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Diminazene aceturate or losartan i

ameliorates the functional, radiological

and histopathological alterations

in knee osteoarthritis rodent model:
repurposing of the ACE2/Ang1-7/MasR cascade

Yasser H. Habib', Eman Sheta?, Mahmoud Khattab' and Mennatallah A. Gowayed*"

Abstract

Purpose Current therapies for osteoarthritis (OA) are limited to analgesics and anti-inflammatory drugs. Considering
the importance of oxidative stress and inflammatory mediators in OA etiology, we tested the hypothesis that target-
ing the renin—angiotensin—-aldosterone system (RAAS) can improve OA anomalies. Diminazene (DIZE), an activator
of angiotensin-converting enzyme 2 and the angiotensin 2 type-1 receptor blocker losartan (LOS) were used for this
purpose.

Methods OA was induced by a single intra-articular injection of monosodium iodoacetate. The effects of expo-
sure to DIZE or LOS for 21 days on OA anomalies in rats knees were investigated. Evaluation of motor function,
nociception, and inflammatory response was done using rotarod, knee bend and knee swelling tests. Markers

of knee joint inflammation, and cellular oxidation in addition to the RAAS biomarkers, were assessed in knee tissues,
along with radiological and histopathological investigations.

Results Elevations in inflammatory and oxidative markers in knee tissues of OA rats were mostly improved

by the two therapeutic drugs. Such effect was also reflected in the rotarod, knee bend and knee swelling tests. Treat-
ment with DIZE has shown a more prominent effect than LOS in controlling OA-associated inflammation and cellular
oxidation. Markers of RAAS have also shown better responsiveness to DIZE over LOS.

Conclusions DIZE has shown a prominent increase in the angiotensin 1-7 amount, highlighting the involvement
of the signaling pathway in the immunomodulatory effect. The radiological and histopathology examination came
to confirm the outcome of biochemical markers, nominating diminazene aceturate as a possible therapeutic option
for OA.
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Introduction
Osteoarthritis (OA) is a chronic musculoskeletal disorder
that leads to structural and functional failure of synovial
joints [7, 30]. It is characterized by severe pain resulting
from the loss of articular cartilage, followed by several
consequences such as subchondral bone remodeling,
formation of osteophytes, development of bone marrow
lesions and changes in the structure of joint components
such as synovium, joint capsule, and ligaments [36].
Oxidative stress and reactive oxygen species (ROS)
play a crucial role in the development of OA. The nico-
tinamide adenine dinucleotide phosphate (NADPH)
oxidase enzymes are major contributors to the devel-
opment of ROS in the synovial fluid. Upon activation,
a fully active enzyme system develops in the plasma
membrane, which in turn generates ROS in the chon-
drocytes contributing to chondrocyte apoptosis, extra-
cellular matrix (ECM) breakdown and the generation
of cytokines [59]. Lately, NADPH oxidase-4 (NOX-
4) has shown main involvement in the production of
ROS and pro-inflammatory cytokines in chondrocytes,

promoting degradation of articular ECM, and trigger-
ing the development of OA [21, 22, 25].

The renin—angiotensin—aldosterone system (RAAS)
has been involved in several diseases’ pathology by
increased expression of NADPH oxidase and the asso-
ciated ROS production [9, 31, 32]. Angiotensin (Ang) II
is a member of classic RAAS and a prooxidant peptide
as it promotes ROS production through the activation
of membrane-bound NADPH oxidase [12]. The result-
ing molecules are involved in vasoconstriction and vas-
cular hypertrophy in vascular smooth muscle cells [58].
On the other hand, angiotensin-converting enzyme 2
(ACE2) catalyzes the conversion of the vasoconstric-
tor and pro-oxidative peptide Ang II to vasodilatory
and antioxidative metabolite Ang-(1-7), which have
an important role in the protection of the heart and
its vessels by interacting with G-protein-coupled Mas
Receptor (MasR) [43].

In addition to the circulating RAAS, local tis-
sue RAAS is expressed in various tissues exerting
diverse physiological effects [34]. Main components of



Habib et al. Journal of Experimental Orthopaedics (2023) 10:107

tissue-based RAAS, including ACE/Ang II/AT-1R have
been found to be synthesized and active in bone cells,
osteoblasts and osteoclasts [13, 15]. The counterregu-
latory role of ACE2/Ang 1-7/MasR against the clas-
sical ACE/Ang II/ ATR axis has been well-studied in
cardiac physiology and in the pathophysiology of heart
failure [33]. The role of the two RAAS cascades is much
less studied outside the cardiovascular system. ACE
inhibitors and angiotensin receptor blockers (ARBs)
are clinically approved drugs known to enhance ACE2
mRNA expression, protein levels and/or activity [4].

Animal experimental and clinical human evidence
indicates the potential role of RAAS as a target in
arthritis and bone health. Chondrocytes from arthri-
tis patients were shown to express both AT-1R/AT-2R
mRNA and proteins [17, 54]. Furthermore, RAAS com-
ponents were upregulated in synovial tissues from col-
lagen-induced arthritic rats and from arthritis patients
[54, 55]. Serum renin and ACE levels were similar in
arthritis patients and in healthy controls in contrast
with higher levels in synovial fluid of arthritis patients
[6]. The expression of the main RAAS components in
the trabecular bone of lumbar vertebrae in patients suf-
fering from glucocorticoid-induced osteoporosis was
higher than in the control and was negatively associated
with bone mineral density [46]. In the last ten years,
research in animals demonstrated beneficial effects for
the activation of ACE2/Angl-7 in bone diseases [2, 3].

Diminazene aceturate (DIZE) is an antitrypanosomal
agent that gained attention in the last years due to its
therapeutic potential in multiple diseases [29, 37, 44,
60]. DIZE has shown to be a main activator of ACE2
[53], having a similar chemical structure to the recog-
nized ACE2 activator xanthenone [10]. An earlier study
confirmed that DIZE increases MasR expression as well
as ACE2 levels, showing a correlation between DIZE/
ACE2 and the induction of Ang (1-7)/Mas axis expres-
sion [47]. It also inhibited cytokine production and
decreased the expression of Ang II and AT-1R, while
increasing Ang (1-7) expression in human retinal pig-
ment epithelium cells [49].

Despite being an immunomodulatory agent with
antioxidant and anti-inflammatory potential [29, 60],
no previous studies explored the therapeutic potential
of DIZE in osteoarthritis. Hence, the aim of the cur-
rent study was to test the ability of DIZE to tone down
joint anomalies in an osteoarthritis rat model, test the
applicability of repurposing the ACE2/Angl-7/MasR
cascade activation in OA and compare its effectiveness
to the ARB, losartan. The anti-inflammatory and anti-
oxidative stress mechanisms were monitored together
with the tissue RAAS biomarkers.
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Materials and methods

Animals

Adult male Sprague—Dawley rats weighing 170-200
gm were purchased from the animal house of the
University. Five male rats per cage were kept under
observation in a standard environmental condition of
23°C-25 °C, 12 h light/dark cycle preceding the study
with free access to water and a standard chow diet. All
the animal manipulations and care were performed as
instructed by the national guidelines for the care and
use of laboratory animals [49] and in accordance with
the “Research Ethical Committee” of the local institu-
tion (Approval No.: PO.3.4.4). The study complies also
with ARRIVE guidelines and the “National Research
Council’s Guide for the Care and Use of Laboratory
Animals”.

Drugs and chemicals

Monosodium iodoacetate (Sigma-Aldrich, St. Louis.
MO, USA, cat no. I2512), Diminazene aceturate
(Sigma-Aldrich, St. Louis, MO, USA) and ketamine/
xylazine (Biochemie GmbH, Vienna, Austria) were pur-
chased from commercial suppliers. Losartan was a gift
from Amriya for Pharmaceutical industries, Alexan-
dria, Egypt. All drugs were dissolved in saline.

Induction of osteoarthritis (OA)

Osteoarthritis experimental rat model was induced
through a single intra-articular injection of monoso-
dium iodoacetate (MIA, 3 mg/50 uL) dissolved in ster-
ile saline, into a shaved and disinfected knee joint [14].
The rat was anesthetized using an intraperitoneal mix-
ture of ketamine/xylazine (50/5 mg/kg) before injec-
tion [61]. The OA was induced always in the right knee
joint. Chronic inflammation was allowed to progress in
all animals for 20 days [14].

Experimental design

Osteoarthritic rats were distributed randomly into
three groups of ten rats each: (i) OA/saline orally, (ii)
OA/Diminazene intraperitoneal (DIZE, 15 mg/kg/day)
[5]. (iii) OA/losartan orally (LOS, 20 mg/kg/day) [40],
in addition to (iv) normal healthy rats’ group (CN) tak-
ing saline orally. Drugs were administered starting from
day 20 after induction for 21 days. Coordination, bal-
ance and inflammation were assessed for adult rats
via rotarod, knee bent, and knee swelling tests. At the
end of the study, rats were euthanized using an over-
dose of phenobarbital (200 mg/kg i.p.), and the injected
knee joints were isolated and stored at -80°C for ELISA
& western blot analysis. Four knee samples of the
injected knee joints from each group were fixed in 10%
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formaldehyde and embedded in paraffin blocks for his-
topathological investigation.

Behavioral tests

Rotarod test

The functional motor activity including coordination and
balance were assessed by a rotating rod. To create forced
motor activity animals were trained to stay on the rotarod
for 5 min with a speed of 20rpm. The training was applied
for 3 consecutive days one week before induction. Then
the test was done on day zero before induction and day
41 before the sacrifice with a speed of 20 rpm until fall-
ing. Rats were allowed to rest for 15 min between each
measurement. The latency to falling was recorded for 3
measurements, the average was calculated and used for
statistical analysis [14, 35]. The percentage of change in
locomotive performance from day zero was calculated.

Knee bend test

This test was carried out to assess OA-associated knee
joint pain. The injected knee joint was subjected to five
alternate flexions and extensions. The animal squeaks
and/or struggles were counted and scored as follows:
0=no response to joint movement, 0.5=struggle to
maximal flexion or extension, 1=struggle to moderate
flexion or extension/ vocalization to maximal flexion or
extension, 2=vocalization to moderate flexion or exten-
sion. The test was performed before and after treatment
(days 20 and 41). The sum of all scores was calculated as
an indication of the grade of nociception [14].

Knee joint swelling

This test was carried out to assess OA-associated knee
joint inflammation. On day 42, the end of the experi-
ment, rats were sacrificed and the skin around the knee
was opened. The knee diameter was measured by a cali-
per as an indicator of inflammation and edema. The dif-
ference in knee diameter was calculated in mm using the
vernier caliper [14].

Enzyme-Linked Immunosorbent Assay (ELISA)
measurement of key knee joint biomarkers

Assessment of RAS biomarkers was performed by meas-
uring the knee joint content of Angiotensin-converting
Enzyme 1 (ACE1, Cat # MBS733102), Angiotensin-con-
verting enzyme 2 (ACE2, Cat # MBS764117), Angioten-
sin 1-7 (Ang 1-7, Cat # MBS2604372) and Angiotensin
II (Ang II, Cat # MBS705139). For the assessment of the
inflammatory biomarkers, the knee joint content of trans-
forming growth factor beta (TGF-B1, Cat # MBS824788)
was measured. Assessment of oxidative stress biomark-
ers was done by measuring the knee joint content of
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nicotinamide adenine dinucleotide phosphate oxidase 4
(NOX-4, Cat # MBS2503069).

The level of each biomarker was determined in knee
tissue homogenates using ELISA kits (myBioSource, CA,
USA) according to the manufacturer’s instructions. The
detailed ELISA procedure is available as Additional file 1
to this manuscript.

Western blot

The articular cartilage of the rats at the knee joint was
excised carefully after sacrificing under a pentobarbi-
tal overdose (200 mg/kg) [20]. The excised cartilage was
cut into thin sections and then homogenized in the Lae-
mmli sample buffer 4% SDS, 10% 2-mercaptoethanol,
20% glycerol, 0.004% bromophenol blue and 0.125 M
Tris HCL. The pH was checked and brought to 6.8. Each
previous mixture was boiled at 95°C for 5 min to ensure
denaturation of protein before loading on polyacrylamide
gel electrophoresis. The concentration of proteins in the
supernatant was measured by Bradford Protein Assay
Kit (SK3041, Bio basic Inc., Markham Ontario, Canada)
for quantitative protein analysis. The protein samples
(20-30 pg) were resolved by electrophoresis on 8—10%
sodium dodecyl sulfate—polyacrylamide gel (SDS-PAGE)
and subsequently electroblotted onto polyvinylidene flu-
oride (PVDF) membranes. The membrane blocking was
achieved by incubation with 3% bovine serum albumin
tris-buffered saline with Tween 20 (TBST) buffer at room
temperature for 1 h. The incubation of membranes with
primary antibodies was carried out overnight at 4 °C.
The antibodies used were anti-MasR (cell signaling tech-
nology, MA, USA, Cat #3707), anti-TGF-f1 (Santa Cruz
Biotechnology, CA, USA, Cat # G-1: sc-390453), and
anti-MMP-13 (Santa Cruz Biotechnology, CA, USA, Cat
# C-3: sc-515284). Incubation was carried out at room
temperature with HRP-conjugated secondary antibodies
for 1 h. The enhanced chemiluminescence detection sys-
tem was employed for visualization of the bands and the
ChemiDoc MP imager (Media Cybernetics, Bio-Rad’s,
INC, Canada) was used to read the band intensity of the
target proteins against the control sample p-actin (house-
keeping protein, anti- f-actin antibodies, Thermofisher,
MA, USA, Cat # MA5-15739) by protein normalization.

X-ray examination of knee joint morphometry

At the end of the experiment, rats were anesthetized,
and injected knee joints were examined using a digital
vet X-ray (Poskom Co., Ltd., Korea). Structural changes
of the tibia and the femoral area between the epiphysial
growth plates were evaluated, as well as the articular car-
tilage. Images were evaluated by two special radiologists
who were blinded to the experiment, each radiologist
observed the images twice, and the mean scores of both
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observers were calculated. The Kellgren-Lawrence grad-
ing scale was used. The scale ranges from 0 to 4. A score
of 0 indicates that there is no evidence of osteoarthritis;
a score of 1 indicates the possibility of joint space nar-
rowing and osteophyte formation; a score of 2 indicates
definite osteophyte formation and possible joint space
narrowing; a score of 3 indicates multiple osteophytes,
definite joint space narrowing, sclerosis, and possibly
bone deformity; a score of 4 indicates end-stage [50].

Histopathological examination

From each rat, bones at the mid femur and mid tibia were
cut to include both femoral condyles, tibial plateau and
whole knee joint in examined histopathologic biopsies.
The soft tissue around the bones was dissected. The joints
were then fixed in 10% buffered formalin for one day.
Decalcification was done by immersion of joints in EDTA
for one week. The EDTA solution was changed every 3
days. The decalcified joints were sectioned at the anter-
oposterior plane (at the level of the patella) and placed
in cassettes with their medial side facing the bottom of
the cassettes. They were then dehydrated in ascending
degrees of alcohol and cleared in xylene before embed-
ding in paraffin. The paraffin blocks were sectioned using
a rotatory microtome. Hematoxylin and eosin (H&E), as
well as safranin O fast green stained sections (SOC-IFU,
ScyTek Laboratories, Inc., USA), were prepared accord-
ing to the manufacturer’s data sheets. A microscope-
adopted digital camera (Leica, EC4 digital microscope
camera) was used to capture images of the infrapatellar
fat pad (IPF) and the surface of the patellofemoral joint.
Histomorphic analysis of images was done by Leica appli-
cation suite version 4.12 software to assess articular car-
tilage thickness in microns in the patellofemoral joint.
It was measured on the femoral side within the central
part according to Takahashi et al. [48]. The degenerative
changes of osteoarthritis were then graded by the OARSI
cartilage histopathology assessment system [38]. The IPF
synovitis and fibrosis were scored (0-3 for each param-
eter, with a final summed score out of 6) according to
M. Udo et al. [52]. Two representative serial sections of
each joint were examined and the mean score of the joint
was then calculated. All assessments were done in a blind
manner by two pathologists who observed the slides
twice and the mean scores were calculated.

Statistical analysis

Values were expressed as means + SEM (#=10). One-way
analysis of variance (ANOVA) was used for statistical
analysis of the results, followed by the Tukey Kramer test
as the post hoc test. For radiology, knee bend test, and
histopathology scores, nonparametric data analysis using
the Kruskal-Wallis Test followed by Dunn’s post hoc test
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was performed. Results were presented as median with
range. P<0.05 was considered as the significance limit
for all comparisons. For the radiology and histopathology
examination, the Kappa (k) test for agreement was used.
The intra-class correlation coefficient (ICC) was also used
for the agreement between each two observers. The ICCs
were classified using a system suggested by McGraw and
Wongl1 as follows: less than 0.75 Z poor agreement; 0.75
to less than 0.90 Z moderate agreement; 0.90 or greater Z
high agreement. The data were analyzed, and graphs were
drawn using the GraphPad Prism 5.0 software (GraphPad
Software Inc., CA, USA).

Results

Effect of diminazene (DIZE) and losartan (LOS)

on osteoarthritis-associated behaviors

Effect of DIZE and LOS on motor function using the rotarod
test

The changes in rotarod measurements caused by OA in
treated or untreated adult male rats are shown in Fig. 1a.
Compared with the respective values of the negative con-
trol group, the administration of MIA at a dose of 3mg/
kg intraarticularly resulted in a significant decrement
in rotarod measurements on day 41 of the study, show-
ing ~60% decline in performance compared to the con-
trol rats.

The daily administration of both DIZE (15 mg/kg/day)
and LOS (20 mg/kg/day) caused significant equipotent
improvement in rotarod measurements compared to the
untreated OA group (66.19% of change for OA vs11.13%
for LOS and 10.30% for DIZE). The figure showing the %
of change of rotarod performance after treatment (day
41) compared to day zero is shown in Additional file 2 to
this manuscript.

Effect of DIZE and LOS on OA-associated knee pain using
knee bent test

On day 20 before treatment, all OA rats showed a signifi-
cant and dramatic increase in signs of pain and vocaliza-
tion to maximal flexion or extension (mean score 1.750,
Table 1). These effects were significantly reversed in both
LOS and DIZE-treated groups on day 41 (mean score
0.63 LOS, 0.50 DIZE), showing ~44% reduction for LOS
and ~ 67% reduction for DIZE (Fig. 1b).

Effect of DIZE and LOS on knee swelling using a vernier
caliper

Results showed that OA induction paralleled with a sig-
nificant increase in knee circumference on day 41 com-
pared to the control rats revealing signs of inflammation
(Fig. 1c). Treatment with either LOS or DIZE caused
a significant reversal of the knee diameter increase
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Fig. 1 Evaluation of nociception using rotarod (a), knee bend (b) and knee swelling (c) tests. Drugs were administered daily for 21 days. Data

are presented as means + SEM (n=10). Comparisons among groups were analyzed using one-way ANOVA followed by Tukey post-hoc test

and comparisons between groups in knee bend test were analyzed using Kruskal-Wallis test, followed by Dunn's post hoc-test. Data are compared
at p<0.05 with CN (¥), OA (#). CN; control, OA; MIA induced osteoarthritis, LOS; losartan treated osteoarthritis and DIZE; diminazene treated

osteoarthritis

Table 1 The knee bend test before and after treatment

Day 20 Day 41
CN 0.000+0.000 0.375+0.263
OA 1.250"+0.250 1750 +0.164
LOS 1.125"+0.227 0625"+0.183
DIZE 1.500°+0.183 0.500% +0.267

Comparisons among groups were analyzed using Kruskal-Wallis Test followed
by Dunn’s post hoc test. Data are compared at p < 0.05 with CN (¥), OA (#). Values
are presented as means+S.EM (n=10)

CN control, OA MIA induced osteoarthritis, LOS losartan treated osteoarthritis
and DIZE diminazene treated osteoarthritis

compared to OA rats (p<0.0001 for LOS and p<0.0001
for DIZE).

Effect of DIZE and LOS on osteoarthritic X-ray imaging

Radiographic examination of OA rats revealed significant
narrowing in the joint space compared to normal rats
(Fig. 2a-b). Articular margins have been shown to be scle-
rotic, and rough with abundant osteophytes in both ven-
trodorsal and lateral views of OA rats. DIZE treatment
shows a better effect than LOS, showing a decrease in the

joint space narrowing, and the surface appears smooth
with a significant decrease in osteophytes number. The
result of the mean score is shown in Fig. 2c. The kappa
coefficient of agreement has shown a good reliability
of >0.70 (Table 2), while the ICC has shown a good level
of agreement between both observers of >0.80 (Table 3).

Effect of DIZE and LOS on the biochemical parameters
Tissue levels of TNF-a, MMP-13 and MasR, markers of
inflammation, oxidative stress and RAAS, respectively,
were measured by Western technique. Compared with
adult healthy control rats, knee tissue levels of TNF-a
(Fig. 3a) and MMP-13 (Fig. 3b) were significantly ele-
vated in OA rats, while the MasR (Fig. 3c) decreased. The
altered levels in these RAAS, inflammatory and oxida-
tive signals were significantly restored in all treated rats.
Among the two drug therapies, the antitrypanosomal
drug DIZE showed a more potent effect than the ARB
drug LOS (p<0.001 TNF-a, p<0.0001 MasR, p<0.05
MMP-13). Figure 3d shows the grouping of the western
blot bands from different fields.

ELISA measurements showed that compared with
normal healthy knee tissues, OA induction resulted in
a significant elevation of ACE1, ACE2, Ang II, TGF-$1
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Fig. 2 Evaluation of drug treatment on radiological changes of the right knee joint. Panel (a) shows representative ventrodorsal view radiographs
and panel (b) shows representative lateral view radiographs of CN; control, OA; MIA induced osteoarthritis, LOS; losartan treated osteoarthritis
and DIZE; diminazene treated osteoarthritis. ¢ The mean radiographic score. Drugs were administered daily for 21 days. Data are presented

as means + SEM (n=4). Comparisons among groups were analyzed using one-way ANOVA followed by Tukey post-hoc test. Data are compared

at p<0.05 with CN (*) and OA (#)
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Table 2 Kappa test for radiology and histopathology

K (p) Inter-rater Intra-rater
OARSI grade (0-6) 0.690 (0.0 0.885(0.013")
Synovitis (0-3) 0.659 (O 023 ) 0.523(0.293)
Fibrosis (0-3) 0.704 (0. 084) 0.704 (0.084)
Total IPF 0.779 (0.0 0.696 (0.020")
Radiographic score 0.736 (0. 027) 0.800 (0.003")

k kappa test
“ Statistically significant at p <0.05

and NOX-4 levels in knee tissues (Fig. 4), while the Ang
1-7 level was significantly reduced (Fig. 4c). Such effects
were reversed upon treatment with LOS or DIZE, where
DIZE effectively caused a more significant change than
LOS in almost all studied parameters (p <0.0001 ACEL,
p<0.0001 ACE2, p<0.001 Ang 1-7, p<0.0001 Ang II,
p<0.0001 NOX-4), except TGF-B1, where both showed
to be equally effective (Fig. 4e).

Effect of DIZE and LOS on knee histopathology

Histomorphic changes of the patellofemoral joint in H&E
and safranin O fast green stained sections are shown in
Figs. 5, 6, and 7. The CN groups showed normal archi-
tecture of patellofemoral joints with preserved joint
space. The total infrapatellar fat pad assessment (IPF)
was formed of adipose tissue with no synovitis or fibrosis.
The patella and femur were covered by a regular layer of
articular cartilage (202.1 microns). It is formed of thick
hyaline cartilage overlying a thinner layer of calcified
cartilage. The hyaline cartilage showed a smooth surface
and was composed of viable properly oriented chondro-
cytes. They were arranged in three layers (superficial,
mid, and deep). No clustering or proliferation is present.
The subchondral bone plate was thin. Both OARSI grade
and IPF score were zero (Fig. 7b and e). Osteoarthritis-
related degenerative changes were evident in the OA
group with deformed joints and narrow joint space. The
articular cartilage was thinned out (122.3 microns). The
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ratio of calcified to hyalinized cartilage was increased
with evident thickening of subchondral bone. At the
same time, IFP showed evident synovitis. The latter was
seen as thickened hyperplastic synovium with subsyno-
vial inflammatory infiltrate. Severe fibrosis was noted
with total loss of fat cells in some areas (IPF score 4—6).
The articular cartilage showed denuded areas and was
replaced by fibrous cap in other areas. (OARSI grade
4-6) Markedly diminished PG content is seen in safranin
O fast green stain. Both LOS and DIZE-studied groups
were able to reverse the degenerative changes of osteo-
arthritis. In LOS-treated rats, the OARSI grade dropped
to a score (1-2), the IPF score was (3—4), and synovitis
was much improved, however, fibrosis was still seen in
some rats. The articular cartilage thickness was shown to
be 167.5 microns. Meanwhile, the DIZE group showed
a better improvement. The articular cartilage restored
its thickness to be 178.6 microns. The OARSI grade was
(1-2), synovitis, and fibrosis were minimal of IPF score
0-1. The articular cartilage regained its normal architec-
ture with the preservation of the three zones of hyaline
cartilage. Degenerated chondrocytes were only occasion-
ally seen. The kappa coefficient of agreement has shown
a good reliability of>0.60 (Table 2), while the ICC has
shown a good to excellent level of agreement between
both observers of >0.80 and > 0.90 (Table 3).

Discussion

The present study examined the effects of the ACE2 acti-
vator, diminazene aceturate to tone down joint anomalies
in an osteoarthritis rat model, in comparison with the
indirect ACE2 activator, losartan, a frequently used car-
diovascular drug. Induction of knee osteoarthritis caused
a loss in muscle coordination, knee swelling, elevations in
the inflammatory mediators (TNF-a & TGF-B1), and the
oxidative stress markers (MMP-13 & NOX-4) in joint tis-
sues. Furthermore, knee joint tissues of OA rats showed
increased levels of Ang II, ACE1, ACE2, decreased Ang
1-7 and MasR expression. Both ACE2 activator drugs,

Table 3 Intra-class correlation coefficient for radiology and histopathology

ICC coefficient 95% C.I p ICC coefficient 95% C.l p

Articular cartilage thick- 0.884 0.701 -0.958 <0001 0.793 0.923 -0.990 <0001
ness (microns)

OARSI grade (0-6) 0.927 0.766 - 0.978 <0.001" 0.966 0.885 - 0.990 <0001
Synovitis (0-3) 0.830 0.512-0.948 <0001 0.761 0.359-0.925 0.001"
Fibrosis (0-3) 0.837 0.528 -0.950 <0.001" 0.837 0.528 - 0.950 <0.001"
Total IPF 0.950 0.835-0.985 <0001 0.893 0.671 -0.968 <0.001"
Radiographic score 0.877 0.629 - 0.963 <0.001" 0.836 0.526 -0.950 <0001

Cl Confidence interval
“ Statistically significant at p <0.05
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Fig. 3 Effect of individual drug treatments on western blot parameters. Tissue levels of (@) tumor necrosis factor-alpha (TNF-a), (b) matrix
metalloproteinases 13 (MMP13) and (c) mas receptor (MasR). The western blot bands are grouped from different gels and presented in (d). Drugs
were administered daily for 21 days. Data are presented as means+ SEM (n =3). Comparisons among groups were analyzed using one-way ANOVA
followed by Tukey post-hoc test. Data are compared at p < 0.05 with CN (*), OA (#) and LOS (-). CN; control, OA; MIA induced osteoarthritis, LOS;

losartan treated osteoarthritis and DIZE; diminazene treated osteoarthritis

diminazene and losartan reversed all OA behavioral,
radiological and histopathological anomalies, together
with a decline in knee inflammation and oxidative stress
markers. These beneficial changes in the knee occurred
in parallel with a reduction of the harmful RAAS arm
(ACE1-Angll) and an enhancement of the beneficial
RAAS arm (ACE2-MasR).

Osteoarthritis was induced in the experimental
rat model through a single intra-articular injection
of monosodium iodoacetate (MIA) which caused a
reduction in the number of chondrocytes, besides
causing many histological and radiographic changes
in both the articular cartilage and synovial membrane.

Histopathological examination in the current study
came to confirm the development of OA showing thin-
ning in the articular cartilage, in addition to synovi-
tis and fibrosis in knee joints of OA untreated rats as
stated in earlier studies [11, 19].

In rheumatoid arthritis and OA knee animal mod-
els, cartilage injury results in abnormal motor activ-
ity and coordination [35, 42], which is reflected in the
rotarod performance of OA untreated rats in the cur-
rent study. Similarly, Ruan et al. showed a decreased
time on the rotarod for surgically induced OA in mice
[42]. The improvement of motor performance by both
diminazene and losartan in the current study might be
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Fig. 4 Effect of individual drug treatments on the biochemical parameters. Tissue levels of (a) angiotensin-converting enzyme 1 (ACE1), (b)
angiotensin-converting enzyme 2 (ACE2), (c) angiotensin (Ang) 1-7, (d) Ang I, (e) transforming growth factor beta 1 (TGF-31) and (f) NADPH
oxidases 4 (NOX-4). Drugs were administered daily for 21 days. Data are presented as means +SEM (n=6). Comparisons among groups were
analyzed using one-way ANOVA followed by Tukey post-hoc test. Data are compared at p < 0.05 with CN (¥), OA (#) and LOS (). CN; control, OA; MIA
induced osteoarthritis, LOS; losartan treated osteoarthritis and DIZE; diminazene treated osteoarthritis

explained by their proven ability to reduce both oxidative
stress and inflammatory parameters [16, 23, 28, 57]. Both
ACE2 activator drugs decreased osteoarthritic anoma-
lies, reflected in this study as decreased osteoarthritic
knee swelling and improved oxidative and inflammatory
parameters.

Knee effusion is a common symptom among people
suffering from osteoarthritic knee, characterized by knee
pain and swelling [24]. The visible inspection of knee
swelling, and the knee bend test is then considered reli-
able parameters for the measurement of improved oste-
oarthritic joint effusion in animal models of OA [8, 10,
61]. Diminazene and losartan were able to significantly

decrease the knee swelling and pain observed in the cur-
rent OA model. The effect of losartan on osteoarthritic
knee effusion has been noticed previously by Thomas
et al., where losartan was able to attenuate the progres-
sion of OA in knee joints of a chondrodysplasia mouse
model, reducing the degeneration of knee joint articular
cartilage and halting the inflammatory process through
the inhibition of TGF-B1 signaling pathway [51]. This
was further confirmed by the study of Abdel El-Gaphar
et al. which showed a decreased rat arthritic inflamma-
tion by losartan via decreasing inflammatory media-
tors and oxidative stress markers [1]. Similarly, TGF-1
level has shown a significant decrease upon treatment
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Fig. 5 H&E stained sections of the patellofemoral joint in studied groups. The first column represents low power x40 (scale bar=500 microns). The
second column shows the high power of the round dashed area to represent the infrapatellar fat pad (IPF) changes (x 100, scalebar=200 microns).
The third column is the high power of the squared dashed area to show the articular cartilage thickness (double-headed arrow) and subchondral
bone (SCB) (x 200, scalebar =100 microns). The control (CN) group shows a normal architecture of the joint, IPF is formed of fat with no synovitis

or fibrosis, and articular cartilage is thick with preserved zones. The subchondral bone is thin. The OA group shows joint deformities of articular
cartilage (yellow arrow). The IPF shows inflammation (black arrow) with severe fibrosis (red arrow) and no fat cells are seen (score 6). Articular
cartilage is thinned out and composed of a fibrous cap. SCB is thick and sclerosed. The changes were improved in the LOS and DIZE groups. The
LOS group shows improved inflammation in IPF with residual fibrosis (black arrow). High power shows increased thickness of cartilage with residual
mild surface irregularities and thin SCB. Meanwhile, the DIZE group showed smooth cartilaginous surfaces of the patellofemoral joint and resolved
inflammation and fibrosis in IPF. Articular cartilage showed organized chondrocytes with no clustering or proliferation, and thin SCB. Yellow

arrow = joint deformities, SCB=subchondral bone, black arrow = inflammation, red arrow =fibrosis, double head arrow = articular cartilage thickness

with losartan or diminazene compared to OA rats in this
study.

The RAAS is found normally in the body and it is
essential for regulating normal body homeostasis and
balance, besides its major role in controlling inflam-
mation [27]. Many studies revealed that RAAS-related
components have a major role in the etiology of OA and
rheumatoid arthritis [26, 45, 56]. A review article has
shown that both RAAS axes, the classical one, which is

formed from ACE, Ang II and AT-1R, and the counter-
regulatory axes, composed by ACE2, Ang 1-7 and the
MasR, modulate inflammation and tissue damage in
rheumatoid arthritis disease. While Ang II activates pro-
inflammatory mediators and oxidative stress molecules,
Ang 1-7 exerts anti-inflammatory actions by decreas-
ing cytokine release (ref missing). Khajeh Pour S. et al.
examined the anti-inflammatory effect of Ang 1-7 on an
adjuvant-induced arthritis rat model, demonstrating its



Habib et al. Journal of Experimental Orthopaedics (2023) 10:107

Patellofemoral
joint - x40

' Patella

.
Patell

f

Articular surface -
x100

Page 12 of 16

Articular surface -
x400

Fig. 6 Safranin O fast green stained sections of the patellofemoral joint in studied groups. The first column represents low power x 40. The second
column shows higher power of square dashed area to the articular cartilage (x 100, scale bar= 200 microns). The third column is a higher power

to show the articular cartilage proteoglycan content (x 400, scalebar= 50 microns). The control (CN) group shows a normal architecture of the joint
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groups. Both groups show restoration of joint space (*) with widening indicating mild effusion. The articular surfaces are smooth with only fine mild
irregularities. High power shows viable chondrocytes in deep red matric (increased PG content)

positive effect on the swelled joint causing a significant
decrease in nitric oxide (NO) levels when compared with
inflamed animals [18]. Moreover, after administration
of Ang 1-7 there was a reduction in the mRNA expres-
sion of ACE1, ACE2, AT-1R, and MasR in different tis-
sues when compared with the diseased model. Hereby,
the progression of OA in the current study caused a sig-
nificant increase in ACE1, ACE2, Ang II and a decrease
in Ang 1-7 and MasR. It is noteworthy that diminazene

treatment showed better control of the RAAS-related
inflammatory components than losartan.

The NOX-4 isoform is expressed in chondrocytes and
has shown involvement in the production of catabolic
proteases such as MMP-13 molecules, which in turn
increase oxidative stress in the osteoarthritic cartilage
[41]. In line with this data, OA rats in the current study
have shown increased levels of TNF-a, TGF-f1, MMP-
13 and NOX-4, which were amended upon treatment
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Fig. 7 Effect of individual drug treatments on the histomorphic changes of the patellofemoral joint in H&E and safranin O fast green stained
sections. a Articular cartilage thickening, b OARSI grade, ¢ synovitis, d fibrosis and e total infrapatellar fat pad (IPF). The total IPF assessment
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test was used to analyze the OARSI grade and IPF scores. Data are compared at p <0.05 with CN (¥), OA (#), and LOS (-) at p <0.05. CN; control, OA;
MIA induced osteoarthritis, LOS; losartan treated osteoarthritis and DIZE; diminazene treated osteoarthritis

with losartan or diminazene. Results in the current study
came in accordance with the study of Rajapaksha IG et al.
that investigated the effect of diminazene aceturate on a
mouse model of liver injury and biliary fibrosis, show-
ing that mice treated with diminazene had a significant
reduction in both inflammatory and oxidative stress mol-
ecules presented as downregulation in the expression of
TGF-B1, TNF-a and NOX [39].

Results of the histopathology examination came to
confirm the biochemical OA biomarkers” analysis, where
treatment with diminazene was able to revert the OA

anomalies, observed as restored articular cartilage thick-
ness showing normal architecture, a diminished num-
ber of degenerated chondrocytes, minimal synovitis and
fibrosis compared to losartan effect.

Conclusion

In conclusion, the present data highlight the impor-
tant role of both diminazene aceturate and losartan in
ameliorating OA knee dysfunction. However, the direct
ACE2 activator drug, diminazene, has shown a more
prominent effect in almost all behavioral, radiological,
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biological and histopathological anomalies. The role
of the RAAS signaling pathway, especially the ACE2/
Angl-7/MasR axis, proved its role in the immunomod-
ulatory and anti-inflammatory effect in OA. To our
knowledge, this is the first study to explore the effect of
direct ACE2 activator diminazene in the osteoarthritic
model and nominate ACE2/Angl-7/MasR cascade as a
potential molecular target for disease-modifying anti-
osteoarthritic drugs.
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