the manufacturer’s
protocol. For each sample, precisely 200 uL serum were
mixed with 1000 uL Qiazol and 1 uL of a mix of 3 synthetic
spike-in controls including UniSp4 (miRCURY spike-in kit,
Qiagen, Cat No. 339390) by vortexing. Following 10-min
incubation at room temperature, 200 pL chloroform were
added to the lysates followed by centrifugation at 12000 g
for 15 minutes at 4°C. Precisely, 650 uL of the upper aqueous
phase were transferred to a miRNeasy mini column where
RNA was precipitated with 750 pL ethanol followed by
automated washing with RPE and RWT buffer in a QiaCube
liquid handling robot. Finally, total RNA was eluted in 30 L
nuclease-free water and stored at —80°C.

For ¢cDNA synthesis, miRCURY LNA RT kit (Qiagen, Cat
No. 339340) was used. RT reaction included 4 ul total RNA
in a 10 wul volume. To monitor RT efficiency and presence
of impurities with inhibitory activity, a synthetic RNA spike-
in (cel-miR-39-3p) was added to the RT reaction. qQPCR was
performed in a Roche LC96I instrument (Roche). PCR con-
ditions were: 42°C for 60 minutes, denaturation at 95°C for
5 minutes, and storage at 4°C. RT-PCR used miRCURY SYBR
Green qPCR kit (Qiagen, Cat No. 339347) and miRCURY
LNA miRNA PCR Assay products (Qiagen, Cat No. 339306).

14)

41.1+(36.0-51.5)

58.0 (41.0-61.8)

T1D
(n

12-13)

37.1 4 (26.7-45.5)

55.5 (52.3-62.3)

Control
(n

Men

12-15)

423+ (36.8-50.6)

47.5 (36.7-48.7)

T1D
(n

14-15)

362+ (28.7-44.6)

Control
(n
52.5(38.0-58.3)

‘Women

26-30)

41.3 £(36.6-51.1)*

48.0 (42.0-60.0)

T1D
(n

27-30)
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Control

(n

53.5 (42.0-59.5)
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Table 1. Characteristic of the study population.

Body mass index (kg/m?)
Serum parameters

Biometric parameters
HbA1lc (%)

Age (yr)

Kk

6.70
7.00 +
7.60 +
0.20 £
16.5+

5.50+
520+
12.3+
0.20+
14.9+

0.10 £ (0.10-0.20)**

6.70 (5.60-7.40)***
4.90 £ (3.30-10.7)*
21.9+(20.3-28.4)

7.20 + (7.20-7.20)

5.40+
5.50+
10.5+
0.30+
159+

7.00 = (6.40—7.40)
6.70 (5.80-7.50)%*
6.90 (3.70-12.5)*
0.20 + (0.10-0.30)
20.8 +(13.7-23.8)

5.50+
5.30+
11.8+
0.30+
16.4+

Fasting plasma glucose (mmol/L)

OCN (ng/mL)
CTX-I (ng/mL)

250HD (ng/mL)

Note: Mean + SD. Data are presented as the median along with the interquartile range (first to third quartiles). Significant variations are indicated by an asterisk as *P < .05, **P < .01, ***P < .001. Bold lines indicate

significant differences.



Control T1D

Femur

Vertebra

JBMR Plus, 2024, Volume 8 Issue 5

Femur_Nrf2/Bone area

&
£
£
I
©
o
g Bone_Nrf2
=
8 5 *
(=% .
0 4
7]
©
L3
C ]
£
52
Vertebra_Nrf2/Bone area 5
=]
500 =
-
400 0
CcB STZ

N
o o
e o

[Positive cells/mm?]
g

=)

Figure 2. Downregulation of Nrf2 in STZ-induced T1D bone compared to control littermates. Femur and vertebra samples from 14-wk-old mice with
STZ-induced T1D (STZ) and their control littermates (CB) were subjected to immunohistochemistry for quantifying Nrf2-positive stained cells in bone/bone
marrow area (Nrf2/bone area). In (A), the upper line shows Nrf2 staining in the femur, while the second line shows Nrf2 staining in the vertebra bone.
(B) Nrf2 quantification in the femur and (C) in the vertebra is shown by immunohistochemistry. (D) Nrf2 gene expression from bone was determined by
gPCR. Data are presented as mean & SD. Statistical analysis was performed using Student’s t-test, and significance levels are denoted in the graphs as

*P <.05. n=6 to 8 per group.

Results were analyzed using AACT method, expressed as fold
change (x-fold), normalized to UniSp4 Spike-in.

Statistical analysis

The data are reported as mean SD. To compare 2 groups, a
2-sided, unpaired Student’s ¢-test was conducted, while a one-
way analysis of variance (ANOVA) using Tukey’s multiple
comparisons post hoc test was employed to evaluate the
impact of antagomirs and T1DM interaction. All correlation
analyses conducted on the human cohort were performed
using Pearson correlation analysis. Outliers were identified
using the Grubb’s test. Graphs were generated using Graph-
Pad Prism 9.0 software (GraphPad). Statistical significance
was considered when the P value was less than .05.

Results

Decreased bone mass and bone formation in
STZ-induced T1DM mouse model

We first examined the glucose and bone phenotype of our
14-wk-old mouse model with STZ-induced T1DM (STZ).
Consistent with previous studies, we observed a decrease
of the body weight and an increase of the blood glucose
level in TIDM male mice compared to non-diabetic male
mice, in a whole cohort of 14-17 per group (Figure 1A and
B). Additionally, impairments in glucose tolerance and the
ITT were observed in TIDM male mice compared to non-
diabetic male mice during the evaluation (Figure 1C and D).
Moreover, a reduction in bone volume and trabecular BMD
in the distal femur of T1DM male mice (—23% and —19%
respectively) was observed compared to their non-diabetic
littermates (CB) (Figure 1E and F).*> Moreover, a reduction
was also detected in the fourth lumbar vertebrae (L4, —20%

and —11%, respectively) (Figure 1G and H). Furthermore,
we measured the serum levels of bone turnover markers in
T1DM male mice and found a decrease in the bone formation
marker PINP (—38%), along with an increase in the bone
resorption marker TRAcP 5b (+76%), compared to their non-
diabetic littermates (Figure 1I and J]). Thus, the STZ-induced
mouse model of TIDM displayed the expected phenotype
with femoral trabecular bone loss, reduced bone formation,
and increased bone resorption.

Downregulation of Nrf2 in STZ-induced T1DM bone

As Nrf2 was recently reported to be downregulated in cardiac
tissues from STZ-induced TIDM mice and in patients with
T1DM,** we next examined Nrf2 protein expression in a sub-
cohort of 6-8 per group, in bone of our TIDM male mice
using immunohistochemistry. Using confocal microscopy, we
observed a distinct disparity in Nrf2 staining in bone between
non-diabetic and diabetic mice. We noticed a more prominent
presence of Nrf2 (indicated by brown staining) in the femur
and vertebral bones of non-diabetic male mice compared to
T1DM male mice (Figure 2A). To substantiate this visual
observation, we quantified the number of Nrf2-positive cells
in both bone samples. The results showed a decreasing trend
in Nrf2-positive cells in the femoral bone of TIDM male
mice, with a reduction of 51% compared to the non-diabetic
group (Figure 2B). Similarly, we observed a decrease in Nrf2-
positive cells in the vertebra compartment of T1IDM male
mice, with a decrease of 69% (Figure 2C). To further inves-
tigate Nrf2 expression in the bone samples, we conducted
qPCR analysis. Consistent with the immunohistochemistry
findings, the qPCR data revealed an 83% decrease in Nrf2
expression in TIDM male mice compared to the non-diabetic
group (Figure 2D).
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Figure 3. MiR-144-5p and miR-21-5p deletion improve Nrf2 expression in bone tissue. (A-C) Nrf2, Keap1, and Hmox1 associated to oxidative stress were

measured by gPCR. Data are presented as mean £ SD. Statistical analysis
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hoc test. Statistical significance levels are denoted in the graphs as *P < .05. n=5 to 13 per group.
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Figure 4. Decreased GF and SF in miR-144-5p knockdown, associated with increased liver weight in STZ-induced T1D male mice. All mice were fed a

standard diet for 14 wk. (A) Body weight (BW) was measured, (B) a weekly b

lood glucose measurement from week 10 until the end of the experiment week

14, (C)a GTT and (D) ITT from 14-wk-old T1D (STZ + NC and STZ + miR-144-5p/miR-21-5p) vs non-diabetic (CB + NC) mice was carried out. Percentage of
body (E) gonadal, (F) subcutaneous fat pads (GF, SF), and (G) liver and (H) spleen were quantified. Data are presented as mean & SD. Statistical analysis
was performed by one-way ANOVA using Tukey’s multiple comparisons post hoc test. Statistical significance levels are denoted in the graphs as *P < .05,

**P <.01. n=7 to 10 per group.

Validation of miR-144-5p and miR-21-5p
knockdown in TIDM male mice

As miR-144-5p and miR-21-5p target Nrf2 and have been
reported to be increased in T1IDM, we knocked down miR-
144-5p and miR-21-5p down in STZ-induced T1DM male
mice to investigate their role in diabetic bone disease. One
week after reaching a diabetic status, TIDM received either
antagomir-144-5p or antagomir-21-Sp via intravenous injec-
tion. At 14-wk of age, we assessed the knockdown efficiency
of each targeted miRNA in the bone, bone marrow, liver,
and skeletal muscle. TIDM male mice receiving antagomirs
showed a decreased level of miRNAs for the respective
antagomirs given. TIDM male mice receiving antagomir-
144-5p did not show an altered expression of miR-144-5p

in bone tissue, but it was decreased in bone marrow, liver,
and skeletal muscle compared to TIDM receiving scrambled
antagomir treatment (NC, Supplementary Figure 1A-D). As
for TIDM male mice receiving antagomir-21-5p, we observed
a decreased level of miR-21-5p in bone, bone marrow,
liver, and skeletal muscle compared to control T1IDM mice
(Supplementary Figure 1E-H). Additionally, we measured the
level of miR-451a in bone, bone marrow, and liver to check
for any off-target binding of the antagomirs. However, no off-
target effects were observed (Supplementary Figure 11-K).

In addition, we analysed Nrf2 expression in bone, as we
hypothesized that knockdown of the 2 miRNAs would rescue
Nrf2 levels in diabetic male mice. Indeed, although Nrf2
mRNA expression levels were markedly decreased in TIDM
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Figure 5. Inhibition of miR-144-5p and miR-21-bp does not protect against STZ-induced bone loss. Bones of 14-wk-old T1D (STZ+ NC and STZ + miR-
144-5p/miR-21-5p) and non-diabetic (CB + NC) were analyzed by microCT. (A) Bone volume per total volume (BV/TV), (B) trabecular number (Tbh.N), (C)
trabecular thickness (Tbh.Th), and (D) trabecular seperation (Tb.Sp) of the fourth vertebral body. Additionally, (E) BV/TV, (F) Tb.N, (G) Tb.Th, (H) Tb.Sp at
the distal femur, (1) cortical thickness (Ct.Th) of the femoral midshaft and (J) cortical bone mineral density (Ct.BMD) of the femoral midshaft. Data are
presented as mean + SD. Statistical analysis was performed by one-way ANOVA using Tukey's multiple comparisons post hoc test. Statistical significance
levels are denoted in the graphs as *P < .05, **P < .01, ***P < .001. n=7 to 10 per group.

male mice receiving the NC, treatment with both antagomirs
normalized Nrf2 mRNA levels back to levels displayed by
the non-diabetic male mice (Figure 3A). Keapl and the Nrf2
target gene Hmox1 were, however, not altered by TIDM
or the antagomir treatments (Figure 3B and C). Thus, these
results confirm the successful knockdown of the miRNAs in
the TIDM male mice and show that they can restore normal
Nrf2 mRNA expression levels in diabetic bone.

Knockdown of miR-144-5p or miR-21-5p do not
alter the development of T1IDM

To evaluate the potential impact of miR-144-5p and miR-21-
5p on the metabolic parameters of our TIDM mouse model,
we closely monitored body weight and blood glucose levels
throughout the experiment. Additionally, after culling, we

measured the weights of the gonadal and subcutaneous fat
pads, as well as the liver and spleen, relative to the total body
weight. One week after the induction of TIDM using STZ,
all TIDM male mice displayed a decrease in body weight
(Figure 4A) and an increase in glucose levels (Figure 4B)
compared to non-diabetic male mice. These effects persisted
until the end of the experiment at 14 wk of age. At that time,
T1DM treated with antagomirs even displayed a lower weight
as compared to T1DM receiving the NC (Figure 1A). Finally,
all TIDM displayed impaired glucose tolerance (Figure 4C)
and insulin tolerance (Figure 4D), regardless of the antagomir
treatment.

In line with the decreased body weight, TIDM male mice
treated with antagomir-144-5p and -21-5p experienced a
reduction in gonadal fat (—46% and —34% ,respectively)
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when compared to non-diabetic male mice, but not compared
to the T1D male mice with the NC antagomir (STZ + NC)
(Figure 4E). Additionally, the subcutaneous fat of TIDM male
mice treated with antagomir-144-5p exhibited a decrease
compared to non-diabetic male mice (—22 %), while the other
diabetic groups did not show significant changes (Figure 4F).
Interestingly, TIDM male mice treated with antagomir-
144-5p displayed an increase in liver weight compared
to non-diabetic male mice (+18%) (Figure 4G). We also
assessed spleen weight but found no differences between the
groups (Figure 4H). Taken together, the knockdown of miR-
144-5p and miR-21-5p did not alter the course of TIDM
development.

Inhibition of miR-144-5p and miR-21-5p does not
protect against STZ-induced bone loss

We next examined the impact of antagomir-144-5p and -
21-5p treatment on the bone characteristics of STZ-induced
T1DM male mice using microCT analysis. In comparison
to non-diabetic male mice, TIDM male mice in the control
group (STZ+NC) and those treated with antagomir-144-
5p and -21-5p exhibited lower bone volume in both L4
(—23%, —23%, —34%, respectively) and the distal femur
(—32%, —24%, —37%, respectively) (Figure SA and E).
The reduction in vertebral and femoral bone volume
was most pronounced in TIDM male mice treated with
antagomir-21-5p. No significant alterations were observed in
trabecular number (Figure 5B and F) or trabecular separation
(Figure 5D and H) between the different groups in either
the vertebrae or the femur. However, all TIDM male mice
regardless of the antagomir treatment exhibited a lower
trabecular thickness in the vertebrae (—13%, —15%, and
—18%, respectively) and femur (—12%, —11%, and —15%,
respectively) (Figure 5C and G). Furthermore, cortical thick-
ness in the mid-shaft of the femur was lower in TIDM male
mice treated with antagomir-144-5p and -21-5p compared to
non-diabetic male mice (Supplementary Figure 2A). However,
no changes were observed in cortical bone mineral density
(Supplementary Figure 2B).

We next assessed whether the antagomir treatment had
any effect on bone turnover. In terms of bone formation,
both the TIDM NC group and the antagomir-treated male
mice displayed a decrease in the serum levels of the bone
formation marker PINP (—46%, —52%, and —49%, respec-
tively) compared to non-diabetic male mice (Figure 6A). In
addition, the bone resorption marker TRAcP 5b was higher
in T1IDM male mice treated with antagomir-144-5p and -21-
5p compared to the non-diabetic male controls (Figure 6B).
Finally, we conducted gene expression analysis in bone tissue
to evaluate the impact of antagomirs on osteogenic markers
in male mice with TIDM. Rankl and Opg mRNA expression
both tended to be increased in TIDM male mice, result-
ing in an unaltered Rankl/Opg ratio (Figure 7A-C). More-
over, as a characteristic feature of T1IDM, Ocn levels were
lower in TIDM male mice compared to non-diabetic male
mice (Figure 7D). The antagomir treatment did not alter Ocn
mRNA levels in TIDM male mice (Figure 7D). Additionally,
alkaline phosphatase (Alpl) and type I collagen (Collal)
expression were decreased in T1DM + NC male mice, but not
in the TIDM male mice treated with miR-144-5p or miR-21-
5p antagomirs (Figure 7E and F). Taken together, knockdown

A PINP B

100 *kkk *

40
80 ** |
*okokok 30-
60 e -
-
~ 20_
40 =
@ b )
20- A 10+ 9 A v
A
0 T T T T 0
N

TRACP 5b

(ng/ml)

T
(Y R R O KRR
& F FOTAR
X é{b q" © [ Al S xvg
x x ’LX «1’
40 L L5
& 4 ¢

Figure 6. MiR-144-5p and miR-21-5p deletion does not improve bone for-
mation nor reduced bone resorption in STZ-induced T1D male mice. Serum
samples from 14-wk-old T1D (STZ + NC and STZ + miR-144-5p/miR-21-5p)
and non-diabetic (CB +NC) mice were used for quantification of bone
turnover markers. Serum level of (A) bone formation marker PTNP and
(B) bone resorption marker, TRAcP 5b were measured using ELISA. Data
are presented as mean + SD. Statistical analysis was performed by one-
way ANOVA using Tukey's multiple comparisons post hoc test. Statistical
significance levels are denoted in the graphs as *P <.05, **P<.01,
**E*xP < .001. n=7 to 10 per group.

miR-144-5p or miR-21-5p does not improve diabetic bone
disease in T1DM male mice.

miR-144-5p and miR-21-5p abundance is not
altered in serum of patients with T1IDM

As we could not confirm that knockdown of miR-144-5p or
miR-21-5p altered the course of diabetes, we measured the
abundance of the miRNAs in serum samples from patients
with TIDM. In contrast to previous publications,”%??> we
could not find an increased expression of both miRNAs in
patients with TIDM (Figure 8A and D). When separating
the groups by sex, miR-144-5p levels were not different
in women (Figure 8B), but tended to be increased in
men with TIDM (Figure 8C). In contrast, miR-21-5p was
downregulated in women with TIDM (Figure 8E), but
was not altered in men with TIDM (Figure 8F). We next
performed correlation analyses of the miRNAs with Hb1Ac
and bone turnover markers. There was no correlation between
miR-144-5p or miR-21-5p with HbAlc, OCN, or CTX
(Figure 9A-F). Although miR-21-5p was downregulated
exclusively in TIDM women, no significant correlations
were observed with the HbAlc, OCN, and CTX markers
(Supplementary Figure 3A). Similarlyy, TIDM men also
displayed no correlations (Supplementary Figure 3B).

Discussion

In this study, we investigated the effects of miR-144-5p and
miR-21-5p on bone loss in male mice with STZ-induced
T1DM and evaluated their expression in serum from patients
with TIDM. miR-144-5p and miR-21-5p are both known to
target Nrf2 expression, a critical factor in the response to
oxidative stress.>>2% As Nrf2 has been found to be decreased
in mouse models of T1IDM, and both, miR-144-5p and miR-
21-5p are reported to be upregulated in TIDM, we hypothe-
sized that knocking down these miRNAs might protect from
type 1 diabetic bone disease by enhancing Nrf2 expression.
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Figure 7. MiR-144-5p and miR-21-5p deletion does not improve osteogenic markers. Bones of all 14-wk-old mice were used for gPCR measurements.
In the upper line (A-C), osteogenic markers were assessed for Rankl, Opg, and Rankl/Opg ratio, while in the second line (D-F), Ocn, Alpl, and Col1a1l
associated to bone formation were assessed. Data are presented as mean 4 SD. Statistical analysis was performed by one-way ANOVA using Tukey's
multiple comparisons post hoc test. Statistical significance levels are denoted in the graphs as *P < .05. n=5 to 13 per group. Abbreviation: Alpl, alkaline
phosphatase; Col1a1, collagen, type |, alpha 1; Ocn, osteocalcin; Opg, osteoprotegerin.

Nrf2 is a well-known transcription factor involved in cellu-
lar responses and acts as a protector against oxidative stress.*’
Our findings indicate a reduction in Nrf2 expression in the
bones of mice with T1IDM, suggesting a potential link between
T1DM-induced bone loss and diminished Nrf2 activity. These
findings align with previous studies that highlight the pro-
tective effects of Nrf2 in STZ-induced TIDM mouse mod-
els.*6-48 Indeed, following therapeutic interventions aimed at
activating or enhancing Nrf2 expression in the STZ-induced
T1DM mouse model, the associated secondary complica-
tions of TIDM such as beta cell damage*® and nephropa-
thy*”>#8 were attenuated through a reduction in oxidative
stress, inflammation, and the release of cytokines. Despite
the normalization of bone Nrf2 expression, knockdown of
miR-144-5p and miR-21-5p did not rescue T1DM-induced
bone loss. Treatment with antagomir-21-5p even appeared
to exacerbate the reduction in bone volume, particularly in
the vertebral trabecular and femoral cortical region. This was
in line with persistently low levels of the bone formation
marker PINP in the serum and low expression of osteoblastic
markers in bone, paired with an accentuated increase in the
bone resorption marker TRAcP 5b in TIDM. These data led

us to 3 hypotheses, potentially explaining why knockdown of
these miRNAs did not ameliorate diabetic bone loss despite
the rescue of Nrf2 expression: first, it could be that other
targets of miR-144-5p and -21-5p might interfere with the
protective effects of Nrf2 in diabetic bone disease. In fact,
miR-21-5p has been shown to be a positive regulator of
osteoblast differentiation and function, suggesting that its
knockdown might impair osteoblast function.**>>Y Second,
even though the mRNA expression of Nrf2 was restored in
diabetic bone after antagomir treatment, Keap 1 expression,
the negative regulator of Nrf2, tended to be increased sug-
gesting an incomplete activation of Nrf2 in response to the
antagomir treatment. This may go in line with the unchanged
levels of Hmox1, one of the main targeted genes of Nrf2
with antioxidant and cytoprotective effects.>! As we did not
evaluate protein levels of this pathway, we cannot rule out
the possibility that, despite normalized Nrf2 expression, the
pathway was not fully activated in diabetic bone after the
antagomir treatment. Third, Nrf2 might be eliciting a compen-
satory mechanism to protect against oxidative stress-induced
damage. Nrf2 has been demonstrated to undergo activation
in response to oxidative stress, particularly during acute and
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Figure 8. Comparative expression levels of miR-144-5p and miR-21-5p in T1D vs non-diabetic individuals. Serum samples from all participants were used
for gPCR measurements. In the upper line (A-C), miR-144-5p was assessed in (A) both genders, (B) women, and (C) men, while in the subsequent
row (D-F), miR-21-bp was evaluated in (D) both genders, (E) women, and (F) men. Ctrl (control group of non-diabetic individuals), T1D (type 1 diabetes
subjects). Statistical analysis was performed using Student’s t-test, and significance levels are denoted in the graphs as P <.05. n=12 to 15 per group.

early stress phases. This phenomenon is well-documented in
instances like cardiomyopathy in STZ-induced T1DM mice
and T1DM-affected human cardiac tissues, where Nrf2 exhib-
ited a noteworthy increase in activity within 2 mo of TIDM
onset, followed by a subsequent decline after 5 mo.** In
the context of TIDM, heightened Nrf2 expression within
bone tissues of antagomirs treated TIDM mice may mir-
ror a disruption in bone metabolism. Furthermore, despite
remaining disparities surrounding the protective effects of
Nrf2 on osteoblasts, evidence also indicates that activation
of Nrf2 in primary osteoblasts’?>>3 and MC3T3-E1 cells** is
associated with a negative regulation of osteoblastogenesis.
Taken together, these observations suggest that miR-144-5p
and miR-21-5p do not play a crucial role in the development
of diabetes or bone loss in T1IDM mice, but also imply a com-
plex interplay between our investigated miRNAs, oxidative
stress, and bone in the context of TIDM.

Finally, we were unable to replicate the reported increase in
miR-144-5p and miR-21-p expression in patients with TIDM.
Possible differences in the study design and pre-analytics
could have impacted the outcomes, such as the older age

of our patients compared to other studies,”%?? their quite

obese status, and the disease stage. In particular, the disease
status has been shown to be crucial when analyzing miRNAs.
As such, miR-144-5p has been shown to be upregulated in
children with TIDM at early disease stages, but not at later
stages, and similarly, miR-144-5p was found to be upregulated
in post-menopausal women with osteoporosis, but not with
osteopenia.”®>5 Similar patterns were observed for miR-21
in plasma samples,?! indicating potential disease-stage-related
miRNA expressions. However, it should be noted that other
studies also did not find an association of those miRNAs
with parameters of diabetes control or bone turnover markers,
suggesting only limited use of these miRNAs as biomarkers for
diabetic bone disease.

Although this study provides significant insights, it has
potential limitations. First, the study only included male mice,
limiting the generalizability of the findings to both sexes.
There are known sex-dependent differences due to sex hor-
mones that may influence metabolic and bone outcomes.>>3”
Second, our study utilized a mouse model of TIDM induced
by STZ, which offers valuable experimental advantages, but
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Figure 9. MiR-144-5p and miR-21-5p have no effect on HbA7c, nor on bone formation or bone resorption markers in T1D patients. Serum samples from all
participants underwent HbA1c, OCN, and CTX measurements. Subsequent correlation analyses were conducted in T1D patients and control volunteers.
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following annotations “P" indicates the P-value and “r” designates the Pearson correlation coefficient. Statistical analysis was performed using Pearson’s

correlation. n=28 to 30 per group. HbA1c, hemoglobin Alc.

may not fully replicate all aspects of human T1DM or its
treatment with insulin. The STZ-induced diabetic model is
characterized by the development of insulitis, where the dam-
age to B-cells is primarily attributed to the toxic effects of STZ
rather than immune system dysregulation.’® The frequency
and dose of STZ administration could have influenced our
outcomes. In our study, we deviated from the commonly
employed one or 3-d STZ administration protocols used in
previous studies prior to antagomir treatments’”>°" to achieve
a complete penetrance of the phenotype. These deviations may
have potentially exacerbated oxidative stress and altered the
effects of antagomirs on the development of TIDM. Conse-
quently, exploring alternative models would be beneficial to
investigate the involvement of Nrf2 signaling specifically in
autoimmune-based diabetes. Third, we were not able to collect
data from the human cohort on diabetes duration or medica-
tion intake. Moreover, our cohort of patients with TIDM was
rather old and obese, which makes the comparability to other
studies usually performed in children and adolescents difficult.
However, it also provides new insights into bone disease in
obese patients with TIDM, which is a growing population.
Despite these limitations, our study has several strengths.
We used a well-established mouse model of TIDM that pro-
vides a reliable platform for investigating the impact of Nrf2
and miRNA dysregulation on metabolic and bone parameters.
Rigorous monitoring of key health parameters, including
body weight and blood glucose levels ensured an accurate
characterization. Furthermore, dose-finding experiments have
been performed to identify the optimal dose of the antagomir
for efficient miRNA knockdown. Also, the experiment was
repeated in 2 independent cohorts with a substantial sample
size, which strengthens the validity and reproducibility of
the results. Most importantly, our study is the first to show

the downregulation of Nrf2 in TIDM bone, representing a
pioneering investigation into the miR-144-5p/Nrf2 and miR-
21-5p/Nrf2 axis and bone loss in TIDM.

In conclusion, our study provides new insights into the
impact of miR-144-5p and miR-21-5p on bone mass in STZ-
induced T1DM mice. We show that silencing these miRNAs
does not prevent bone loss in TIDM male mice or improve
hyperglycemia. Further mechanistic studies focusing on the
role of Nrf2 in TIDM-induced bone loss and strategies to
enhance Nrf2 expression under diabetic conditions with more
direct approaches might be useful to treat diabetic bone
disease.
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