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Diabetes mellitus (DM) is a devastating disease
affecting millions of individuals worldwide.
In 2015, it was estimated that 415 million
individuals were affected by diabetes, five
million individuals died due to diabetes and
its complications, and health expenditures due
to diabetes worldwide amounted to 673 billion
US Dollars. This disease is characterized by
hyperglycemia and a lack of insulin and its effect
and is expected to affect more than 600 million
individuals by 2040." The most well-known

Received: March 20, 2025
Accepted: May 19, 2025
Published online: July 21, 2025

Correspondence: Ugur Dalaman, MD. Afyonkarahisar Saglik
Bilimleri Universitesi Tip FakUltesi, Biyofizik Anabilim Dali, 03030
Afyonkarahisar, Turkiye.

E-mail: ugur.dalaman@afsu.edu.tr

Doi: 10.52312/jdrs.2025.2181

Citation: Dalaman U, Cuneyit I, Ozttrk S, Karagur ER, Ocak M,
Yaras N, et al. Potential preventive effects of angiotensin-(1-7) on
bone matrix quality in diabetic rats through modulation of the
organic matrix. Jt Dis Relat Surg 2025;36(3):577-588. doi: 10.52312/
jdrs.2025.2181.

©2025 All right reserved by the Turkish Joint Diseases Foundation

This is an open access article under the terms of the Creative
Commons Atftribution-NonCommercial License, which permits use,
distribution and reproduction in any medium, provided the original
work is properly cited and is not used for commercial purposes
(http://creativecommons.org/licenses/by-nc/4.0/).

ABSTRACT

Objectives: This experimental study aims to investigate the
effects of angiotensin (1-7) (Ang-[1-7]) on the microstructural,
biomechanical, and biophysicochemical properties of bone tissue
in diabetic rats.

Materials and methods: Forty-eight male Wistar rats, aged three
months and weighing between 280 and 330 g, were used in this
study. Four groups, each containing 12 rats, were established:
Control, diabetes mellitus (DM), DM-Ang-(1-7), and Ang-(1-7). The
samples underwent analysis through micro-computed tomography
(CT), Raman spectroscopy, and three-point bending biomechanical
test.

Results: Diabetes significantly impaired bone quality, with reduced
cortical thickness, maximum load, and flexural strength (p<0.05).
The Ang-(1-7) treatment improved flexural strength (p<0.05),
but did not fully restore mechanical function. Micro-CT showed
decreased bone volume and trabecular thickness in both diabetic
groups (p<0.05), with no significant recovery by Ang-(1-7). Raman
spectroscopy revealed lower mineral-to-matrix ratio and disrupted
collagen quality in diabetic bone (p<0.05), while Ang-(1-7) partially
restored collagen-related parameters.

Conclusion: These findings highlight that Ang-(1-7) has minimal
impact on bone minerals in DM rats. However, it may have a
potential preventive effect on the triple-helix structural impairment
within the bone organic matrix in this model.

Keywords: Angiotensin-(1-7), biomechanics, bone organic matrix, bone
quality, diabetes mellitus, raman spectroscopy, renin-angiotensin system.

chronic complications of diabetes, which affect
many systems, are retinopathy, nephropathy, and
neuropathy, but the disease affects many other
organs, including bones.” Although the mechanisms
have not been fully elucidated, it is known that
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type 1 DM (T1DM) and type 2 DM (T2DM) increase
the risk of fracture in bone tissue.” While the risk
of hip fracture in patients with TIDM is ~5 times
higher than in the control group without diabetes,
this risk is ~1.3 times higher in individuals with
T2DM.I% Individuals with T1IDM cannot reach
the peak bone mass expected in adulthood due to
insulin deficiency during growth, which is another
factor that increases the risk of fracture.l! Several
studies have shown that bone turnover is impaired
and osteoblast activity is reduced in individuals
with diabetes.” Verhaeghe et al.®! demonstrated a
decreased serum osteocalcin level in diabetic rats,
while Suzuki et al.’! showed that bone resorption
markers increased in serum and urinary samples.

The renin-angiotensin system (RAS) which
consists of proinflammatory and anti-inflammatory
axes balanced in the normal physiological
condition™ and is an endocrine system which
regulates blood pressure by controlling various
factors, including plasma sodium concentration
and extracellular volume. The RAS can be found
in many tissues, including bone." However,
activation of the RAS can have negative effects
on bone tissue, mainly due to the actions of
angiotensin II (Ang II). Angiotensin II has been
shown to affect calcium metabolism and promote
calcium removal from bones, resulting in bone
loss in healthy individuals.'® The angiotensin-
converting enzyme (ACE) converts the peptide
angiotensin I (Ang I) into Ang II, one of the
primary vasoactive peptides of the RAS. By
attaching to the Ang II type 1 receptor (ATIR),
it has proinflammatory effects.'® Angiotensin-
converting enzyme 2 (ACE2), on the other hand,
causes the production of angiotensin-(1-7)
(Ang-[1-7]), a protective RAS axis component. It
has actions which are both anti-inflammatory and
anti-pressor when it binds to the G-protein coupled
MasR.'" In some pathological situations, the ACE/
Ang II/ATIR arm overactivation shifts the balance
in favor of the inflammatory axis. To prevent the
overactivation of the axis and restore the disturbed
equilibrium, it is acceptable to endogenously
raise the level of Ang-(1-7) and to strengthen the
protective arm.!”! The Ang-(1-7) is a RAS hormone
which has recently been extensively studied that
is produced by the breakdown of either Ang II
by the ACE2 or Ang I by endopeptidases such as
neprilysin.’# In animal models, Ang-(1-7) induces
cardioprotective benefits such as vasodilation,
endothelial nitric oxide (NO) release, improved
baroreflex function, and decreases in sympathetic
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tone, cardiac hypertrophy, inflammation, oxidative
stress, and fibrosis.[2021

The adverse effects of RAS on bone tissue
are attributed to the ACE/Ang II/ATIR pathway
of RAS, which is known for its vasoconstrictive,
proliferative, and proinflammatory actions.
Conversely, the ACE2/Ang-(1-7)/MasR cascade has
vasodilatory and anti-inflammatory properties. The
Ang-(1-7), a vasodilator heptapeptide found in the
RAS, mainly affects the cardiovascular system,
including the heart, blood vessels, and kidneys,
and typically exhibits effects opposite to those of
Ang IL.»2%1 Queiroz-Junior et al.? demonstrated that
Ang-(1-7) increases the expression of osteocalcin,
a key marker of osteoblastic activity. Similarly,
Sha et al.® reported that Ang-(1-7) administration
enhanced bone mineral density (BMD) and ultimate
force in both hypertensive and diabetic rats. In
addition to its anabolic effects, Ang-(1-7) has
been shown to reduce osteoclastogenesis in the
bone marrow and attenuate metastatic prostate
cancer progression in bone tissue.” Furthermore,
ovariectomized (OVX) rats receiving Ang-(1-7)
infusions exhibited significant recovery from bone
loss after six weeks of treatment.*!

Although the effects of Ang-(1-7) have been
extensively studied in the context of the
cardiovascular system, its impact on bone
tissue remains under investigation. Therefore, a
comprehensive study involving biomechanical,
structural and biochemical aspects of the effects
of Ang-(1-7) on diabetic bone tissue could provide
important insight into this topic and could have
also potential implications for the treatment of
bone-related disorders associated with DM.
Raman spectroscopy (RS) is a powerful technique
for assessing bone matrix composition and is also
gaining more attention in the bone field due to
its non-destructive and non-invasive measurement
capability.’”? Previously, RS has been used to
investigate changes in DM-related bone matrix in
animal models and humans.?®%% Yet, to the best of
our knowledge, it has not been used for investigating
the preventive effects of Ang-(1-7) on bone matrix. In
the present study, we aimed to investigate the effects
of Ang-(1-7) on the microstructural, biomechanical,
and physicochemical properties of bone tissue in
diabetic rats.

MATERIALS AND METHODS

Animal preparations and experimental design

Forty-eight male Wistar rats, aged three months
and weighing between 280 and 330 g, were used in
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this experimental study. The animals were housed
in a room with controlled room temperature
(25+1°C) and humidity and maintained on a 12-h
standard light/dark cycle with free access pellet
feed and water through the experimental period.

Diabetes was induced by a
intraperitoneal injection of streptozotocin (STZ)
(50 mg kg-1) (50130, Sigma-Aldrich, USA) in citrate
buffer (0.1 M, pH 4.5), while the control group
received only citrate buffer. Blood glucose levels

single
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were daily measured using a standard automated
glucometer. A week after the injection of STZ,
blood glucose levels were measured, and only the
rats with blood glucose levels of =300 mg dL-1 were
selected for further experiments. Experimental
animals with blood glucose levels exceeding 300
mg/dL at both the end of the first week and the
fourth week, corresponding to a five-week period
post-induction, were considered to have developed
diabetic conditions, in accordance with established
criteria in the literature (Figure 1).
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FIGURE 1. Schematic representation of the formation of experimental groups.
BG: Blood glucose; DM: Diabetes mellitus; STZ: Streptozotocin; Ang 1-7: Angiotensin 1-7.
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At the end of Week 5, animals which developed
diabetes were randomly divided into two groups.
One group received no intervention and was
monitored for an additional 28 days; this group
constituted the STZ-induced diabetes (DM) group.
The second group received Ang-(1-7) at a dose
of 600 ug/kg/day via daily intraperitoneal bolus
injections for 28 days and was designated as the
DM + Ang-(1-7) group. Additionally, a separate
group of non-diabetic animals, which did not
receive STZ and were under standard care until
the end of Week 5, was also administered Ang-(1-7)
(600 pg/kg/day, intraperitoneally for 28 days). These
animals formed the Ang-(1-7)-only group. In this
context, four experimental groups were prepared:
(i) control group (C) (n=12), (ii) STZ-induced
diabetes (DM) (n=12), (iii) STZ-induced diabetes and
administration of Ang-(1-7) (DM-Ang-[1-7]) (n=12),
and (iv) administration of Ang-(1-7) (Ang-[1-7])
(n=12) (Figure 1). At the end of Week 9, bone tissues
were collected from the experimental animals
and the related measurements were performed.
The study protocol was approved by the Akdeniz
University Faculty of Medicine Ethics Committee
(Date: 05.02.2025, No: 2025.02.B.009). The study was
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conducted in accordance with its ethics guidelines
for the care and use of laboratory animals. After
the completion of the applications, we euthanized
the rats and removed all tibias and femurs. The
bones were separated from the surrounding muscles
and ligaments, cleaned with physiological saline
solution, and stored at —20°C in phosphate-buffer
saline (PBS) solution to prevent dehydration. Twelve
right femurs were used for RS, followed by the
three-point bending test. The left femurs were used
for micro-computed tomography (CT) analysis.

Raman spectroscopy

Raman spectroscopy is a vibrational
spectroscopic technique that provides molecular-
level information on both the organic and inorganic
components of bone tissue.’ It has become a
widely used method in musculoskeletal research
due to its ability to non-destructively assess matrix
composition, including mineral content, collagen
integrity, and crystallinity.?) Before the Raman
analysis, we thawed the samples completely and
washed them with PBS solution. We, then, gently
wiped them with a surgical sponge to remove excess
water. We collected Raman spectra from 50 bone
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FIGURE 2. A typical processed Raman spectrum of bone with major peaks and calculated Raman

spectroscopy properties in this study.

FWHM: Full width at half maximum.
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samples using a Renishaw inVia™ confocal Raman
microscope (Wotton-under-Edge, Gloucestershire,
England) with a 785 nm laser and a 20x objective
lens. We followed the previous protocol and
spectrum collection suggestions for bone.”3!
Briefly, for each sample, three spectra were collected
from randomly selected locations, with a 5-sec
acquisition time per spectrum, each representing
the average of 10 scans from the same point. We
processed the raw spectra with LabSpec 5 software
(Horiba Jobin Yvon, Edison, NJ, USA) and a custom
MATLAB script. First, we averaged the spectra from
three sites per sample to create one representative
spectrum accounting for heterogeneity of bone
matrix composition. Then, we removed background
fluorescence by subtracting a 5"-order polynomial
function. Finally, we applied a proprietary
de-noising (D-n) algorithm provided by the LabSpec
5 software (HORIBA, Grenoble, France) to reduce
noise. From the processed spectra, we identified
several characteristic peaks of bone, such as proline
(CsH9NO», 855 cm™ and 920 cm™), hydroxyproline
(CsH9NO3, 876 cm™), Amide I (1600-1720 cm?),
Amide IIT (1243-1320 cm™), methylene (CH2-wag,
1450 cm™), proteoglycan (PG: ~1375 cm™) for the
organic matrix, and phosphate (,1POs4, 960 cm™)
and carbonate (v;CO3, 1070 cm™) for the mineral
content. We also calculated 1/FWHM (bandwidth of
viPO4 peak at the full width at half maximum) for
crystallinity analysis (Figure 2).5

We used the peak intensity of each peak
determined above to calculate the following RS
properties of bone tissue: mineral-to-matrix ratio
(\1PO4/Amide I, \1PO4/Amide III), mineral quality
properties of crystallinity (,1POs 1/FWHM)
and carbonate substitution (CO4/,1POy), organic
matrix properties of hydroxyproline/proline
(Hyp/Pro), collagen cross-links/matrix maturity
ratio  (~I170/T1600) and ~Iie70/l16a0 which is
associated with collagen conformational changes,
and PG/Amide III (proteoglycan/collagen ratio)
(Figure 2). After RS analysis, we stored the bone
samples at—20°C, until we performed the three-point
bending test.

Three-point bending test

We followed our previous protocol® for the
experiment. First, we thawed the femurs from -20°C
to room temperature. Then, using the Universal
Testing Machine Inspekt Duo (Hegewald & Peschke
MeB- und Priiftechnik GmbH, Nossen, Germany),
we performed a three-point bending test. The
femurs were positioned with a 15-mm separation
between the two supports, and a compression force
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with a velocity of 2 mm/min was steadily applied
until the bones broke. To analyze the results, we
calculated the load, displacement, and maximum
bending moment at the point of maximum load
using the formula Mmax = Fmax x L/4, where Mmax
is the maximum bending moment, Fmax is the
maximum load, and L is the distance between the
two supports. Finally, we used the beam theory
formula to determine the flexural strength (0max)-

Micro-CT scanning and measurements

To assess microarchitecture properties, 12 left
femurs from each group (a total of 48 femurs)
were scanned using micro-CT (SkyScan, Kontich,
Belgium). The scanning parameters were 80 kVp
energy, 125 pA density, 360-degree shooting,
10 um voxel size, 0.2 rotation per projection,
49 ms exposure time, and with the 0.1 mm Al
filter. Radiological artifacts were removed
using the NRecon reconstruction software
(SkyScan, Antwerp, Belgium). The images were
first reconstructed on multiple axes using the
Dataviewer software (SkyScan, Antwerp, Belgium),
then BV/TV (the ratio of bone volume in % to the
total volume in the examined area), Tb.Th (average
thickness of trabeculae assessed using direct
three-dimensional [3D] measurement methods
in mm), Tb.Sp (mean distance between trabeculae
evaluated using direct 3D measurement in mm)
values were calculated using the CTAn software
(SkyScan, Antwerp, Belgium).*¥

Statistical analysis

Statistical analysis was performed using
GraphPad Prism 7 software (GraphPad Software,
Boston, MA, USA) for data obtained from micro-CT,
biomechanical test, and RS. Descriptive data were
expressed in mean * standard error of mean (SEM)
for each group. One-way analysis of variance
(ANOVA) test and Tukey test, as a post-hoc test,
were used. P values of p<0.0001, p<0.001, p<0.01,
and p<0.05 were considered statistically significant.

RESULTS
Body weight and blood glucose level

As a result of the STZ application, an increase was
observed in the blood glucose levels of the DM
and DM-Ang-(1-7) groups as planned to develop
diabetic conditions. The DM and DM-Ang-(1-7)
groups exhibited a four-fold rise in final blood
glucose levels compared to the control group
(Table I). Although the blood glucose level
in the DM-Ang-(1-7) group was in a relative
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TABLE |
Blood glucose level and animal weight

C DM DM-ANG 1-7 ANG 1-7

Mean+SE Mean+SE Mean+SE Mean+SE

FBW (g) 295.6+7.07 309.7+6.42 316.8+11.54 307.8+6.72

LBW (g) 328.416.66 249.3+8.76" 271.7£10.81* 347.4£6.72

FBG (mg/dL) 103.1x£3.41 113.5+3.40 118.41£4.26 108.7+4.85

LBG (mg/dL) 131.0£5.17 524.10+22.10* 491.40+31.84" 130.5£6.30
C: Control group; DM: Diabetes mellitus; ANG-(1-7): Angiotensin-(1-7); SE: Standard error; FBW: first body weight; LBW: last body
\ggggtépz%%sf)i.rst blood glucose level; LBG: last blood glucose level; * Indicates statistical significance compared to the control
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FIGURE 3. Ang-(1-7) did not affect biomechanical properties of bone.

DM: Diabetes mellitus; Ang-(1-7): Angiotensin-(1-7).
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decrease compared to the DM group, it was not
statistically significant, indicating that Ang-(1-7)
administration had no significant effect on
improving blood glucose or diabetic conditions.
We further measured the body weight of the
rats for the morphometric evaluation of diabetic
conditions. After STZ application, we observed a
decrease in body weight in the groups of DM and
DM-Ang-(1-7).

Biomechanical properties of bone

Figure 3 illustrates the average values of total
cortical bone area (A), cortical bone thickness (B),
maximum load (C), and flexural strength (D) of the
bone samples. There was no statistically significant
difference in total cortical bone area among the
groups (p>0.05). However, the DM group exhibited
a significant reduction in cortical bone thickness
and maximum load, compared to both the control
group and the Ang-(1-7) group (p<0.05). Regarding
flexural strength, the DM group showed a
significant decrease compared to the control group,
whereas the Ang-(1-7) group displayed a significant
increase compared to the control group (p<0.05). No
significant differences were observed between the
DM-Ang-(1-7) group and the other groups in any of
the parameters (p>0.05) (Figure 3). Biomechanical
findings suggest that Ang-(1-7) treatment tended to
enhance bone tissue material properties, although
this did not reach statistical significance.
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Microarchitecture of diabetic bone

While the average bone volume, total volume,
and structural thickness of both the DM and
DM-Ang-(1-7) groups were significantly lower
than those of the control group (p<0.05), there
were no significant differences between the DM
and DM-Ang-(1-7) groups (p>0.05). Furthermore,
there were no significant differences in structure
separation and percent volume among any of the
groups (Figure 4) (p>0.05).

Biophysiochemical properties of bone tissue by
Raman spectroscopy

The mineral-to-matrix ratios were significantly
higher in the control group compared to the
DM group (p<0.05), indicating greater mineral
content relative to the organic matrix in healthy
bone tissue (Figure 5). However, no significant
differences were observed between the other
experimental groups (p>0.05). Additionally, mineral
quality parameters, including crystallinity and
carbonate substitution, did not differ significantly
among any of the groups (p>0.05). However,
the organic matrix parameters of Hyp/Pro,
PG/Amide III, and ~Iis70/I1690 showed significant
differences between the control and DM groups, as
well as between the DM and DM-Ang-(1-7) groups
(p<0.05). Specifically, the Hyp/Pro ratio was higher
in the DM group, while both PG/Amide III and
~T1670/ 11690 ratios were lower compared to the
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Structure seperation (mm)
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FIGURE 4. Effects of Ang-(1-7) on diabetic bone properties based on micro-CT results.

DM: Diabetes mellitus; Ang-(1-7): Angiotensin-(1-7); CT: Computed tomography.
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FIGURE 5. Effects of Ang-(1-7) on biophysicochemical properties of bone tissue obtained by Raman spectroscopy.
DM: Diabetes mellitus; Ang-(1-7): Angiotensin-(1-7).

control group, indicating impaired proteoglycan
content and collagen cross-linking in diabetic
bone. The ~Ii670/I1640 ratio was also significantly
higher in the control group than in the DM group
(p<0.05) and showed a trend toward recovery in the
DM-Ang-(1-7) group, approaching control levels.

DISCUSSION

In addition to fracture toughness and fatigue
resistance, strength is one of the essential
factors determining bone fracture resistance.?**
Therefore, a successful therapeutic agent for bone
fragility caused by diseases would also improve
bone strength. However, the increased fracture risk
and changes in bone biomechanical properties are
frequently linked to degradation in BMD and bone
microarchitecture in the conditions of osteoporosis
and diabetic osteopenia.?>3 Additionally, the role
of bone composition is crucial in understanding
the deterioration of bone quality in both TIDM and
T2DM conditions. This includes alterations in the
organic matrix of bone, such as the accumulation
of advanced glycation end products (AGEs), and
structural changes in collagen molecules and
minerals along with their amount.*%%! Many

studies have been conducted so far to gain insight
into the changes in bone quality caused by DM.[®4
and to explore ways to prevent or treat such negative
effects, as they ultimately impact bone fracture
resistance. There are many proposed strategies,
including drug candidates to prevent or treat such
negative effects of diabetic conditions.“#2 The
Ang-(1-7) could be one of these potential strategies
given the limited evidence that Ang-(1-7) may
have the potential to increase the expression of
osteocalcin.?! and improve the mechanical and
microarchitectural properties of bone.®! In the
present study, we investigated the potential
preventive effect of Ang-(1-7) on deterioration in
bone quality, particularly its potential preventive
ability to the biophysicochemical properties of bone
composition at the material/tissue level. This is
important, as the origin of bone strength also lies
at the material/tissue level, encompassing various
determinants of bone strength that result from the
individual contribution of bone components as well
as their hierarchical organization.*?

For this purpose, using multiple RS-based bone
quality properties, we evaluated biophysicochemical
properties of bone tissues comprehensively.
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Our findings suggest that DM causes a severe
decrease in local amount of mineral per organic
matrix at the sampling volume as measured by
the mineral-to-matrix ratio. More intriguingly,
Ang-(1-7) treatment partially protected the bone
from this negative effect, but this did not reach
statistical significance. The mineral quality
parameter of carbonate/phosphate ratio did not
show any significant difference between the groups
which is, indeed, consistent with the findings of
previous studies that reported DM mainly affects
organic matrix rather than mineral part.””* While
the decreased mineral-to-matrix ratio in the DM
group could be interpreted as an increase in
organic matrix content, this interpretation does
not align with the literature,”* which consistently
reports impaired collagen quality, not increased
quantity in diabetic.’**” Instead, our results likely
reflect a deterioration in the structural integrity
of the organic matrix, particularly in collagen's
secondary and tertiary structures. Thus, the lower
mineral-to-matrix ratio in the DM group likely
results from both impaired mineralization and a
less mature, structurally compromised collagen
matrix rather than an overproduction of matrix
components. This interpretation aligns with
prior reports highlighting the compositional and
structural degradation of bone matrix in diabetic
models, ultimately contributing to compromised
mechanical strength.*>* However, such studies
also found that individuals with DM had a higher
risk of bone fractures, suggesting that the organic
matrix plays a more important role in alteration of
bone strength in DM.®! Disruption of enzymatic
cross-linking, increased non-enzymatic glycation,
and compromised proteoglycan integrity are
well-documented in diabetic conditionsP>%41 and
may explain the spectral signatures observed.
Diabetes mellitus caused an alteration in the
RS-based organic matrix properties reflecting the
secondary structure in collagen molecules and
the enzymatic cross-links of collagen.2%4 Taken
together, the treatment with Ang-(1-7) provides
protective effect against negative alteration in
collagen secondary structures as reflected by the
ratios of 11640/I11670 and Hyp/Pro in which their
levels are comparable to the levels of the control
group. This result supports the hypothesis that
Ang-(1-7) may have a beneficial effect on the organic
matrix in DM. In addition, the ratio of 11670/11690
reflects the enzymatic cross-links in collagen.*!
In the DM group, this ratio was significantly lower
than in the control group, suggesting that there
may be significant changes in triple helix structure
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of collagen, since enzymatic cross-links have a
significant role of maintaining stability of collagen
fibrils within bone matrix.’® However, in the group
treated with Ang-(1-7), this ratio was significantly
higher, indicating that Ang-(1-7) prevents the
impairment of enzymatic cross-links; therefore, the
impairment of triple helix structure of collagen
caused by DM conditions. Moreover, the ratio of
PG/Amide III refers the proteoglycans composition of
the bone, which are non-collagenous organic matrix
components with high water-binding properties.!*)
This ratio was significantly lower in the DM group
than in the control group, but the PG/Amide III value
was comparable to the DM-Ang-(1-7) group. Two
implications can be concluded from these findings as
reflected by the comparable level of this parameter
with control group upon treatment with Ang-(1-7):
(a) DM can reduce the amount of PGs in the bone, but
Ang-(1-7) helps to maintain its level in DM condition;
(b) DM may also cause a change in hydration status of
bone, since PGs have a strong tendency to bind water
molecules;® and any change in PGs composition
may result in alteration of the hydration status of
bone. Our cumulative results indicate that Ang-(1-7)
has a limited effect on bone minerals in rats with
DM. On the other hand, Ang-(1-7) has a positive
preventive effect on aspects such as impairment of
the triple helix structure in the bone organic matrix
in the rats with DM.

In the current study, the flexural strength of the
bone samples in DM group had lower than the control
group, and the Ang-(1-7) group had higher flexural
strength than that of the control group (p<0.05).
There was a trend towards the level of the control
group in the treatment group, in which diabetic rats
received Ang-(1-7) (DM-Ang-(1-7) group), indicating
that Ang-(1-7) may have a positive effect on overall
bone strength. This is also the case for overall the
microarchitecture of bone tissue in DM-Ang-(1-7)
group. Although, the micro-CT results showed no
significant differences between the treatment group
and the other groups, DM-Ang-(1-7) group had a
higher value than the DM group, but the trend did
not reach statistically significant level. A recent
study by Sha et al.”® reported that an increase in
maximum load in a three-point bending test on rat
tibias. They compared a diabetic and hypertensive
rats group treated with Ang-(1-7) with other
groups, including one that received valsartan, an
anti-hypertension drug that blocks Ang II receptors.
They found that Ang-(1-7) was more effective than
valsartan in improving the mechanical property
of bone at a macro-level, specifically the maximum
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load. This improvement depended mostly on the
structural properties of bone, going beyond its
material properties and biophysicochemical
properties. This study sheds light on the effects of
Ang-(1-7) treatment on bone biophysicochemical
properties and overall matrix quality, providing
the first evidence of Ang-(1-7) effects on bone tissue
matrix. Thus, RS has the potential to provide new
insights into bone matrix changes in DM and the
effects of Ang-(1-7) on it by examining changes in
the bone matrix at the tissue level.

Abuohashish et al.?! demonstrated that treating
OVX rats with Ang-(1-7) (200 ng/kg/min for a
total of six weeks) resulted in increased several
microarchitectural properties such as bone volume,
BMD, bone volume to total volume ratio, trabecular
thickness, and trabecular number. In our study,
we observed limited protective effects of Ang-(1-7)
on bone microarchitectural properties. A possible
explanation for this discrepancy is that Ang-(1-7)
was administered to rats at different doses or
for different durations. On the other hand, in
T1DM, the insulin-secreting pancreatic p-cells
are largely destroyed by STZ, thereby leading to
hyperglycemia and devastating complications of the
disease. Due to administration of STZ, there were
several noticeable alterations to the mitochondrial
organization, coarsening, and separation of
endoplasmic reticulum, and no presence of
mature granules in the Golgi area of pancreatic
beta islets.’"*®l Furthermore, this type of cell is
subject to necrosis and eventual disappearance
after a certain period of time.’' This results
in increased blood glucose levels and significant
decreases in plasma insulin and pancreatic insulin
levels compared to normal levels.’ Therefore,
treatment with Ang-(1-7) cannot fully prevent the
occurrence of diabetic-related conditions in bone
microarchitectural and biomechanical properties,
since there are no longer any pancreatic beta cells on
which Ang-(1-7) may act, nor any insulin available
to increase its activity. The partial preventive effects
of Ang-(1-7) on bone matrix, thus, may emerge from
direct interaction between Ang-(1-7) and the bone
matrix in a beta cell- and insulin- independent
manner, similar to the observed interaction between
raloxifene, an estrogen receptor modulator which
acts as an estrogen agonist in the skeleton, and
the bone matrix.’d However, this prospect needs
to be investigated further. Our findings also align
with prior study showing tissue-specific regulatory
effects of Ang-(1-7). Castelo-Branco et al.%
demonstrated a biphasic, dose-dependent effect of

Jt Dis Relat Surg

Ang-(1-7) on renal bicarbonate transport via Mas
and AT1 receptors in hypertensive rats, highlighting
its modulatory role beyond a single tissue type. In
the context of skeletal health, Abuohashish et al.!
demonstrated that ovariectomy-induced reductions
in bone mineralization and microstructural integrity
were ameliorated by ACE-1 inhibition, which
activated the local ACE-2/Ang-(1-7)/Mas axis and
suppressed osteoclastogenesis. This underscores
Ang-(1-7)’s potential to counteract osteoporotic bone
loss by modulating bone remodeling. Unlike prior
studies, our work is the first to examine the effects
of Ang-(1-7) on bone matrix composition under
diabetic conditions using RS, revealing specific
alterations in collagen quality and mineral-to-
matrix ratio. Collectively, these findings highlight
Ang-(1-7) as a promising therapeutic candidate for
preserving skeletal integrity in diabetes through
Mas receptor-mediated pathways.

Nonetheless, this study has certain limitations.
Specifically, the current design restricts our ability
to fully assess the therapeutic effectiveness of
angiotensin 1-7 and to provide comprehensive
molecular insights. To address these limitations
in future research, we plan to implement a more
detailed methodological approach involving
varied dosing regimens and treatment durations of
angiotensin 1-7. In addition, we will evaluate bone
formation markers using RT-PCR to better elucidate
its underlying molecular mechanisms.

In conclusion, our study results suggest that
Ang-(1-7) can have a potential preventive effect
on bone matrix quality, but the preventive effects
against DM-induced changes in bone tissue at
all hierarchical levels are not fully achievable
due to the limited improvement in architectural
properties. It seems that the treatment with
Ang-(1-7) at the current dose enhances organic
matrix quality of diabetic bone at the material-
level, but this improvement does not fully extend
to its extrinsic structural properties and strength.
This can be attributed to an inadequate dose, short
treatment period, or other factors. Therefore, future
studies are still needed to establish the optimal
dosage and duration of Ang-(1-7) treatment for
bone tissue impaired by DM. Another speculative
hypothesis posits that the influence of Ang-(1-7) on
the collagen matrix could potentially be driven by
an interaction between Ang-(1-7) and the collagen
matrix, which operates independently of cellular
and insulin pathways. However, this potential
scenario requires further in-depth investigation.
Nonetheless, the findings presented in this study
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lend support to the concept that Ang-(1-7) holds the
potential to be utilized as a therapeutic approach
for enhancing the quality of the bone's organic
matrix in individuals with DM.
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