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Rheumatoid arthritis (RA) is an autoimmune inflammatory disease, which is accompanied by progressive
joint damage and disability. The intolerability of conventional antirheumatic drugs by some patients
necessitates the search for effective antirheumatic agents having better tolerability. In the current work,
we aimed to investigate the efficacy of cinnamaldehyde, tadalafil, and aliskiren as potential antirheu-
matic candidates and to explore their modulatory effects on joint destruction, inflammatory response,
and intracellular signaling. Arthritis was induced in female Wistar rats by complete Freund’s adjuvant
(CFA) 0.4 ml s.c. on days 1, 4, and 7. Treated groups received their respective drugs, starting from day
13, daily for 3 weeks. Methotrexate and prednisolone were the standard antirheumatic drugs, while cin-
namaldehyde, tadalafil, and aliskiren were the test agents. Treatment with cinnamaldehyde, tadalafil, or
aliskiren reduced serum levels of rheumatoid factor, and pro-inflammatory cytokines; tumor necrosis
factor-alpha and interleukin-6 (IL-6), along with elevated level of IL-10 which is an anti-inflammatory
cytokine. Besides, cartilage and bone destruction biomarkers; matrix metalloproteinase-3 (MMP-3) and
receptor activator of nuclear factor-kappa B ligand (RANKL); were significantly reduced after treatment
with the test agents, which was further confirmed by histopathological investigation. The elevated pro-
tein expressions of phosphorylated-Janus kinase 2 (p-JAK2), phosphorylated-signal transducer and acti-
vator of transcription 3 (p-STAT3), and inducible nitric oxide synthase (iNOS) in articular tissue were
markedly attenuated after treatment with cinnamaldehyde, tadalafil, or aliskiren, while that of endothe-
lial nitric oxide synthase (eNOS) was greatly enhanced. In addition, oxidative stress and inflammatory
markers such as malondialdehyde, nitric oxide, and myeloperoxidase were reduced in joint tissue after
treatment with the test agents, while glutathione content was elevated. Furthermore, the renin inhibitor
aliskiren produced effects close to those of the normal and methotrexate, the gold standard antirheu-
matic drug, in most of the measured parameters.
Collectively, these findings led to the assumption that the downregulation of IL-6/JAK2/STAT3 signaling

by cinnamaldehyde, tadalafil, and aliskiren could alleviate joint destruction by MMP-3 and RANKL,
reduce iNOS, and enhance eNOS expressions. Moreover, aliskiren could be a promising therapeutic agent
for RA, because of its ability to normalize most of the measured parameters after CFA-induced arthritis.
� 2020 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
3, matrix
3; MDA,
se; PDE,

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jsps.2020.07.011&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.1016/j.jsps.2020.07.011
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:amany.azoz@pharm.bsu.edu.eg
https://doi.org/10.1016/j.jsps.2020.07.011
http://www.sciencedirect.com/science/journal/13190164
http://www.sciencedirect.com


1102 A.A. Azouz et al. / Saudi Pharmaceutical Journal 28 (2020) 1101–1111
1. Introduction investigate the effects of the test agents on IL-6/JAK2/STAT3 signal-
Rheumatoid arthritis (RA) is an autoimmune disease having a
systemic inflammatory pattern that affects mainly synovial joints,
as well as other structures in the body (Saad et al., 2019). The dis-
ease occurs in 1% of the population with a high prevalence in
females compared to males (McInnes and Schett, 2017). RA is
accompanied by increased levels of autoantibodies like rheumatoid
factor (RF) and anticitrullinated protein antibody (ACPA) which are
characteristic markers of the disease, as well as the articular man-
ifestations of inflammation, swelling, and erosion of cartilage and
bone (McInnes and Schett, 2011).

The prevalence of the pro-inflammatory cytokines, such as
tumor necrosis factor-alpha (TNF-a), interleukin-6 (IL-6), IL-1,
and IL-17, largely contribute to the systemic inflammatory mani-
festations in RA. However, anti-inflammatory cytokines, such as
IL-10 and IL-4 which retard the inflammatory response are greatly
hampered in RA (Liu et al., 2016). The pro-inflammatory cytokines
especially IL-6 can stimulate intracellular signaling through Janus
kinase (JAK) that subsequently stimulates signal transducer and
activator of transcription (STAT) (Malemud, 2018). Eventually,
phosphorylation of STAT protein promotes sustained intracellular
inflammatory response (Malemud, 2017), as well as the transcrip-
tion of certain genes, such as matrix metalloproteinases MMPs
which lead to articular tissue destruction (Ni et al., 2019). Addi-
tionally, STAT3 activation has been reported to enhance the
expression of receptor activator of nuclear factor-kappa B ligand
(RANKL), which interacts with RANK receptors on osteoclasts
resulting in enhancement of their activity and thus bone erosion
pattern of RA (Li et al., 2016).

Methotrexate is the cornerstone in RA therapy as a disease-
modifying antirheumatic drug (DMARD) (Shinde et al., 2014), and
corticosteroids are potent anti-inflammatory agents used in the
early stages of the disease as a bridge or symptomatic therapy till
DMARDs produce their therapeutic effect (Hoes et al., 2010). How-
ever, their disabling adverse effects (Buttgereit, 2020; Solomon
et al., 2020) necessitate the search for new effective and safer ther-
apeutic agents.

Cinnamaldehyde is a potent anti-inflammatory constituent of
cinnamon essential oil (Gunawardena et al., 2015). It has been pre-
viously reported to alleviate arthritis induced by collagen through
regulation of oxidative stress and inflammatory markers (Mateen
et al., 2019), and to suppress JAK/STAT signaling in synoviocytes
(Cheng et al., 2020), but its effect on joint destruction biomarkers
hasn’t been investigated before.

Tadalafil is a phosphodiesterase-5 (PDE-5) inhibitor that has
been reported to exhibit anti-inflammatory activity against differ-
ent experimental models, including prostate inflammation
(Okamoto et al., 2018), liver injury induced by thioacetamide
(Mansour et al., 2018), allergic inflammatory airways (Mokry
et al., 2017), and renal ischemia/reperfusion (Medeiros et al.,
2017). In addition, PDE inhibitors have been documented to be
effective in the management of autoimmune diseases, such as RA
(Shenoy and Agarwal, 2010).

Aliskiren is a renin inhibitor that decreases angiotensin II levels
with subsequent reduction of the inflammatory response evoked
by renin angiotensin system (RAS) stimulation (Choi et al., 2011).
Its efficacy has been proved previously in an experimental model
of osteoarthritis through its inhibitory effect on RAS present in car-
tilage with subsequent reduction of erosion (Yan and Shen, 2017),
while its effect on RA hasn’t been investigated previously.

Therefore, the authors aimed from the current study to estimate
the possible modulatory effects of cinnamaldehyde, tadalafil, and
aliskiren on joint destruction biomarkers; MMP-3 and RANKL;
against CFA-induced arthritis in rats. In addition, we aimed to
ing pathway, iNOS, and eNOS expressions.
2. Materials and methods

2.1. Animals

This study was performed on healthy adult female Wistar rats,
weighing 250 ± 20 g. Animals were obtained from Animal House of
Faculty of Pharmacy, Nahda University, Beni-Suef, Egypt. All exper-
imental rats were retained under stable temperature (23 ± 2 �C)
and allowed free access to standard forage and tap water ad libi-
tum. All experimental procedures performed on animals were in
accordance with the National Institutes of Health guide for care
and use of laboratory animals and also have been accepted by
the ‘‘Research Ethical Committee” at the Faculty of Pharmacy,
Beni-Suef University (REC-A-PhBSU-19003).
2.2. Drugs, chemicals, and kits

Methotrexate and prednisolone were obtained from (Mylan,
France) and Egyptian Pharmaceutical Industries Co. (EIPICO,
Egypt), respectively. The sources of tadalafil and aliskiren were
Eli Lilly & Co. and Novartis Pharmaceuticals Corporation, respec-
tively. Cinnamaldehyde (purity � 98%) was purchased from LOBA
Chemie (Mumbai, India) for laboratory reagents and fine chemi-
cals. Complete Freund’s adjuvant (CFA) was purchased from
Sigma-Aldrich Co. (USA). The sources of RF, TNF-a, IL-6, IL-10,
MMP-3, RANKL, and myeloperoxidase (MPO) ELISA kits were
CUSABIO (Bio-Connect Diagnostics, The Netherlands) and MyBio-
Source (USA). The colorimetric kits of malondialdehyde (MDA),
reduced glutathione (GSH), and nitric oxide (NO) measured as
nitrite were purchased from Bio-Diagnostic Co. (Egypt). The pri-
mary antibodies for Western blot analysis, including p-JAK2, p-
STAT3, iNOS, and eNOS were obtained from ThermoFisher Scien-
tific (USA).
2.3. Experimental design

After one week of adaptation, 56 wt-matched healthy rats were
divided into 7 groups, each of 8 rats. The distribution of animals in
the groups was random. Doses were selected depending on pilot
trials guided by published literature. Group 1 (normal) received
vehicle only. Group 2 (arthritic control) received three s.c. doses
of 0.4 ml CFA on days 1, 4, and 7 in the flank of different limbs
to reduce the risk of ulceration (Hawkins et al., 2015; Wahba
et al., 2015). Groups 3 and 4 were kept as reference treatment
groups and received methotrexate (1 mg/kg/week; i.p.) (Bais
et al., 2017) and prednisolone (10 mg/kg/day; p.o.) (El-Gaphar
et al., 2015), respectively. Groups 5, 6, and 7 received the test
agents; cinnamaldehyde (40 mg/kg/day; p.o.) (Abd El-Raouf et al.,
2015), tadalafil (10 mg/kg/day; p.o.) (Bahadir et al., 2018), and alis-
kiren (20 mg/kg/day; p.o.) (Zhao et al., 2020), respectively. Groups
from 3 to 7 received their respective treatments starting from day
13 after the first dose of CFA, and then continued for 3 weeks.
Blood and knee joint samples were withdrawn at the end of the
experiment, then stored at �80 �C till the estimation of biochemi-
cal and molecular parameters. Articular samples used for
histopathological investigation were fixed in 10% buffered
formalin.

Serum levels of RF, TNF-a, IL-6, IL-10, MMP-3, RANKL, and artic-
ular tissue contents of MDA, GSH, MPO, NO were measured accord-
ing to kit manufacturer’s instructions, while the protein



Fig. 1. Effect on rheumatoid factor. Arthritic control group showed a marked
elevation in serum level of RF, while treatment with methotrexate, prednisolone,
cinnamaldehyde, tadalafil, or aliskiren significantly reduced it. Each column
represents the mean of 8 rats ± SE. a vs normal, b vs arthritic control, c vs
methotrexate, and d vs prednisolone at p < 0.05.
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expressions of p-JAK2, p-STAT3, iNOS, and eNOS were estimated in
the knee joints by Western blot analysis.

2.4. Western blotting analysis

Knee joint samples were processed using RIPA lysis buffer
(PL005; BIO BASIC INC., Canada), with supplementary protease
and phosphatase inhibitors. Protein concentration was determined
in the lysed samples using Bradford Protein Assay Kit (SK3041; BIO
BASIC INC., Canada). Proteins were separated by gel electrophore-
sis (SDS-PAGE) using TGX Stain-FreeTM FastCastTM Acrylamide Kit
(Bio-Rad Laboratories, USA). After the transfer of proteins from
the gel to PVDF membrane, the membrane was blocked by tris-
buffered saline with Tween 20 (TBST) and 3% bovine serum albu-
min (BSA) at room temperature for 1 h. Overnight incubation with
each primary antibody was carried out against the blotted target
protein at 4 �C, followed by rinsing with TBST. Afterward, incuba-
tion with HRP-conjugated secondary antibody was carried out for
1 h at room temperature, followed by rinsing with TBST. Finally,
detection of bands was performed via chemiluminescence tech-
nique and CCD camera-based imaging, followed by quantification
using ImageJ software (USA).

2.5. Histopathological investigation

The fixed knee joint samples were decalcified by EDTA (10%, pH
7.4) (Allam et al., 2016). EDTA solutions were renewed twice/week
for 7 weeks. Decalcification was checked using a surgical blade.
Washing of the samples by PBS, dehydration by graded ethanol,
and embedding in paraffin wax were carried out after confirming
complete decalcification. Finally, sections (5 lm) were prepared
and stained with hematoxylin and eosin (H&E).

Blind investigation of articular tissue sections was carried out
by a histopathologist. Sections were graded for the histological
changes (inflammation, cartilage erosion, bone destruction) as fol-
lows: (+) mild, (++) moderate, and (+++) severe alterations.

2.6. Statistical analysis

Data are expressed as the mean of 8 values ± standard error
(SE). Statistical significance was tested using one-way analysis of
variance (ANOVA) test, succeeded by Tukey’s multiple compar-
isons test by the aid of Prism GraphPad software version 8 (USA),
where p < 0.05 was regarded significant.

3. Results

3.1. Effect on rheumatoid factor

Rats injected with CFA revealed a remarkable increase in serum
RF levels (3-fold, p < 0.0001) when compared with the normal rats.
Treatment of rats with methotrexate, prednisolone, cinnamalde-
hyde, tadalafil, or aliskiren reduced serum levels of RF by about
89%, 85%, 62%, 56%, and 78% (p < 0.0001), respectively, as compared
to the arthritic control rats. Serum levels of RF were returned to
normal after treatment with aliskiren, showing response close to
that of methotrexate and prednisolone (Fig. 1).

3.2. Effect on pro-inflammatory/anti-inflammatory cytokine balance

Significant elevations in serum levels of the pro-inflammatory
cytokines IL-6 (2-fold, p < 0.0001) and TNF-a (3-fold, p < 0.0001)
were noticed after injection of CFA, while serum levels of the
anti-inflammatory cytokine IL-10 were significantly reduced (1-
fold, p < 0.0001) as compared to the normal group. Treatment with
methotrexate, prednisolone, cinnamaldehyde, tadalafil, or aliskiren
reduced serum levels of IL-6 by about 79%, 76%, 52%, 48%, 75%
(p < 0.0001) and TNF-a by about 82%, 66%, 56%, 43%, 72%
(p < 0.0001), respectively (Fig. 2A, B). Contrarily, there was a
remarkable increase in serum IL-10 levels (85% p < 0.0001, 66%
p = 0.001, 57% p = 0.006, 60% p = 0.003, 167% p < 0.0001), as com-
pared to the arthritic control group (Fig. 2C). Moreover, treatment
with aliskiren restored pro-/anti-inflammatory cytokine balance
by normalizing the levels of IL-6, TNF-a, and IL-10.

3.3. Effect on biomarkers of joint destruction

The serum level of MMP-3 has been documented to be a credi-
ble marker for joint erosion and disease activity in RA patients
(Lerner et al., 2018). RANKL has been proved to be an indicator of
bone erosion both locally and systemically in experimentally-
induced arthritis by either CFA or collagen (Stolina et al., 2005),
as well as clinically in RA patients (van Tuyl et al., 2010). Our
results revealed that CFA highly elevated serum levels of MMP-3
(4-fold, p < 0.0001) and RANKL (3-fold, p < 0.0001), compared to
the normal. Treatment with methotrexate, prednisolone, cin-
namaldehyde, tadalafil, or aliskiren markedly suppressed serum
MMP-3 by about 87%, 67%, 61%, 47%, 79% (p < 0.0001), and RANKL
by about 75%, 71%, 58%, 55%, 76% (p < 0.0001), respectively, in com-
parison to the arthritic control (Fig. 3A, B). The reduction of MMP-3
by methotrexate and aliskiren reached to the normal level. Besides,
RANKL was reduced to the normal level by methotrexate, pred-
nisolone, and aliskiren.

3.4. Effect on joint tissue oxidative stress and inflammatory markers

The arthritic control rats showed a remarkable increase in joint
tissue MDA content (2-fold, p < 0.0001) as a lipid peroxidation
marker, along with a decline in GSH content (1-fold, p < 0.0001)
which indicates reduction in antioxidant defense. Treatment with
methotrexate, prednisolone, cinnamaldehyde, tadalafil, or aliskiren
suppressed elevated MDA content by about 56%, 40% 42%, 49%, 61%
(p < 0.0001) and increased GSH content by about 137%, 113%, 104%,
133%, 120% (p < 0.0001), respectively, compared to the arthritic
control group (Fig. 4A, B). The responses observed after treatment



Fig. 2. Effect on pro-inflammatory/anti-inflammatory cytokine balance. Levels of the pro-inflammatory cytokines IL-6 (A) and TNF-a (B) were significantly elevated after
induction of arthritis by CFA, but these elevations were reduced after treatment with the test agents. On the other hand, level of the anti-inflammatory cytokine IL-10 (C) was
reduced in arthritic control but elevated in treated groups. Each column represents the mean of 8 rats ± SE. a vs normal, b vs arthritic control, c vs methotrexate, and d vs
prednisolone at p < 0.05.

Fig. 3. Effect on markers of joint destruction. The levels of MMP-3 (A) and RANKL (B) were markedly elevated after induction of arthritis by CFA, but these elevations were
significantly reduced after treatment with the test agents. Each column represents the mean of 8 rats ± SE. a vs normal, b vs arthritic control, c vs methotrexate, and d vs
prednisolone at p < 0.05.
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with tadalafil and aliskiren were comparable to those of
methotrexate.

The neutrophil infiltration marker, MPO, that also participates
in oxidative damage in RA (Stamp et al., 2012), and NOwhich prop-
agates oxidative and inflammatory responses (Bala et al., 2017)
were significantly elevated in joint tissues after injection of CFA
by about 2-fold at p < 0.0001. Administration of methotrexate,
prednisolone, cinnamaldehyde, tadalafil, or aliskiren retarded
these elevations by about 63%, 62%, 67%, 50%, 70% for MPO
(p < 0.0001) and 50%, 50%, 50%, 65%, 72% for NO (p < 0.0001)
(Fig. 4C, D). Furthermore, the response of aliskiren treated group
was like that of the normal group regarding both MPO and NO,
while the effect of tadalafil reached to the normal level regarding
NO content.

3.5. Effect on protein expressions of p-JAK2, p-STAT3, iNOS, and eNOS

The protein expressions of p-JAK2, p-STAT3, and iNOS were
remarkably enhanced after induction of arthritis by CFA, thus con-
firming the provoked inflammatory signaling. On the other hand,
the protein expression of eNOS was greatly reduced indicating
endothelial dysfunction. Methotrexate, prednisolone, cinnamalde-
hyde, tadalafil, and aliskiren significantly hindered the elevations
in protein expressions of p-JAK2 (61%, 66%, 64%, 68%, 70% at
p < 0.05), p-STAT3 (57%, 57%, 75%, 68%, 75% at p < 0.001), and iNOS
Fig. 4. Effect on joint tissue oxidative stress and inflammatory markers. Articular tissu
significantly elevated in arthritic control group, while treatment with methotrexate,
parameters. On the other hand, the antioxidant GSH was reduced in arthritic control, but
of 8 rats ± SE. a vs normal, b vs arthritic control, c vs methotrexate, and d vs prednisolon
(76%, 68%, 67%, 74%, 69% at p < 0.0001), while greatly enhanced the
expression of eNOS (150%, 155%, 179%, 152%, 214% at p < 0.05),
compared to the arthritic control group (Fig. 5).
3.6. Effect on histopathological alterations in articular tissue

Knee joint tissue sections from the normal rats revealed no
inflammation and normal histological structure of the joint (bone,
cartilage and fibrous joint capsule) (Fig. 6A). However, sections
from the arthritic control rats revealed marked histopathological
changes (+++) in the form of synovial hyperplasia with inflamma-
tory cells infiltration, pannus formation and erosion in cartilage
and bone (Fig. 6B).

On the other hand, rats treated with the standard antirheumatic
drugs, methotrexate and prednisolone, showed mild degree (+) of
articular changes (Fig. 6C, D). Cinnamaldehyde, tadalafil, and aliski-
ren treated groups (Fig. 6E, F, G) showed mild (+) articular changes
for cinnamaldehyde and aliskiren, and moderate (++) changes for
tadalafil.

Induction of arthritis by CFA produced synovitis, where prolif-
eration of the synovial lining and underlying blood vessels,
edema, and inflammatory cells infiltration were obvious. In
many samples, the inflammatory cells encroached to the connec-
tive tissue and muscles. Synovial sloughing occurred in certain
e contents of MDA (A), GSH (B), MPO (C), and NO (D). MDA, MPO, and NO were
prednisolone, cinnamaldehyde, tadalafil, or aliskiren significantly reduced these
the reduction was ameliorated in treated groups. Each column represents the mean
e at p < 0.05.



Fig. 5. Effect on protein expressions of p-JAK2, p-STAT3, iNOS, and eNOS. Western blots demonstrating the changes in protein expressions of p-JAK2, p-STAT3, iNOS, and eNOS
(A). Graphical presentation for the relative quantification of p-JAK2 (B), p-STAT3 (C), iNOS (D), and eNOS (E). Protein expressions of p-JAK2, p-STAT3, and iNOS were
significantly upregulated in arthritic control group, while downregulated in methotrexate, prednisolone, cinnamaldehyde, tadalafil, and aliskiren treated groups. Contrarily,
the protein expression of eNOS was reduced in arthritic control, while enhanced in treated groups. a vs normal, b vs arthritic control, c vs methotrexate, and d vs prednisolone
at p < 0.05.
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Fig. 6. Effect on histopathological alterations. Hematoxylin and eosin stained articular tissue sections of: Normal group (A) showing no inflammation and normal histological
structure of the joint (bone, cartilage and fibrous joint capsule). Arthritic control (B) showing marked histopathological changes (+++) in the form of synovial hyperplasia with
inflammatory cells infiltration, pannus formation and erosion in cartilage and bone. The groups of the standard antirheumatic drugs, methotrexate and prednisolone (C, D),
showing mild degree (+) of articular changes. Cinnamaldehyde, tadalafil, and aliskiren treated groups (E, F, G) showing mild (+) articular changes for cinnamaldehyde and
aliskiren and moderate (++) changes for tadalafil.
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parts of the synovial membrane with mild proliferation due to
fibroblast-like cells.

Pannus was formed as a granulation tissue with hyperplastic
synoviocytes and inflammatory cells beside cartilage or cartilage-
bone surface. The cartilage in some specimens showed irregular
surface, where fibrillation along with dead or proliferated cells,
extending sometimes deeper in the cartilage area. Additionally,
bone destruction was accompanied by activated osteoclasts and
fibroplasia. Whereas, mild to moderate degrees of the previously
mentioned histopathological alterations were observed in the trea-
ted groups.
4. Discussion

Although there are different classes of antirheumatic drugs
approved by international medicines regulatory agencies, conven-
tional DMARDs and corticosteroids are the most commonly pre-
scribed drugs especially in the early stages of the disease
(Donahue et al., 2018). Because these treatments are intolerable
by some patients, the search for new antirheumatic drugs possess-
ing good efficacy and better tolerability is continuing. In our study,
we examined the modulatory effects of some selected agents, with
previously reported anti-inflammatory activities, against CFA-
induced arthritis in rats. Besides, we compared the efficacy of these
agents to that of methotrexate and prednisolone as the most com-
monly used drugs at the early stages of the disease.

The pro-inflammatory cytokines participate a substantial role in
the inflammatory response in RA through the activation of B and T
lymphocytes, where the levels of pro- greatly exceed those of anti-
inflammatory cytokines (Mateen et al., 2016). That was also evi-
dent from our results, where serum levels of IL-6 and TNF-a were
greatly elevated, while the level of the anti-inflammatory cytokine
IL-10 was reduced in the arthritic control group, as compared to
the normal.

The prevalence of pro-inflammatory cytokines, such as IL-6 and
TNF-a substantially contributes to the activation of intracellular
JAK protein (Malemud, 2018). Not only IL-6, TNF-a also has been
reported to increase the phosphorylation, and hence activation of
STAT3 protein in chondrocytes (Malemud et al., 2012).
Janus kinases are a family of intracellular tyrosine kinase pro-
teins, including JAK1-3 and TYK2, that have regulatory functions
in different cells, including immune cells (Ghoreschi et al., 2009).
That was confirmed by controlling the activities of T lymphocytes,
natural killer cells, and dendritic cells, which are implicated in
autoimmune diseases, upon inhibition of JAK proteins (McLornan
et al., 2015). After binding of the pro-inflammatory cytokines to
their receptors, especially IL-6, the cytoplasmic STAT proteins are
stimulated to bind with the complex of cytokine and its JAK
protein-linked receptor. Afterward, STAT protein is activated,
where p-STAT dimers are formed and then translocated to the
nucleus to stimulate the transcription of certain genes (Malemud,
2018). The importance of JAK/STAT signaling in the propagation
of RA led to the development of new drugs targeting this pathway,
such as tofacitinib (JAK3 inhibitor) which was the first JAK inhibi-
tor approved by Food and Drug Administration (FDA) and Euro-
pean Medicines Agency (EMA) for treatment of RA (Kaur et al.,
2014; Kawalec et al., 2018).

In accordance, our results revealed that the protein expressions
of p-JAK2 and p-STAT3 were enhanced in the articular tissue of the
arthritic control rats. Similarly, Bao et al. (2019) have demon-
strated that CFA injection in rats could enhance both p-JAK2 and
p-STAT3 expressions.

Our results also demonstrated that MMP-3 levels were elevated
in the arthritic control. In parallel, different studies have explored
the enhanced MMP-3 expression after induction of RA by CFA
(Pandey et al., 2017; Purwaningsari et al., 2020). Besides, it has
been reported that serum MMP-3 levels elevate early in RA
patients, thus monitoring the subsequent articular erosion (Green
et al., 2003), where MMP-3 participates a crucial role in degrading
bone and cartilage via proteolysis of components of the extracellu-
lar matrix, such as proteoglycan, gelatin, and collagen (Galil et al.,
2016). That could be attributed to the triggering effect of JAK2/
STAT3 signaling, where Ni et al. (2019) have elucidated JAK/STAT3
as one of the pathways that contribute to MMP-1, 3, and 13 activa-
tion in RA. As well, the role of IL-6 in cartilage erosion in
osteoarthritis has been explored previously through enhancement
of STAT3 as the main signaling pathway, with subsequent activa-
tion of MMP-3. These findings have been confirmed through block-
ing the effect of IL-6 by a monoclonal antibody against IL-6
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receptor, and also inhibiting the activation of STAT3 by its specific
inhibitor, namely Stattic (Latourte et al., 2017).

An important contributor to bone destruction in RA is RANKL
protein, which binds to its RANK receptor on osteoclasts resulting
in their activation (Boman et al., 2017). RANKL can be released by
different cells such as osteoblasts, synoviocytes, B lymphocytes, T
lymphocytes, natural killer cells, neutrophils (Poubelle et al.,
2019). The role of STAT3 in the upregulation of RANKL has been
demonstrated experimentally on synovial fibroblast cells, where
the chemokine CXCL16 couldn’t increase the expression of RANKL
upon inhibition of STAT3 (Li et al., 2016). Besides, it has been
proved clinically that inhibition of RANKL by denosumab; a human
monoclonal RANKL antibody used for treatment of osteoporosis;
could alleviate bone erosion in RA patients (Tanaka et al., 2018;
Tanaka and Ohira, 2018). In accordance, our results revealed that
serum RANKL level was enhanced in arthritic control as compared
to normal.

Accumulated evidence has demonstrated the role of oxidative
stress and reduced antioxidant defense in RA, where RA patients
showed increased reactive oxygen species generation, lipid perox-
ides formation, protein oxidation, DNA damage, and reduced
endogenous antioxidants (Mateen et al., 2016; Quiñonez-Flores
et al., 2016; Mohammed et al., 2018). Our investigations also
explored that CFA-induced arthritis elevated MDA, and reduced
GSH contents in the articular tissue. Similarly, different studies
have demonstrated oxidant/antioxidant imbalance after CFA-
induced arthritis (Liu et al., 2017; Sun et al., 2017).

The elevated NO level in RA has been linked to the increase in
inflammatory markers and endothelial dysfunction (Garg et al.,
2017). That has been attributed to the increased activity of iNOS,
which could be stimulated by cytokines or STAT1 (Dey et al.,
2016). Besides, endothelial dysfunction in RA has been reported
to reduce eNOS activity (Totoson et al., 2014), that could be attrib-
uted in part to the suppressor effect of IL-6 and its downstream
regulator STAT3 on eNOS expression (Saura et al., 2006). That
was also confirmed from our results, where the protein expression
of iNOS was enhanced while eNOS expression was reduced in the
arthritic control in comparison to the normal.

Myeloperoxidase enzyme, which is expressed by neutrophils,
participates a crucial role in arthritis where MPO knockout mice
showed alleviated severity of arthritis (Odobasic et al., 2014).
Besides, MPO has been documented to increase endothelial perme-
ability through hypochlorous acid generation resulting in an
enhanced inflammatory response in autoimmune diseases
(Strzepa et al., 2017). Additionally, MPO evokes oxidative response
by the enhanced formation of hypochlorous acid, which has potent
oxidizing properties (Stamp et al., 2012). From our investigation,
MPO activity was elevated in the joint tissue of the arthritic control
group in comparison to normal.

Treatment with cinnamaldehyde significantly reduced serum
RF and the pro-inflammatory cytokines IL-6 and TNF-a, while ele-
vated the anti-inflammatory cytokine IL-10. Our results were con-
sistent with those of previous studies, where cinnamaldehyde has
been reported to reduce IL-6 and TNF-a when administered to col-
lagen treated rats (Mateen et al., 2019), added to blood cell culture
from RA patients (Mateen et al., 2019), and J774A.1 cells stimu-
lated by lipopolysaccharide resulting also in the enhancement of
IL-10 production (Pannee et al., 2014). Additionally, treatment
with cinnamaldehyde reduced serum RANKL and MMP-3, along
with suppression of JAK2/STAT3 signaling that explored the molec-
ular mechanism of cinnamaldehyde in reducing cartilage and bone
erosion in RA. In parallel, the inhibitory effect of cinnamaldehyde
on JAK/STAT signaling has been demonstrated previously on
human synoviocytes (Cheng et al., 2020), as well as in different
studies (Huang et al., 2015; Afify et al., 2020). Furthermore, differ-
ent studies have explored the inhibitory effect of cinnamaldehyde
on osteoclastogenesis induced by RANKL (Tsuji-Naito, 2008, 2010;
Zhang et al., 2015), as well as the downregulation of MMP-3 in
chondrocytes of osteoarthritis patients in vitro (Xia et al., 2019).

In our study, cinnamaldehyde treatment also improved oxidant/
antioxidant balance after induction of arthritis, reduced MPO activ-
ity and iNOS expression, along with enhanced eNOS expression. In
accordance, the ability of cinnamaldehyde to reduce iNOS protein
expression and consequently NO production has been explored
in vitro after addition of lipopolysaccharide, and also its ability to
reduce iNOS expression and MPO activity in the edematous paws
of mice after injection of carrageenan (Liao et al., 2012).

Rats treated with tadalafil showed significantly reduced serum
RF, IL-6, TNF-a, MMP-3, RANKL, while serum levels of IL-10 were
elevated compared to the arthritic control. Additionally, the joint
tissue inflammatory and oxidative stress markers, p-JAK2, p-
STAT3, iNOS, NO, MPO, and MDA, were alleviated along with
enhanced protein expression of eNOS and GSH content.

The analgesic effect of tadalafil on zymosan-induced arthritis
has been explored to be associated with reduced neutrophil infil-
tration and TNF-a (Rocha et al., 2011), which was in accordance
with our results. Moreover, tadalafil has been demonstrated to par-
tially protect against arthritis induced by CFA through the
improvement of oxidant/antioxidant balance, but its effects on
MMP-3, RANKL, and the inflammatory signaling haven’t been
investigated (Bahadir et al., 2018). The reduction in MMP-3 level
could be attributed to the increased cGMP due to PDE-5 inhibition
by tadalafil, where PDE-5 inhibition by sildenafil has been evi-
denced to inhibit the production of MMPs (Sun et al., 2010; Kuno
et al., 2011). Comparable to our results, a previous study performed
to test the efficacy of a PDE-4 inhibitor, apremilast, has explored its
ability to reduce serum RANKL in ankylosing spondylitis patients
(Pathan et al., 2013). Furthermore, it has been reported previously
that activation of PDE enzyme is one of the mechanisms through
which RANKL stimulates chemotaxis of monocytes and, subse-
quently, bone inflammation and loss by osteoclasts (Mosheimer
et al., 2004).

Tadalafil has been demonstrated to enhance the healing of frac-
tured bone through stimulation of osseous tissue formation (Toğral
et al., 2015), which together with our results could be attributed to
the enhanced expression of eNOS that has been documented to
enhance bone formation by activating osteoblasts (Aguirre et al.,
2001). It has been previously explored that cGMP could reduce
TNF-a level and, subsequently, NO released by neutrophils through
iNOS in inflamed joints (Bringel et al., 2020). Therefore, the regula-
tion of nitric oxide production and the downregulation of inflam-
matory cytokines in our study could be attributed to the role of
cGMP that accumulates upon treatment with a PDE-5 inhibitor,
like tadalafil.

Treatment with aliskiren produced marked improvement in
most of the measured parameters giving results close to that of
the normal control. There is accumulated evidence regarding the
participation of RAS locally in articular diseases such as RA
(Cobankara et al., 2005; Sakuta et al., 2010;Wang et al., 2018). That
has been explored earlier by the elevated plasma and synovial fluid
levels of renin in RA and osteoarthritis patients (Boers et al., 1990;
Izai et al., 1992), followed by several studies on different compo-
nents of the RAS (Yigit et al., 2012; Wang et al., 2013; Chang and
Wei, 2015).

The renin inhibitor aliskiren has been reported to alleviate bone
turnover, which is a consequence of diabetes induction in experi-
mental rats (Goto et al., 2017). Besides, the ability of aliskiren to
alleviate articular cartilage erosion in an experimental rat model
of osteoarthritis has been demonstrated (Yan and Shen, 2017). In
addition, reduction of the inflammatory cytokines, TNF-a and IL-
6, and oxidative stress biomarkers by aliskiren has been confirmed
previously in a rat model of sepsis (Akpinar et al., 2014). Different
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studies have elucidated the relation between local RAS and the
effect of RANKL on bone metabolism. Araújo et al. (2013) have con-
cluded that telmisartan; an angiotensin 2 receptor blocker; could
reduce the expression of RANKL and MMPs in periodontal tissues
of rats. Likewise, Shuai et al. (2015) have suggested that the local
RAS in trabecular bone could contribute to glucocorticoid-
induced osteoporosis through an enhanced effect of RANKL.

The above-mentioned effects of aliskiren could be referred to
suppression of JAK2/STAT3 intracellular signaling, where the
upregulation of prorenin and its receptor has been documented
to activate STAT3 (Chung et al., 2017). As well, angiotensin II has
been elucidated to stimulate JAK2/STAT3 pathway by different
studies (McWhinney et al., 1997; Kandalam and Clark, 2010; Ye
et al., 2020).

Moreover, the modulatory effects of aliskiren on NOS enzymes,
including reduced protein expression of iNOS and enhanced that of
eNOS, are in harmony with those of previous studies (Zhang et al.,
2014; Ziypak et al., 2015), giving further elucidation to the thera-
peutic effects of aliskiren against CFA-induced arthritis.

5. Conclusion

From our findings we can conclude that treatment with cin-
namaldehyde, tadalafil, or aliskiren could alleviate CFA-induced
arthritis by regulating inflammatory signaling and joint erosion
markers. It can be emphasized also that suppression of IL-6/JAK2/
STAT3 signaling pathway reduces joint destruction biomarkers,
like MMP-3 and RANKL, along with reduced iNOS and enhanced
eNOS expressions. Moreover, the renin inhibitor, aliskiren, could
be a promising therapeutic agent for RA, owing to giving results
close to those of the normal group and methotrexate, which is
the gold standard antirheumatic drug.
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